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Abstract

The transition to a sustainable and {oarbon energy futureignificantly depends oithe
development of economically viable and environmentally sustainable hydrogen production
pathways. Achieving an optimal balance between economic feasibility and eneirtal impact
remains a formidable challenge within the hydrogen sector, particularly indeatgeapplications.
Concentrated solar power (CSP), with its superior efficiency over other renewable sources, offers
immense yetalmost underexplored potentiafor hightemperature, soladriven hydrogen
production. This thesis dedicated to explorinthe integration of CSP in water electrolysis and
methane pyrolysis, advancing novel design proposals to enhance thegms@eed processes.
Through a compreheni ve comparative analysi s, the resec
advantages and constraintgyealingtheir roles in fostering a resilient hydrogen economy.
Moreover, thdhesisinvestigateshe potential of hydrogen storage and hydrelgased comibed

heat and power (CHP) systelits sustainable energy managemaenith a focused analysis on

their implementation across the University of AlbgAlberta, and Canaddhis work aims to lay

a foundation for nextjeneration soladriven hydrogen technofjies and integrated energy

solutions, contributing to the broader decarbonization and sustainability goals.

First, acomprehensive assessment is presented, includgnoyative designand evaluation of
high-temperature solathermalfield integration wih proton exchange membrane electrolyzers
(PEME), solid oxide electrolyzer cells (SOEC), and methane pyrolysis. Through comparative
evaluation oflow- and hightemperaturavater electrolysis technologies, it was determined that
the SOEC integration witlhigh-temperature solahermalfield yields a high exergy efficiency of

74%, with payback periods déss thantwo years in reversible operatiorlowever, despite
i



selecting an optimal working fluid to enhance the operational efficiency of the solar dnit an
conducting a thorough techie@onomic optimization, the exergy efficiency of the &M
configuration remained constrained to approximately 18%, with an associated cost rate of $492
per hour Additionally, the results indicated@omisingroundtrip efficiency (RTE) of 49.8% and

a levelized cost of hydrogen (LCOH) of $1.93flkg the proposed novel design, which employs
molten salt as a thermal transfer medium between-teigiperature solathermal fields and
methane pyrolysisAn exploration of hydroge incentives in the U.S. and Canada for clean
hydrogen production indicates that the LCOH could be reduced to as low as $1.28/kg for solar
based methane pyrolysis througfie U.S. incentives.These findingsproposea promising

economic pathway for sokairiven hydrogen production

Next, a comprehensive techhezonomic assessment was conducted to comparebsdad

molten salt methane pyrolysis (SMSMP) and sbkased solid oxide electrolyzer cell (SSOEC)

systems across five geographically diverse @tiEsmonton, San Antonio, Auckland, Seville,

and Lyon. The SSOEC system, driven by both electrical and thermal energy, demonstrated a
significantly higher hydrogen output at equivalent solar capacities, achieving an RTE of 75.2%,
compared to 40.6% for SMSMP. Buite this, SMSMP achieved a lower LCOH at $2.83/kg,

out performing SSOEC6s LCOH of -effebtivedndrdgibng withma ki n
moderate to high solar potential . fa&vauraMenr sel y,
areas with lower solar availability, with its casffectiveness influenced by regional grid carbon
intensity and electricity pricing. Even with anticipated declines in renewable infrastructure costs,
SSOEC6s LCOH is wunl i kel ytargebof$illegt highlighthlyltBevheedo r me
for government support mechanisms, such as clean hydrogen tax credits, to enhance the economic

feasibility of SSOEC systems.
il



In addition, a comparative case study examines SkdsedCHP and hydrogen internal
combusion engine (HICEbasedCHP) systems using operational data from the University of
Alberta. Despite higher capital and operational costs for SRE@dCHP, its potential for
superior longterm performance and sustainability exceeds that of HOEIP, whichis limited by
directnitrogen oxidesNOx) emissionsFinally, thisthesisevaluates the potential of SORZHP
systems for Alberta and Canada, forecasting market impact, job creation, and greenhouse gas
(GHG) reduction potential. Results indicate significhenefits, with projected GHG reductions

of 7.8 million tons in Canadads commerci al
alongside substantial job creation and a potential Canadian market size reaching $19 hiflion.
thesis thus positiong8-C-basedCHP as the favorable choice for sustainable energy management
as the technology matures, underscoring the potential otéigperature soldhermalintegration

and SOFC technology for a resilient hydrogen economy.



Pref ace

This thesis is anriginal work by Amir Reza Razmi. The research was conducted at the University
of Alberta Energy Mechatronics Lab (EMled by Prof. Mahdi Shahbakhithe content of each
chapte is either fully or partiallypbased on published or submitted papergeerreviewed
Journals conferences,and book chaptergli7]. As the lead author, | made substantial
contributions to all the peaeviewed published papers referenced throughout this thesis. The

contributions of ceauthors in edt paper are listedelow.

In Chapter 1[1], Shakiba Sharifi, DrEhsan Gholamignand Prof. Ahmad Arabkoohsar
contributed through insightful discussions on literature regewwd concept of fAGr ee

book chapter.

In Chapter 32], Seyed Mojtaba AlirahmMohammad Hossein Nabat and Dr. Ehsanolah Assareh

provided valuable insightegardinghemodeling and optimizatioof the designed system.

In Chapter %6 [31 7], Dr. Amir Reza Hanificontributed to the conceptualization amsightful

discussions on the investigation of the designed systems.



Acknowl edgement s

First and foremost, | would like to extend my deepest gratitude to my supervisor, Prof. Mahdi
Shahbakhti, for his dedication aptbfound expertise, which have greatly influenced my growth

over the past four years. His mentorship has been invaluable to the completion of this work.

| am also sincerely grateful to Dr. Amir Reza Hanifi and Prof. Ahmad Arabkoohsar for their
significantcontributions as members of my supervisory committee. Their insights and guidance

have been essential in shaping the direction and success of my work.

A special thank you goes to my wife, Shakiba, for her steadfast support of my academic and
professional mbitions. Her love, care, and encouragement at every stage have bdmnduatal
to my accomplishmentd. am also profoundly appreciative of myamily for their constant
encouragement and unwavering belief in my abilities throughout this academic joUinedy.

support has been a soa of strength and motivation.

| extend my gratitude to Michael Versteege for providing the campus data of the University of
Alberta and welcoming me as a student representative on the Master Energy Plan Committee of
the Univesity of Alberta.l also wish to express my heartfelt thanks to my friends and colleagues

at the University of Alberta for their friendship and unwavering support throughout this journey

Finally, | would like to express my sincere gratitude for the faiansupport provided by the
Natural Sciences and Engineering Research Council of Canada (NS&EB&I)a Innovatesand

the University of Alberta Future Energy Systems (FES). | also wish to acknowledge the
Government of Alberta and the University of Altaeffor awarding me the Alberta Graduate
Excellence Scholarship (AGES) for the 28R4 academic yearYour support has been

instrumental in furthering my research and academic pursuits.

Vi



Tabbktontent s

ADSIFACT ...t e e et e e e e e e e e e e e ammne e Ii
Preface.. ... e N
ACKNOWIEAGEMENLS.......uii it ceeee e e e e e eeanaas Vi
LISt Of tADIES. ... XV
LIST Of fIQUIES ... e e e e e e e e ennas XX
List of abbreviations and aCronNymMS..........ccooeeiiiiiiiiiiiccece e e X
Chapter 1: Introduction and Background.............ccccccooiiiiiiiaan, 2

RS T o1 F-T =T 0 [=T (AT TP TTTPPP 2

1.2 ENEIQY STOTAGE. .. cceeeeeiiieiiiiie s aeeree e s e e e e e e e e e s anmm e s e e e e e e e e e e e e eeeeeeessannneeeeeeeeeeeeennnnnnns 3

1.3 HYOAIOGEN ENEIGY...eeeeeeiiiiiieeiee et e e ee e s s s e e e eeenssebb bbb s e e e e e e e 5

1.3.1 Hydrogen ProdUCTIQN.........coeeiiiiiiieieicmee e eeeea e e e e e e e e eeme e 7

1.3.1.2 Water €leCtrolySIS........uuuuiiiiiiiiiiiii ettt 10

1.3.1.1.1 Proton exchange membrane (PEM) electralyzer...................... 10

1.3.1.1.2 Alkaline water electrolyzer (AWE)..........cccccoiiiiiiiccce 12

1.3.1.1.3 Solid oxide electrolyzer (SOEC).........uuuiiiiiiiiiiiieeniiiiiiiieeeeeeenn 13

1.3.1.2 Methane PYIOIYSIS........uuuuuiiiiiiiiiiiiieeeiiiieie ettt 14



IR I o LYo [ o To =T IE] (] = 1o =SSP 16

1.3.3 HYdrogen SAfelY......cccoiiiiieieiiii e e e e e e e e e e e ennnra e e e as 17
1.3.4 Hydrogen UtIHZAtioN............oevuiiiiiiiiicme e eeera s e e e e e e e e e e e e e enee s 17
1.4 LItEIATUIE TEVIEWL.....eeeeeeeiiiiieie e e e e emmee s ettt e e e e e sttt e eeeme e e e s e e e e e e e e e e s b s enns e e e e e e e annne s 19
1.4.1 Solar based PEM electrolyzer and fuel.cell..............cccovirieeeei e 21
1.4.2 Solar based SOEC and SOFEC.........oooiiiiiiiieeeiiee e reeree e 24
1.4.3 Solar based methane PYrolySIS..........oovviiiiiiiiie e 28
1.4.4 Solar based SOEC vs sdbaised methane pyrolysis.........cccceeeeiieeeeeceeeiccieieeeeeennn. 32
1.4.5 Potential of hydrogemased CHPs and their comparison............cccceeeeeeeeeeeennnn. 36
1.5 Problem identification and proposed SOIUtIQNS................uuuuiicccieeriiiiee e 41
1.6 Thesis contributions for the identified gaps in the literature..............cooooevieeeivniinnnnnnn. 43
1.6.1 Solatbased PEM electrolyzer and fuel cell..............oooiiiiieee e 43
1.6.2 Solar based SOEC and SOEC.........ccccceiiiiiimmmiiiiieee e esrmeensinneeeee e A4
1.6.3 Solar based methane pYrolysSis..........cooovvviiiiiiceeiieeeeeeeece e 4D
1.6.4 Solar based SOEC vs solar based methane pyralySiS..........ccccoeeveeeeviiiiieeeeennn. 47
1.6.5 Potential of hydrogelmased CHPand their COmpariSOn..........ccoooveeeeeeiiiiieennnneee A8
1.7 TRESIS OULINE. ... ee e r e et e e e e emer e e e e et e e e e eeeeaeas 49

Chapter 2: Design and TechneEconomic Analysis of a Novel SolaBased
Proton Exchange Membrane Electrolyzer and Fuel Cell System............ 53

viii



P2 Y £S1 (= 1 e [T T o] 0] 1 o o RS 54

2.1 ABASEIOAM.......ceiiiiiiitii ittt err e 54
2.1.2 PEAK I0AUS......cce it eee et 55
2.2 SYStemM MOAEIING......ueeiiiii e 56
2.2.1 ENEIQY @NaAlYSIS...uuuuuuiiiiiii i e e e e eeeeie e et e ettt enne e e e e e e e e ———————ann 58
2.2.1.1 Parabolic trough COIlECtQL.............oovviiiiiiiemr e 58

2.2.1.2 Steam RaNKINE CYCIE..........ovviiieiii e 59

2.2.1.3 ThermoelecCtriC gENEIALOL..........uuueiiie e e e eeer e e e e 59

2.2.1.4 PEM €IECHIOIYZEN ... .ueiiiei e 60

2.2.1.5 PEM UL CelL....ceeeeee e e 62
2.2.2EXEIQY @NAIYSIS....utuuueiiiiie i e e e e e eeeeie s e e e e e e e e e e e ettt enne e e e e e e et e e et —————————_ 66
2.2.3 EXErgoeCconNOMIC @NAlYSIS.......uuuuuuiiiieiieeceeeiiiiiie e e e e e e e e e e e e e esaeeesa s s e e e e eeaaaeeeeeeannnnnd 68
2.2.4 PerformancCe CrItEILA........cuuiiiiiiiiiii et e e eeneees 70
2.3 ReSUILS @aNnd diSCUSSIONS. .......uuiiiiiieiiiiiieeeiit et e e e ettt e e rme e e e e e e e e e s smmme e e e 70
2.3.1 MOdel VAlIAALION ........eiiiiiiiiiiii e aeeean s 71
2.3.2 Multrobjective OptiMIZation............uiiieiiiiiiiiiiceeies et e e ea d 2
2.3.2.1 Artificial neural network model validation.............ccccccccvvieemniiviinnnn 14

2.3.2.2 OptiMIZation FESUILS.......couuiiii it e e 75

2.3.3 SENSILIVILY @NAIYSIS......uiiiiiieiiiie et e 81



2.3.3.1 DireCt NOrmMal iMTAIANCE. ... et 81

2.3.3.2 Charging and discharging time.............cccooviiiiiee e 82
2.3.3.3 FUel Cell tEMPEratUre.......ccoeieieeeeeee e 84
2.4 SUMMATY Of CRAPTET.....eiiiiiiiiie ettt eeer e e e e e e e e e e e e e e eesaaas e mmmeeeeeennnnes 86
2.5 Uncertainty CONSIAEIALION...........coiiiiiiiiiiiieeee et e e e e e e e emnnnes 88

Chapter 3: Design and TechneEconomic Analysis of a Novel SolaBased Solid

Oxide Electrolyzer and Fuel Cells System..........cccooovvviiiiiiiccciiiiie e, 89
3.1 SYStEM AESCHIPLION......ciiiiiieiiieie e e e eernr e e e e e e e e e e e e e e ameeaseaaaaeaaaes 90
3.2 SYBtEM MOAEIING....uuiiiie e 92
3. 2.1 ENEIQY ANaAlYSIS. ... iiiiiii i i e ei e eeeei ettt ne e —aannaa 95
3.2.1.1 Heliostat SOIAr UNIL...........cuuviiiieeiiicemeiieee et 96
3.2.1.2 Solid oXide €leCtrOlYZEN............ooveeeeiiiiceme e 100
3.2.1.3 Solid oxide fuel Cell..........cooiiiiiiii e 104
3.2.1. 4 KaliN@ CYCIE... oot aeea 105
3.2.1.5 DIStrCt NEALING ......cce e e s 105
3.2.2 EXErgY @NaAlYSIS ... ciciiiiiiiiii ittt e s 106
3.2.3 PerformancCe CrItEILAL. .......vviiiiiieee et 107
3.2.4 ECONOMIC @NAIYSIS....uiiiiiiiiiie e eiemme ettt e e e e emme e e et e e e e e e e s e e e e e aennees 107
3.3 RESUIt BN QISCUSSION. .....euiiiiiiiiiiiiiii ettt e e 109



CIRC T 1Y, [ To [<Y IRV 2= [T = 110 ] o WO 109

3.3.2 Steadystate MOAelliNg......cccoeiieeiiiiiieee e 111
3.3.3 ParametriC @nalySIS..........ccuuuuuiuuuuiiimreeeeeeitiie s e e e e e eera e a e e e e e e e e e e anens 116
G - S =T (1o SR 123
3.5 SUMMArY Of CRAPLEL.....ueiii e eennees 130
3.6 Uncertainty CONSIAEIAtION............uuurieeiiii s ittt e e e e e e e e e e smenssaa s s e e e e e e e e e eeeeeeeessannnas 132

Chapter 4: Design and TechneEconomic Analysis of a Novel SolaBased

Methane Pyrolysis in Molten Salt System............cccooeeeviiiiiiceee e, 133
RS V1 (=] 1 10 L= T o o) 1o o SO SPRPN 134
4.2 Mathematical MOdelliNg...........cooiriiiiiiii e eemennes 136
4.2.1 System MOAEIIING........ooiiiieie e e e e e e e e e e e aeeea s 137
4.21.1 HelioStat SOlar UNIL........ccoiiiiiiiiiiee et e e 137
4.2.1.2 Hightemperature thermal energy Storage............coeeevvivvieeeeee e eeeeeeeee, 142
4.2.1.3 Methane pyrolysis in molten salt...............ccooooeiieeeeiii e, 142
4.2.2ECONOMIC @NAIYSIS...uuuuieiiiiiiii et eeee e e e e e e e e 146
4.2.3 Performance and @CONOMIC CIItEIIAL .........uuuuurrrieeeiieeeiiriieeiee e e e e e e e e e e ememeeeeeeeeas 147
4.3 ReSUItS @Nd diSCUSSION.........cciiiiiiiiiiee et e e eeern e 148
4.3.1 Model Validation..........ccooiiiiiiii e 148
4.3.2 MOAelliNg FESUIS ....oouei e e er e ereer e 150



4.3.3 ParametriC @nNalYSIS........uuuuuuuuiiiieeeeceeeiiiiiissseeeeeeeeeeeessaneesseaaeeeaaeeeeseeessnnnnsnnnees 154
4.4 SUMMaAry Of CRAPLEL.........cco i e e e emnn s 168

4.5 Uncertainty CONSIAEIAtION...........uuuueeiiis i e s ceeeeiiirs e s e e e e e e e e e e s emeersa s e e e e e e e e aaeeeeeeeeeesrnnns 169

Chapter 5: TechnoEconomic Comparison of SolarBased Solid Oxide

Electrolyzer with Solar-Based Methane Pyrolysis..........ccccccceeeiiiiiiieennn.. 172
5.1 SYSteM AESCHIPLION......ciiiiieeiiiiii e e e e emre e e e e e e e e e e e e e e e e e e aneeraaeeeeaaees 173
5.2ReSUIS @Nd AISCUSSIONL.....eetiieiiiitiiiiee e ettt e e et eeemr e e e e e e e e e e s sanenrneeees 177
5.2.1 Validation of MOEIS.........oooiiiiiiiiii e 177
5.2.2 MOAElliNG FESUIS ... .ciii e e emrnnnes 179
5.2.3 ParametriC @nalySiS..........ccoevuuiuiiiiiimeeeeeeeeii s e eeera e a e e e e e e e e e e aneens 184
5.2.4 CASE STUAIES .....eeeiiiiiiiiiii ittt eeeer e e e e et e e e e e e bt anensb e e e e e e e e 190
5.2.4.1Case study SEleCHION........cccoeeeeiiiiiiiiieeee e 190
5.2.4.2 Hydrogen production by case studieS..........cccceeveeiiiieeciiiiiiiiiieeeeeeeeeee 192
5.3 SUMMArY Of CRAPLE.....ueiiie e e 202
5.4 Uncertainty CONSIAEIAtION............uuuuriiiii s i it e e e e e e e e e s eeeessas s e e e e e e e e e e e eeeeeeeesannnes 204

Chapter 6: Hydrogen-Based Combined Heat and Power Systems....... 205
6.1 SYSIEM AESCIIPLION. ....ceitii e eerer e e e e e et e e e e e e aaa s e e e aaeees 206
6.1.1 Hydrogerbased CHPs for the University of Alberta...............ooovvviiiciiinieenens 206
G0t I 0 /=1 g T Yo o] [0 Y2 O SPP 211

Xii



6.1.2 Residential and commercial CHPs for Alberta and Canada..............cceeeueeee.... 214

6.2 RESUILS @Nd iSCUSSION. .....cciiiiiiiiiieeeiieee ettt rmmee e e e e eemme e 216

6.2.1 University of AlDEIa..........oooriiii e 216

6.2.1.1 BASIC SIrAtEOY......ceeeeeeeeriiiiiiiimmreeeeeeeetars e s s e e e e emessssa s e s e e e e aeeeaaeeeans 218

6.2.1.2 Refined Strategy.........ccvvieiiiiiiiiiimme e e e e e e e 220

B.2.2 AIDBITAL....eeeeeee ettt as 228

6.2.2.1 Case studies for hdatpower ratio of SOFC..........cccoooviiiiiiiiiiceciiiien. 229

6.2.2.2 Residential CHPS IN AIDEIMAL.........cooiiiiiiiiii e 238

6.2.2.3 Commercial CHPS in AlDELta..........cccooiiiiiiiiiieeeiie e 243

GV 02 1 F- o = N PP P PP PP P TTOPPPI 247

6.2.3.1 Residential CHPS IN Can@ada..........couvviiiiiiiece e 247

6.2.3.2 Commercial CHPS in Canada............coooiviiiiieemeeeeeiiiieeee e 251

6.3 SUMMATY Of CRAPLEL......ceiiieie e eee e e e e e rnneeaeeeees 255

6.4 Uncertainty CONSIAEIAtION............ooiiiiiiiiiiieeee e e e e e e e e e e enens 257
Chapt@NCIUTIANS....coiiiiiieiiiie e e 259

7.1 Solarbased water electrolysis and methane pyrolysis methods.............ccccov e 259

7.2 Comparison of different technologies and case Studies.............coovvvccciveieeeeeeennnnn, 261

7.3 FULUIE WOTK ..ottt eeee e e e e e e e e e eeeas 264
RETEIENCES..... s 266



Appendix A: Ph.D. PUbliCatiONS..........ccoooiiiiiiiiie e

Appendix B: TheSIS FIlES........uiiiiiiiieiiiie e eerene e

Xiv



Li ®of abl e s

Table 1.1: Specifications of some common energy storage systems based on the data from

(S (=TT ot T 200 ) U 5
Table 1.2 Comparison of the properties of molten salt and molten n&@hl.|..................... 15
Table 2.1 Design conditions and input values for the proposed system subsystems.....56
Table 2.2 Exergy destruction formula for the subsystems and equipment...................... 6.7

Table 2.3 Capital cost functions for estimation price of the proposed system components

[193,210 23] .veveeeeeeeeeeeee e eeeee e eeee e s eee s e e e eeemee s eseee s s e s st eeemt e e s ee e er e 69

Table 2.4 Cost balance and auxiliary formula for the components of the reference systén.

Table 2.5: Specifications of the proposed thermal oils [218]............coovvriiiiieeeiiiiiiieeein, 73
Table 2.6: Decision variables and their range for optimization.................ccvvvieeeiiieeeeeeen. 74
Table 2.7: Specifications of TOPSIS points of different Oils...............ccoovvvviieee i, 75

Table 2.8 Thermodynamic and exergoeconomic characteristics of solag cyctents for the

optimal point Of DOWINEIM A.....ee e e e eeene s 77

Table 2.9: Results of thermodynamic and exergoeconomic analysis based on the optimal

conditions With DOWENEITN A Oll....oeieiie e ememee e e e r e ereareeneenenee B

Table 3.1 Design conditions of different units for the modeling of the proposed system92

XV



Table 3.2: Capital cost functions of different units and components [191,225,248]....... 108

Table 3.3 Comparison of the present model with the respective art2®5251]................ 110

Table 3.4 Thermodynamic properties of different streams of the proposed hybrid systé&fi

Table 3.5 Summary of important thermodynamic results of the proposed system........ 112

Table 3.6: Hourly electricity prices ($/kWh) for different seasons in Los Angeles, California

Table 4.1 Input values and assumptions for modeling of various components and cycl&6

Table 4.2: Capital cost equation of each component in its reference year [31,210,255,256,263].

CEPCI: chemical engineering plant COSt iNAEX...........uuiiiiiiiiiiceeicee e eeeeen 147

Table 4.3: Validation of the modelling results for different units with their corresponding papers

N AU ..o e e e e e 149

Table 4.4: Thermodynamic properties and molar composition of each stream in Bigure 50

Table 4.5: Overview of key calculated parameters for the proposed cycle (Hdbre........ 151

Table 4.6: Clean hydrogen production tax incentives8dbV for the United States?p4,265.

Table 4.7: Clean hydrogen production tax incentives for Can268 pR6T7. ..............ccc........ 161

Table 5.1 Design @mrameters and assumptions of different equipment and systems....176

XVi



Table 5.2 Validation of the model for heliostat solar fieRbH]. .............cccovvvvvvriiiiieeeeennnne. 177

Table 5.3: Properties and molar fraction of different streams of the SMSMP (Figije....179
Table 5.4: Properties of different streams of the SSOEC (FIGU2e..............cceevrvvvvvrrrienn. 179
Table 5.5 A summary of significant findings for the SMSMP and SSOEC units............ 180
Table 5.6: Summary of the techreconomic results for the five case studies.................. 200

Table 6.1.Critical parameters of the SOF@nd HICEbased CHPs and advancedsource heat

Table 6.2. The monthly average ambient temperature and COP of the heat pump for operation in

the City Of EAMONTON.. ...t e e e e e e e e e ane e s s e e e e e aaaaes 214

Table 6.3.Properties of the proposed residential CHP based on the SOFC with a base capacity of

B KW N 2035, ettt ettt e e e e na et e e e e e e e e e amn e e e e e e e eas 215

Table 6.4. Properties of the proposed commercial CHP based on the SOFC with a base capacity

OF 100 KW 1N 2030.....cueeieiiieeiiieee ettt e et e e e e e e e e e e e e e s n e e e e e 215

Table 6.5. Key metrics of the designed CHPs along with the university requirements. All the

€CONOMIC VAIUBS Are IN US D .. ..o e aeamens 224

Table 6.6.A summary of heat and electricity consumption with corresponding heat to power ratio

FOT TN MOUSES. .. .ot re et e e e e e aneanns 236

XVii



Table 6.8: Assumptions used to calculate the technical, economic, and environmepaats of

residential CHP installations with 5 kW capacity in Alberta..............cccovvvivieeen e, 239

Table 6.9: Space Heating Secondary Energy Use and GHG Emissions by Building Type in

AL, .. e ————— 239

Table 6.10: A summary of important ressltfor residential CHP installations with 5 kW capacity

(I o1=] 1 7= VTR 240

Table 6.11: Project assumptions used to calculate tharnieal, economic, and environmental

impacts of commercial CHP installations with 100 kW capacity in Alberta.................... 243

Table 6.12: Secondary energy use and GHG emissions of commercial sectors by energy source in

Table 6.13: A summary of important results for commercial CHP installations with 100 kW

CAPACILY 1N AIDBITAL. ... e 245

Table 6.14: Assumptions used to calculate the technical, economic, and environmental impacts of

residential CHP installations with 5 kW capacity in Canada..............c.ccovvvveeeeee e, 248

Table 6.15: A summary of important results for residential CHP installations with 5 kW capacity

[ OF= T4 F=To - TSNP 249

Table 6.16: Assumptions used to calculate the technical, economic, and environmental impacts of

commercial CHP installations with 100 kW capacity in Canada..................ccevieeevrnnnee. 251

XVili



Table 6.17:Secondary energy use and GHG emissions of commercial sectors by energy source in

[@F: - Vo [- VHUUUREE RS 252

Table 6.18: A summary of important results for commercial CHP installations with 100 kW

(o= ToF= Tod | VA | 4 OF= 1 0 = To £ S 253

XiX



Li st of figures

Figure 1.1: Capacity and discharge time of common types of energy storage systems using the

data from refereNCEE 3,14 ..ot e et eeer e e e e e e e e e e e e e e e ————— e 3
Figure 1.2 Four main phases of hydrogen Storage............oooooioiieere e ieeccieeeeeeaaes 6

Figure 1.3: Hydrogen production cost and hfgcle carbon intensity of the main hydrogen

production methods [%27]. SMR: Steam methane reforming, ATR: Atietmal reforming, CCS:

carbon capture and storage/sequestration, and RE: renewable energy............ccccceceeeee.. 8
Figure 1.4: Schematic of a PEM elfolyzer [1]. .......cooooriiiiieiiiier e 11
Figure 1.5. Schematic of the alkaline water eleCtrolyZHt [............coooviiiiiiiiiiccc e 12
Figure 1.6. Schematic of the solid oxide electrolyz&}.[............ccccevviiiiiiiiieee e, 13
Figure 1.7: Hydrogen storage methodB7]. ...........oovvivieiiiiiii e 16
Figure 1.8 The use of hydrogen for local heat and power produc8@.[...............c.ceveeeeee. 18
Figure 1.9: Hydrogenfired boiler P2]. ........ovveeiiiiiiei e, 19

Figure 1.10 Internal hydrogen combustion engine for heat and power gener@fpn |[....... 19

Figure 1.11: Graphical review of the literature for the combination of the PTC with PEM

electrolyzer/fuel cell and the novelties of thegent work in Chapter 2 [2]............cccvvvnneee. 23

XX



Figure 1.12: Graphical literature review about the use of SOEC, SOFC, or combined SOEC and
SOFC for hydrogen production/usage and presentation of the esvaftihis study. SOEC: Solid

oxide electrolyzer cell; SOFC: Solid oxide fuel cell; PEME: Proton exchange membrane
electrolyzer; PTC: Parabolic trough collector; TES: Thermal energy storage; SDC: Solar dish

collector; RTE: Roundrip efficiency; ERTE: Exagy roundtrip efficiency............ccccceeeeniis 26

Figure 1.13: Themain studies in literature about methane pyrolysis in molten salt. HTES: High

temperature thermal eNergy StOrage.........ouv i 28

Figure 1.14: Overview of the studies about selaaised methane pyrolysis and sddased wate
electrolysis. CSP: Concentrated solar power, PEM: Proton exchange membrane, PV: Photovoltaic,

SOEC: Solid oxide electrolyzer, TES: Thermal energy Storage...........cccoevvvvviacceeeeeeennnn. 34

Figure 1.15.The plan of City of Edmonton to expand energy saving and GHG emission reduction

for over 350,000 residential and 11 millioAdommercial SectS [177].....c.covevvevvecerieveinns 39

Figure 1.16.The plan of City of Calgary to reduce communitide GHG emissions to net zero

DY 2050 [L78ur e vereeereeeeeeeeeseeseeeesseesesseeeesessesseseeseseemseseeseeseeeeseseseeseeseeneseseeseeeeeeeeesereerens 40

Figure 1.17.Thesis outline along with the publication outcomes from this study. CHP: Combined
Heat and Power, ERTE: Exergy Round Trip Efficiency, GHG: Greenhouse Gases, HICE:
Hydrogen Internal Combustion Engine, PEM: Proton Exchange Membrane, RTE: Round Trip

Efficiency, SOFC: Solid OXide FUel Cell..........ccoiiiiiiiiei e 49

Figure 2.1: General schematic of the new hybrid system based on PTG TEEBCPEME, and

XXi



Figure 2.2: Temperatureentropy qualitative diagram for the solar field and steam Rankine cycle

Figure 2.3: Validation of (a) PEMFC, (b) PEME, (c) PTC subsystems.............cccccevvvueenn. 71

Figure 2.4: Schematic diagram of the optimization process to determine optimum thermal oil from

the five options shown in connection With OPtIMIZEr.............evviiiiiiiiiccciiiiieeieceeeeeeeeeeeeeaae 3

Figure 2.5: Artificial neural network validation for Dowtherm A oil including a) Exergy efficiency

(A1), D) COSETAIE T )....vvevvceeeieteee ettt emes ettt vnns e sene e 74

Figure 2.6: Distribution of Pareto frontier diagrams for five types of thermal leéised on the

grey wolf optimization algorithm...............ueiiiii e eeeer e 75

Figure 2.7: Ranking of TOPSIS points of each thermal.qil..............cccccevvieecivviiiiiieeenn . 16

Figure 2.8: Population dispersion for decision variablesTa)b) r,, ¢) zT,, , and d)oreee. .. 77

Figure 2.9: Sankey exergy diagram for the PTC and SREL subsystems under optimal

conditions, the ValuES are iN MMV .. ... cou e, 79

Figure 2.10: Exergoeconomic Sankey diagram for PTC and SIG subsystems under optimal

(of0] ¢ 0 [1([0] 0 KT UT TR 80

Figure 2.11: The cost rate of different subsystems and their percentage........................ 81

Figure 2.12: Impact of direct normal irradiance (DNI) on the ratio of excess hydrogen to the

produced hydrogen (ETP), system power output, exergy efficiency, and pcoducates.....82

XXii



Figure 2.13: The effect of discharge time and PEMFC power generation on the required excess

) Y/0 [0 =T o T = o RSP 83

Figure 2.14: Effect of charge time and amount of power input to PEME on the ratio of excess

a)Y{e [goTo =T o I {=To [0 1 =To NPT TP PTPPPPPP 84

Figure 2.15: The effect of fuel cell temperature on current density and voltage under the PEMFC

ST (=] 1 1 1 PPN 85

Figure 2.16: Influence of fuel cell temperature on flow density and output power under PEMFC

ST (=] 1 PSPPI 86

Figure 3.1: Schematic diagram of the proposed system based on heliostat solar, SOEC, SOFC,

and Kalina cycle for green hydrogen StOrage.............uuueiiiiiieccveeniiicieee e e e e e eeeeieee e 90

Figure 3.2 Flowchart of the system modeling process and the applied methodologies. 95

Figure 3.3: The validations of the SOEC and SOFC units with the measured data in the literature

[249,250] ... eeeeeee s eeeeseeseeeeee s e et eeeeeeeeeaeee e e e et sttt e e reemter et e et e ee e 110

Figure 3.6: The effect of direct normal irradiance and solar time on a) power consumption and

generation of SOE@nd SOFC, b) charge and discharge district heating capacities......117

XXili



Figure 3.7: The effect of direct normal irradiance on a) hydrogen sale to the market and power
consumption of hydrogen compressors at various solar times, b) RTE, ERTE, and heat absorption

TR (=IT0 ] F= U U] 11 RO 118

Figure 3.8: The effect of current density and operating temperature of SOEC on a) power

consumption and generation of SOEC and SOFC, b) RTE, ERTE............eeeeeiiiieeeeinnnn. 119

Figure 3.9: The effect of current density and operating temperature of SOFC on a) power

consumption and generation of SOEC and SOFC, b) RTE, ERTE............ecoeeivvieeeennnn. 121

Figure 3.10: Theeffect of a) compressed hydrogen pressure on RTE, ERTE, and charging district
heating capacity, b) ammoniac concentration of the Kalina cycle on its exergy efficiency and

[OL0NT V=T o T=T a1 = L1 o] o S SSSP 122

Figure 3.11:Hourly direct normal irradiance at different months for the case study of Los Angeles,

California, data is taken from Meteonorm software [252].......c.ccccceeeeiiiiiieeciiiiee e 124

Figure 3.12: a) Hourly DNI in different seasons b) Annual, seasonal, and monthly hydrogen
production rate for the case study of Los Angeles, Califpufada $ taken from Meteonorm

SOTIWATE [252]... ittt ettt e e e e e et ettt e e e e e e e e e e e e e e e e nnne e e e en e 125

Figure 3.13: System profit over time and payback period based on the percentage of hydrogen
consumption in the SOFC to the produced hydrogen in the SOEC, HC: hydrogen consumption in

TNE SOFC . et anea 127

XXiv



Figure 3.14: System profit over time and payback period in different hydrogen sale prices of 2
$/kg at a) no hydrogen consumptibh 50% consumption of the produced hydrogen for peak

ShaVING IN the OF C ... et emr s 128

Figure 3.15: System profit over time and payback period in different discharge times based on

50% hydrogen consumption the SOFC and hydrogen sale price of 2 $/kg................... 130

Figure 4.1: Graphical illustration of the proposed innovative concept for turquoise hydrogen
production based on molten salt bubble column reactor, helemdtatfield, and HTES. HE: Heat
exchange, Comp: Compressor, HTES: Higmperature thermal energy storage, P: Pump, PSA:

Pressure SWiNg adSONPUION. ... ....u e i eeeee ettt e e e e e e 134

Figure 4.2: The validation of the present model for methane pyrolysis with the experimental data

(o) I 1= Lo =T A= | 115G 150

Figure 4.3.. Energy Sankey diagram of the proposed system during a) day and b)Guogtnt.
Compressor, DH: District Heatind{E: Heat exchangerHel: Heliostat field, HTES: High
temperature thermal energy storage, Mix: Mixer, PSA: Pressure swing adsdRetian Reactor,

R C: RO GBIV, ..o e et 153

Figure 4.4: Capital costs of various elements and units and their impact on CAPEX with the grid

electricity and renewable energy (RE) electriCity SOUICES..........ccoevviiiiiiccceeeeeeeeeis 154

Figure 4.5 The effect of direct normal irradiance (DNI) on system products and fuel flow rates.

Figure 4.6. The effect of methane conversion rate on system products and fuel flow.rzitBs.

XXV



Figure 4.7: The effect of averageactor temperature on methane conversion rate (MCR), system

products, and fuel flIOW FatES............oeeiiii e e e e e e e aeee s 157

Figure 4.8: The effect of aveige reactor temperature on rouingh efficiency (RTE), exergy

roundtrip efficiency (ERTE), heat absorption and radiation losses in solar.unit............ 158

Figure 4.9: The effect of methane conversion rate on levelized cost of hydrogen (LCOH) and

capital expenditure (CAPEX) at different direct normal irradiances (DNIS)................... 159

Figure 4.10: The effect of average reactor temperature on levelized cost of hydrogen (LCOH) and

capital expenditure (CAPEX) at different carbon sale prices..........cccccvvvvvieeeneeeceeennnen, 160

Figure 4.11: The effect of carbon sale price on the LCOH for sbiased methane pyrolysis with

(a) grid electricity atnadn d(sb)f .ore.nfiewn.atbhl.ael62e ner gi

Figure 4.12:The effect of methane purchase price on the LCOH for-balsed methane pyrolysis

with (a) grid electricity and (.h)..r.eneldBabl e e

Figure 4.13: The effect of offpeak electricity price on the LCOH for solaased methane

pyrolysis with (a) grid electricity..anés (b)) r

Figure 4.14: The effect of system lifespan on the LCOH for sdlased methane pyrolysis with

(a) grid electricity and (b)..r.enewa.bl.eléGener gi

Figure 4.15: The effect of cost reduction in renewable energy infrastructure on the LCOH for
solarbased met hane pyrolysis with (a) grid elect

T T SR I o PP PPPPRRPPPP 167

XXVi



Figure 5.1:. Schematic diagram of the proposed novel design for turquoise hydrogen production
based on heliostat solar field and molten-baked methane pyrolysis. CMST: Cold molten salt
tank, Comp: Compressor, DH: District heating, HE: Heat exchanger, HMST: Hot molten salt tank,

P: Pump, PSA: Pressure SWing adSOrPtion..............uuuuuiiuiimreeeeeeririisas e e e e s emmmrnnnnne s 174

Figure 5.2 Schematic diagram of the proposed design for green hydrogen production based on
heliostat solar field and solid oxide water electrolysis. CMST: Cold molten salt tank, HE: Heat

exchanger, HMST: Hot molten salt tank, P: Pump, SOEC: 8zldk electrolyzer cell.......175

Figure 5.3 The validation of the proposed models for methane pyrolysis (Kang et al. [136]) and

the SOEC (Ebbesen et al. [249]).......cooiiiiiii e 178

Figure 5.4 Sankey diagrams for a) solaased molten salt methane pyrolysis (SMSMP) and b)
solar-based solid oxide electrolyzer cell (SSOEC). CMST: Cold molten salt @akp:
Compressor, DH: District HeatinglE: Heat exchangeHlel: Heliostat field HMST: Hot molten
salt tank, Mix: Mixer, PSA: Pressure swing adsorptiBeact: Reactor, Rec: Reeer, SOEC:

Solid oxide eleCtrolyzZer Cell........ ..o ——— 182

Figure 5.5 Capital expenditure of a) sotaased molten salt methane pyrolysis (SMSMP), b)

solarbased solid oxide electrolyzer cell (SSOEQ)...........uuuiuuiiiiiieeeeeeeee e 183

Figure 5.6 The effect of direct normal irradiance (DNI) on round trip efficiency (RTE) and
levelized cost of hydrogen (LCOH) by solaasel molten salt methane pyrolysis and solid oxide

L2 [T o 1 0] )] OO PP PP PPPPPPPPP 185

XXVii



Figure 5.7. The effect of solar available time on the rate of hydrogen production and levelized
cost of hydrogen (LCOH) by solwased molten salt methane pyrolysis and solid oxide

LS LT o 0] Y2 1S 186

Figure 5.8 The effect of the number of heliostat mirrors on the rate of hydrogen production and
methane and water consumption by stlased molten salt methane pyrolysis and solid oxide

L2 [T o (0] )Y £SO P TSP P O PP PPPPPPPPPPPP 187

Figure 5.9 The effect of methane price on levelized cost of hydrogen (LCOH) of-satad

molten salt methane pyroigsand solid oxide electrolysSiS.............uuiiiiiiiiiiiceeiiiiciieeeee s 188

Figure 5.10 The effect of electricity price on levelized cost of hydrogen (LCOH) of dmaed

molten salt methane pyrolysis and solid oxide electrolysSiS...........cccoeeiiiiiiceciciiiieeeenn 188

Figure 5.11 The effect of cost reduction in renewable energy infrastructure on levelized cost of

hydrogen (LCOH) for solabased molten salt methane pyrolysis and solid oxide electrdSis.

Figure 5.12 Selection of five case studies from fifty candidates all over the world with different

solar direct normal irradiances (DNIs) and industrial methane (ri&gs) [270][271 280]. 190

Figure 5.13 The spider chart presentation of the values of the major critical parameters for the

five selected case StUAIES [2ZB5].........uuuuuuuiiiieiiii e ceeeiieise e e e e e e e enee e e e e e e e e e eeaeeaannes 192

Figure 5.14 (a) Annual hourly direct normal irradiance (DNI) and b) annual, seasonal, and
monthly hydrogen production by solaased molten salt methane pyrolysis (SMSMP) and-solar

based solid oxide electrolyzer cell (SSOEC) for the case study of Edmonton, Canadal93

XXVili



Figure 5.15 (a) Annual hourly direct normal irradiance (DNI) and b) annual, seasonal, and
monthly hydrogen production by solaased molten salt methane pyrolysis (SMSMP) and-solar

based solid oxide electrolyzer cell (SSOEC) for the case study of of San Antonio, United States.

Figure 5.16 (a) Annual hourly direct normal irradiance (DNI) and b) annual, seasonal, and
monthly hydrogen production by solaased molten salt methane pyrolysis (SMSMP) and-solar

based solid oxide electrolyzer cell (SSOEC)thm case study of Auckland, New Zealandl96

Figure 5.17. Annual, seasonal, and monthly hydrogen production by -balsed molten salt
methane pyrolysis (SMSMP) and selmsed solid oxide electrolyzer cell (SSOEC) for the case

StUAY OF SEVIIIE, SPAIN.......uuiiiiiiiiiiiii e 197

Figure 5.18 (a) Annual hourly direct normal irradiance (DNI) and b) annual, seasonal, and
monthly hydrogen production by solaased molten salt methane pyrolysis (SMSMP) and-solar

based solid oxide electrolyzer cell (SSOEC) for the case study of Lyon, France........... 198

Figure 5.19 A comparison of solabased pyrolysis vs electrolysis preference based on methane

and electricity prices for a) weak, b) average, and c) ideal solar conditions.................. 201

Figure 6.1.a) Schematic diagram of the main campus of the University of Alberta and the planned
location for installing either b) solid oxide fuel cell (SOH&&sed combined heat and power (CHP)
(FuelCell Energy [293])or c) hydrogen fuelled internal combustion engine (HH3&ed CHP

(2G Energy [93]) at the University of AlDEra.............coovvviviiiiieeme e 209

XXiX



Figure 6.2. The average COP measurements for the advancseduaite heat pumps as a function

of the ambient temperature [298].......cccooiiii i 210

Figure 6.3.Research methodology and strategies considered in the present study. CHP: combined
heat and power, COP: coefficient of performance, SOFC: solid oxide fuel cell, UofA: University

(o) i\ | o 1=] 1 = VHT TR 211

Figure 6.4.Monthly energy consumption of the University of Alberta (UofA). The data is based

ON YEAN 2009, ..t e e ettt e e e e e e et n——— e et e e e e e e r s 216

Figure 6.5.Monthly heatto-power ratio of the University of Alberta (UofA). The data is based on

VL= L4 0 1 PSPPSR 217

Figure 6.6. a)Percentage of the operational load factor of the CHPs to meet the electricity demand

of UofA b) Heat coverage percentage of UofA by the designed CHPS.......................... 218

Figure 6.7.Monthly hydrogen demand of the SOfB@sed and HICbased CHPs to cover all the

electricity demand of University of AlDerta..............ccoouiiiiiimmeni e 220

Figure 6.8.The operational load factor percentage to fully cover the heat and electricity demands

of UofA by the designed SOFRased and HICIBased CHPS...............covvvvviiiccmeeeeennnnn, 221

Figure 6.9.Monthly hydrogen demand of the SOfB@sed and HIChased CHPs to cover all the

energy demand (electricity and heat) of University of Alberta...........c..cccoooevieeeniininnnnnnn. 223

Figure 6.10.The effect of the SOFC lifetime and CAPEX on the total annual costs of the-SOFC

based CHP to cover the energy (electricity and heat) demand of UofA..............c..enneee. 227

XXX



Figure 6.11.A comparative diagram for the selection of the S&@f@Sed CHP or the HICRased
CHP for University of Alberta based on the future variations in the lifetime and CAPEX of the

SOFGDASEU CHP.. ...t e e e e e e e e e ena e e e e e e annnnes 228

Figure 6.12: Monthly gas and electricity consumption of a house in South Edmonton from July

2023 10 JUNE 2024...... et e 231

Figure 6.13: Monthly heat to power ratio of the CHP for a house in South Edmonton from July

2023 10 JUNE 2024...... et e 232

Figure 6.14: Monthly gas and electricity consumption of a house in West Edmonton from July

2023 10 JUNE 2024......e e s 233

Figure 6.15: Monthly heat to power ratio of the CHP for a house in West Edmonton from July

2023 10 JUNE 2024......e e s 234

Figure 6.16: Monthly gas and electricity consumption of a house in Central Edmonton from July

2023 10 JUNE 2024......e et e 235

Figure 6.17: Monthly heat to power ratio of the CHP for a house in West Edmonton from July

2023 10 JUNE 2024...... et s 236

Figure 6.18: (a) CHP market and annual maintenance costs per unit, (b) Total GHG emission
reduction and monthly utility cost per unit, (c) Number of thelalsé direct and indirect jobs,
and (d) total number and CAPEX per unit, following implementation of the SOFC based CHPs

with 5 kW capacity per household in residential sectors of Alberta during2Ug%............ 241

XXXi



Figure 6.19: (a) CHP market and annual maintenance costs per unit, (b) Total GHG emission
reduction and monthly utility cost per unit, (c) Number of the available directraect jobs,
and (d) total area and CAPEX per unit, following implementation of the SOFC based CHPs with

100 kW capacity per unit in commercial sectors of Alberta during-2080....................... 246

Figure 6.20: (a) CHP market and annual maintenance costs per unit, (b) Total GHG emission
reduction and monthly utility cost per unit, (c) Number of the available direct and indirect jobs,
and (d) total number and CAPEX per unit, following implementation of the S@SEJLCHPs

with 5 kW capacity per household in residential sectors of Canada during2@8065........... 250

Figure 6.21: (a) CHP market andnnual maintenance costs per unit, (b) Total GHG emission
reduction and monthly utility cost per unit, (c) Number of the available direct and indirect jobs,
and (d) total area and CAPEX per unit, following implementation of the SOFC based CHPs with

100 kW capacity per unit in commercial sectors of Canada during-2080....................... 254

XXXil



Li st of symbol s

0 Dead condition

A Area [nT]

A Aperture area [f)

A Active surface of the fuel cell [cth
Abs Absorbed

Act Activation

Amb Ambient

Ap Aperture

An Anode

C Concentration ratio-|

C Cost per exergy unit [$/GJ]

Ca Cathode

Cd Conduction

ch Charge

Con Concentration

Cv Convection

Cen, Instant methane concentraticip [
C Cost rate of streams [$/h]

XXXili



dch

DH

$M

eff

Ex

D,x

Ex

CL

Cost rate of products [$/GJ]

Particle size [um]

Inlet diameter of the receiver tube [m]

Outlet diameter of the receiver tube [m]

Membranehickness [um] & Diffusion coefficient-]
Discharge
District heating

Depletion number-]

Million dollars

Effective

Specific exergy of each stream [kJ/kg]

Specific exergy of each stream [kJ/kg]

Activation energy [J/mol]

Exergy destruction [kWh]

Exergy destruction in component x [kWh]

Input exergy rate [kW]
Faraday constant [A.s/mol]

Collector efficiency factor-]

XXXV



Heat removal factor-|

View factor []

Solar radiation intensity [W/fh
Specific Gibbs free energy [kJ/kmol]
Height of the receiveaiperture [m]
Immersed height of the column [m]
Higher heating value [kJ/kg]
Specific enthalpy at point x [kJ/kg]

Convective heat transfepefficient [W/nf.K]
Interest rate-|

DNI level [W/n¥]

Inlet

Insulation

Current density [A/ffi

Coefficient of exchange current density [ARm
Thermal conductivity [W/m.K]

Thickness [cm]

Single collector length [m]

Low heating valueKJ/kg,MJ/kg]

XXXV



cell

nCL,P

I’-]CL,S

Nu

ohm

out

Ph

Pr

CH,

Mass flow rate at point x [kg/s]

Molten salt

Number of components X[

Number of electrons]

Numeral of cells in a fuel cell stacq [

Number of collectors in parallels| [

Number of collectors in serieq [

Nusselt number
Outside

Ohmic

Outlet

Physical

Prandtl number

Pressure at point x [kPa, bar]

Partial pressure of component j [bar]

Heat transfer rate [KW]

Radius [um]

Rate of reaction-]

Universal gas constant [kJ/kmol.K]

XXXV



R2

Re

Rad

Rec

Rc, ap

Rc, sur

Ref

Coefficient of determination
Reynolds number
Radiation

Receiver

Receiver aperture

Receiver surface

Reflection

Isentropic

Specific entropy at point x [kJ/kg.K]
Time [hr]

Temperature at point x [K]

Triple phase boundaries

Air utilization factor F]

Fuel utilization factor]

Collector heat loss coefficierd] [

Steam utilization factor-]

Voltage [V]

Reversible potential [V]

Rise velocity of bubbles [m/s]

XXXVi



V. Volume of the storage tank fin

Viving Speed of the wind [m/s]

W Width of the receiver aperture [m]

W Power consumption/generation [kW]

X Hydrogen consumption rate in the SOFC [mol/s]
X Concentration-|

X pve Average length of grain contact [um]

Y Net cash flow [$]

Z Capital cost [$]

a Reflectivity coefficient otthe receiver surface][

b Annual operating hour

ad Thickness [m]

e El ectrodeds porosity [ %]
DG Gibbs free energy change

€, Fractional alternation in gas volumég [

e, Emissivity coefficient of the receiver surface [

g Vapor consumption in the SOE€{] [

/ Water content§-]

fy Maintenance factdr]

XXXVili



Residence time [s] &ortuosity F]

Transmissivity of the cover glazing

Effective transmissivity of the parabolic trough collector

Efficiency [%]
Dynamic viscosity [kg/m.s]
Density [kg/m] & El ect r i c al

Stefari Boltzmann constant [W/fK4]

XXXiX

resistivity

[ a. cm]



Li sablbfevi atcromymand a

ANN Artificial Neural Network

ATR Authothermal Reforming

AWE Alkaline Water Electrolyzer

BES Battery Energy Srorage

CAES Compressed Air Energy Stoarge

CAPEX Capital Expenditure

CCS Carbon Capture and Storage/Sequestration
CCHP Combined Cooling, Heating, and Power
CEPCI Chemical Engineering Plant Cost Index
CHa Methane

CHP Combined Heat and Power

CMS Cold Molten Salt

CMST Cold Molten Salt Tank

CO2 Carbon Dioxide

Comp Compressor

COP Coefficient of Performance

CRF Capital Recovery Factor

Xl



CSP Concentrated Solar Power

DC Direct Current

DH District Heating

DNI Direct Normal Irradiance

DOE Department of Energy

EES Engineering Equation Solver

ERTE Exergy Round Trip Efficiency

ETP Excess to Produced Hydrogen

EV Expansion Valve

Gen Generator

GHG Greenhouse gas

GWO Grey Wolf Optimization

HE Heat Exchanger

HES Hydrogen Energy Storage

HICE Hydrogen Internal Combustion Engine
HMS Hot Molten Salt

HMS Hot Molten Salt Tank

HTES High Temperature Thermal Ener§yorage
LCOH Levelized Cost of Hydrogen

xli



MCFC Molten Carbonate Fuel Cell

MCR Methane Conversion Rate

Mix Mixer

NOx Nitrogen Oxide

NPV Net Present Value

P Pump

PEM Proton Exchange Membrane

PEME Proton Exchange Membrane Electrolyzer

PEMFC ProtonExchange Membrane Fuel Cell

PHES Pumped Hydro Energy Storage
PSA Pressure Swing Adsorption
PTC Parabolic Through Collector
PV Photovoltaic

RE Renewable Energy

RTE Round Trip Efficiency

Sep Seperator

SDC Solar Dish Collector

SMR Steam MethanReforming

SMSMP Solarbased Molten Salt Methane Pyrolysis
xlii



SOEC Solid Oxide Electrolyzer

SOFC Solid Oxide Fuel Cell

SRC Steam Rankine Cycle

SSOEC Solarbased Solid Oxide Electrolyzer Cell
TEG Thermoelectric Generator

TES Thermal Energy Storage

TOPSIS Techniquefor Order of Preference by Similarity to Ideal Solution

Tur Turbine
UofA Universty of Alberta
w/ With

xliii



PART I: Introduction and Literature Review



Chapter 1: Introduction and Backgroundt

1.1 Solar energy

Solar energy has become one of the most widely adopted forms of renewable energy globally, due
to its scalability, ease of installation, and numerous inherent advarjg&ggékwever, it faces
significant limitations when it comes to providing a continuous, stable, and reliable power supply.
Solar power generation is inhatly intermittent, being available only during daylight hours, and

its output can be highly variable due to factors such as cloud cover and reduced energy levels when
the sun is low on the horizon. This intermittency, coupled with the mismatch betweey ener
production and electricity demand on distribution grids, presents a critical challenge to the
widespread adoption of sustainable erex{P]. One promising solution to address this issue is

the integration of energy storage systems, which can store surplus energy generated during periods
of high solar output and release it during times of peak demand. By enabling a more balanced and
reliable enagy supply, storage technologies play a pivotal role in stabilizing electricity grids and
promoting the broader use of renewable engt@y. In addition,among the various soldrased
technologies, concentrated solar power (CSP) is particularly noteworthy for its ability to deliver
higher power capacities. CSP systems offer better economic feasibility for-daseder
instdlations, making them an attractive option for utdfigale power generation. As a result, the
combination of energy storage technologies with heghperature solathermal energy has
garnered significant attention in recent years, particularly in tintexp of gridscale energy

storage solutions that are capable of meeting the growing demand for clean, reliabl¢28rgy

1 This chapter is partially based i 7].



1.2 Energy storage

There arevarious types of energy storage technologies that exist at different scales including
electrical, electrochemical, mechanical, thermal, and chemical. These systems can be categorized
into shortterm (several seconds to minutes), medierm (several minuteto hours), and long

term (several hours to days and months) according to discharggliiin&hort and medium

term energy storage systems can compensate for output fluctuations in just a few hours, while
long-term energy storage technologies can bridge the gap in a matter of weeks to [d®]nths
Figure 1.1 illustrates different available energy storage technologies based on their storage

capacity and discharge time.

Module size

Reserve and Bulk power
response services 1ransmission and distribution grid support management

This study

Hours

|

Storage type
Electrochemical

Discharge time at rated power
Minutes

Uil

Seconds

1 kW 10 kW 100 kW I MW 10 MW 100 MW 1 GW

System power rating

Figure 1.1: Capacity and discharge time of common types of energy storage systems using the data from references
[13,14]



Battery energy storage systems (i.e., Laaw, Lithiuntion, Nickelcadmium, Sodiunsulfur,

Redox flow, and Hybrid flow) are mostly used as stenn and mediuaterm stoage systems

[15]. These systems in terms of power and energy density, size, portability, and rapid response are
used for emergency power devices and also for power quality improvement (voltage and frequency
adjustment) on grid12]. Although batteries have high nominal efficiencies,irthwverall
performance is 585% in grid support progranj&6]. This poor performance is due to the need

for coding, parasitic loads in power conversion systems, and theidiselfiarge characteristics.
Furthermore, batteries can cause environmental pollutions at the end of their lifetime due to the
use of heavy and toxic metals such as sodium, cadmium, andnlghdiri construction. The
production of lithium batteries requires high energy with a carbon footprint, and in large scales, it
is associated with resource depletion, global warming, biological toxicity, and human health
problems[14,16]. Another major drawback of batteries for large scale applications is that each
batery has a fixed storage capacity. On the other hand, the extra generated power of renewable
energies, which is mostly used as the source for charging ofdeadg energy storage systems, is

variable and needs a more flexible energy storage systerththaatterie$16].

In addition to batteries, mechanical energy storage systems such as pumped hydro and
compresed air are the other alternatives for lasgale energy storage. These systems are mature
and have been developed for many years; however, owing to their dependency on the topology of
the installed region, their applications are limited to specific ggdgcal conditions. Due to
slightly increased geographical adaptability, research and development of hydrogen energy storage
have been recently accelerated to be hybridized with renewable ef&édieilike fixed battery
storage, hydrogen is more flexible and can be produced with as much as extra power as is available

in the grid. It also has a high calorific ualcompared to petroleum products and if combined with



fuel cells, it will not emit pollutant gas¢$7]. Tablel1.1 also presents more detailed information

about the important specifications of various types of energy storage systems.

Table 1.1: Specifications of some common energy storage systems based on the data from r¢i&¥d@ies

Energy storage
system

Power
rating
(MW)

Energy
density
(Wh/kg)

Power
density
(W/kg)

Storage
duration

Self
discharge
per day

Discharge
time

Response
time

Life
time
(Years)

Impact on
environment

PHES

CAES

HES

Lead Acid BES

NiCd BES

SodiumSulfur BES

Lithium BES

100
5000

5-300

0-50

0-20

0-40

0.058

0-0.01

0.51.5

30-60

80-10,000

30-50

50-75

150-240

75200

500+

75-300

150-300

150-230

150315

hrssmonths

hrssmonths

hrssmonths

Mins-days

Mins-days

Secshrs

Mins-days

Very
small

Small

0.1-0.3%

0.2-0.6%

20%

0.1-0.3%

1-24 hr+

1-24 hr+

Secs24 hr+

Secshrs

Secshrs

Secshrs

Mins-hrs

1-2 min

1-2 min

Secsmins

Secs

Secs

Secs

Secs

40-60

2040

5-15

5-15

10-20

10-15

5-15

Substantial, massive
zones of natural
landscapes are
needed.

Emissions from the
burn of
hydrocarbons.

Insignificant,
because a by
product is water.

Lead is so toxic and
polluting for soil
and water.

Cadmium is
poisonous and
hazardous for healtr
and environment.

Substantial, because
theliquid sodium
can react with water
in the environment.

Relatively low,
affects generally via
emissions in cell
production.

1.3 Hydrogen energy

As the first element on the periodic table, hydrogen is known as the most abundant, simplest, and

lightest component in the universe. It can be found in water and organic composites and has the

greatest energy per mass among f{33$. Paracelsus from Switzerland explored that the reaction

betweersulphuricacid and iron resulted ilé gas formation in the f&entury[20]. Then, in the



17" century, Myelin stated that hydrogen can burn. Robert Boyle could produce hydrogen by a
reaction of iron filings and dilute acids in 1761.efhin 1776, Henry Cavendish recognized that
hydrogen is an exceptional substance and due to critical discoveries that he reported in his article

he is known as the explorer of hydrog@i]. In 1788, Antoine Lavoisier called this element
Ahydrogendo from a Greek root of Ahydr oo mear
produced hydrogen by means of a water electrolyzeh#ofittst time. In 1839, the first hydrogen

powered fuel cell was developed by William Robert Gi@4d. Hydrogenbased energgystems

include four phases of production, storage, safety, and utilization, as shéwguie 1.2 [21].

These phases are explained in the following:
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Figure 1.2: Four main phases of hydrogen storage.

The utilization of hydrogen as one of the most important clean energy carriers has garnered
substantial interest across diverse applications in recent[#2&r3 his heightened interest aligns
notably with the wddwide urgency to mitigate carbon emissions by 2(088]. Despite
advancements in advocating for hydrogen as a sustainable energy carrier, theeobncurr
achievement of economically viable and clean hydrogen remains a significant chi2inde

response, the United SeéatDepartment of Energy (DOE) set a hydrogen initiative in 2021, known



as the AHydrogen Shoto, with the objective
within a decad¢25]. This initiative reflects a persistent need to enhancing the affordability and
availability of this crucial energy source, which caad to expansion of hydrogen economy and
economic benefits for the US and other countf®s. It is projected that aeduction in the

hydrogen cost will lead to advancement in different sectors of the hydrogen valug28&hain

1.3.1Hydrogen production

Currently, the predominant method for global hydrogen production is steam methane reforming
(SMR) due to its competitive hydrogen production cost.@ $/kgh) [26]. However, as shown

in Figurel.3, the highlife-cycle carbon footprint associated with this proces8 §kgCO/kgH.)

makes it inappropriate for largeeale production. Although the introduction of the autothermal
reforming (ATR) method reduced thfe-cyclecarbon intensity of hydrogen production by natural
gas, its environmental footprint remains significE6]. An alternative approach to curb carbon
emissions in hydrogen production methods based on natural gas feedstock invofirasingte
carbon capture and storage/sequestration (CCS) units with the existihg SMR and ATR
infrastructure, known as blue hydrogen. This approach can redulife tbgcle carbon intensity

to about 2.5/ kgCQ/kgH., albeit at the expense of marginal growth hydrogen cost,

approximately 0.5 $/kgH[26i 29]. Neverthelss, logistical challenges such as transportation and

the need for dedicated carbon sequestration sites, coupled with potential leakage issues, pose

significant challenges to its widespread adop[it].
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Figure 1.3: Hydrogen production cost atife-cycle carbon intensity of the main hydrogen production methods [5
17]. SMR: Steam methane reforming, ATR: Autothermal reforming, CCS: carbon captustorage/sequestration,
and RE: renewable energy.



Methane pyrolysis is considered to be a powerful competitor to traditional methane reforming
methods from both economic and environmental standpf@fjslits remarkably low electricity
consumption, coupled with zero direct emissions, results in a hydrogen production cost ranging
from 1.33.4 $/kght [31,32] and alife-cycle carbon intensity spanning from 2416 kgCO./kgH>

[26,33] Integrationof methane pyrolysis with renewable energy sources further improves its
attraction, yielding even lowdife-cycle carbon intensity levels, between 2& kgCQ/kgHz,

and subsequent hydrogen prices ranging from 2.4 to 4.5 $[B@84,35] Notably, there is an
opportunity for further cost reductions of about 1 $/kbkthe development of the carbon market

as a byproduct of methane pyrolyg39¢,32]

Another appealing ggoach to hydrogen production is water &lelysis. Its primary
drawbacks are the high demands for electricity and Wa&3r So, its economic feasibility and
carbon intensity heavily depend on the sources of electricity{RSgdf grid electricity is utilized,
both the cost and carbon footprint of hydrogen production are linked to the price and carbon
emissions of the electricity gr[86]. On the other hand, leveraging renewable energies as the main
electricity source results in hydrogen with an exceptionally redliigedycle carbon fotprint,
normally below 0.5 kgCe&kgH: [29,37] Nonetheless, the significant initial inteents required
for renewable energy installations result in increased hydrogen production costs ranging from 5 to
9 $/kghb in the electrolysis process. This highlights the need to balance environmental
sustainability with economic concerns in developirlgan hydrogen production solutions

[26,27,36,38]



1.3.1.1Water electrolysis

During the electrolysis process, liquid water is sepatiatedts elementary components under the
influence of electricity, for which a detailedodellingprocedure is presented in the next section.
Water electrolysis, because of the ability to benefit from renewable energies and renex@able H

as well as produing pure hydrogen, is a popular approach for hydrogen production. It is also
capable of using the direct current (DC) power of some of such renewable energy units such as
solar PV panels, etc. Moreover, water electrolysis has other benefits includiraghigfficiency

and great pure hydrogen production rate, which are special advantages to make hydrogen a
potential energy carrier and an energy storage mefB®d Today, only 4% of total global
hydrogen is produced by water electrolysis, but that is expected to significantly increase in the
coming years with the new initiatives due to the urgent needs for that and thenadrati@ned

advantages for th§40,41]

1.3.1.1.1Proton exchange membrane (PEM) electrolyzer

PEM technology is one of the popular methods for hydrogen production. In a PEM electrolyzer,
water is separated into hydrogen and oxygen during atvxabemical reaction, where hydrogen

and oxygen are produced at the cathode and anode, respectively. Water is pumped to the anode,
splitting into oxygen (@, protons (H), and electrons (e The produced protons are moved to the
cathode by passirthrough the proton conductive membrane and the electrons are taken from the
anode side using an external power circuit to provide the required cell voltage of the reaction.
Finally, the electrons and protons are joined for hydrogen production at the ecaftomdmon
materials for PEM electrolyzers include titanium for bipolar plates, platigtoap metals (e.qg.,
platinum, iridium) for catalysts, and Nafion membranes as the electfdBieA schematic of

what happens in the PEM electrolyzer is displaydeigurel.4.
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Cathode ;

PEM Electrolyzer

Membrane

+I Anode

H,

H*

r

Anode:

H,O

0.50,

H,O0—2H"+ 0.50, + 2’

Cathode: 2H" + 2¢—H,
Overall: 2H,O0—»H,+0.50,

Figure 1.4: Schematic of a PEM electrolyzgl].

Considering its ability for operation at higher current densities and quick response to dynamic

operations, PEM technology has attracted much attention in recent years. The first PEM

technology was introduced in the 1960s by two chemists in General &Eotmpany. Then, it

was devel oped mor e

in 1966 to overcome the weaknesses in comparison to the alkaline elec{eblyzier PEM water

electrolyzers, polysulfonated membranes (generally NafionFamdapem) are utilized as the

t o

be

u43Je Ibwas atso dévelSpadfBtheG e mi n |

electrolyte (proton conductg@5,46]. The PEM electrolyzers have a lot of benefits including high

efficiency, high proton conductivity and current density, fast response, low thickness, low

permeability, operabin at high pressure and low temperature§20

)

c o0 mp d4it

desi

49]. From the environmental perspective, PEM electrolyzer is considered a top choice because of

its ability for ultrapure hydrogen producti¢f9]. The other special characteristic of tPEM is

its easy balancing, making it fvourable choice for industrial uses. However, the PEM

electrolyzer has a major drawback of high investment and maintenance costs, which limits the

applications of the PEM electrolyzer. Therefore, many studies foaused on developing low

price PEM electrolyzers to enhance their penetration into the commercial nfjagk&is).
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1.3.1.1.2Alkaline water electrolyzer (AWE)

AWE was first presented by Troostwijk and Diemann in 1789 and was developed and used for

many commercial applications even on large scales (MWh) glofzBi57]. Like the PEM

electrolyzer, AWE works at low temperatures -3ID

agueous solution (KOH/NaOH) and a concentration e3@%. Themajor drawbacks of the AWE
are low efficiency, operation with low pressure, and restricted current density (<400 Hs&im

61]. The details of phenomena that happen in an AVéEshown inFigurel1.5. AWEstypically

)

by

us

ng

t

he

e |

use nickelbased catalysts, stainless steel or nickeited steel for electrodes, and a liquid

electrolyte corposed of potassium hydroxid€irstly, at the cathode side of the AWE, two

molecules of the solution are broken into two hydroxyl ions J@Ad one hydrogen @f The

generated hydrogen is removed from the cathode sideimtegrate in a gas form andetl©OH,

ect

using the power circuit, moves between the anode and cathode sides over a porous diaphragm to

the anode, where being split into half molecule @ an HO molecule. Finally, the oxygen is

re-integrated to the electrode surface and release asde42,61)

Diaphragm
Cathode ] +I Anode

H,
OH-

h 4

H.O

Overall: H.O—»H,+0.50,

Alkaline Water Electrolyzer (AWE)

050,

Anode: 20H —»H,0 + 0.50, + 2¢”
Cathode: 2H,0 +2¢ —»H,+20H"

Figure 1.5: Schematic of the alkaline water electrolyg#.
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1.3.1.1.3Solid oxide electrolyzer (SQ

After the introduction of the PEM and AWE, the SO®&as introduced by Donitz and Erdle in

19809[55,62] In recent years, the S@Hhas attracted great attention due to its ability to produce

pure hydrogen with high efficienc63]. Unlike the PEM and AWE, the ¥T is a high

temperature water electrolyzer, which agies at a temperature ranges60-90 0
efficiency, and water is injected into it as steam. Generally, theo@ductors that have been made

up of nickel/yttria stabilized zirconia are utilized in the SOEhe SOEC commonly use ceramic

W i

t h

materals like yttriastabilized zirconia (YSZ) as the electrolyte, nickaked cermet for the fuel

electrode, and lanthanum strontium manganite (LSM) for the oxygen eledtraiition with

further development of this technology in recent years, sommimepaoton conducting materials

hig

are used in the SAEsystems as well. These materials improve the efficiency because of their

greater ionic conductivity in comparison with thé @nductorg64]. Like the PEM and AWE,

the SO has its special disadvantages, the most important of which are the degradation and lack

of stability[65]. Theschematic of an SAEis presented ifrigurel.6.

H,

H,O

Membrane
Cathode ; T Anode

o+

Anode: O — 0.50, +2¢

Solid Oxide Electrolyzer Cell (SOEC)

0.5 0,

Cathode: H,O + 2e—»H, + O*

Overall: H,O—H, +0.50,

Figure 1.6: Schematic of the solid oxide electrolyZ&f.
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1.3.1.2Methane pyrolysis

In methane pyrolysis reaction, methane cracks into hydrogen and solid carbon and the process
avoids the production of carbon dioxide (O 'his process produces several types of carbon as
aby-product including carbon black, graphitic carbon, carbanotubescarbon nanofibers, etc.,

which vary based on the process conditions and catalyst§6&edhe producedcarlon can be
effectively separatedndsold as @y-productto be used in differerdapplications For example,

carbon black has uses such as in tire and steel industries, concrete, soil, direct carbon fuel cells,
etc.[66]. Nevertheless, necatalytic methane pyrolysis requiresvaged operating temperatures
(>1200C), leading to economicallynfavourablenydrogen productiof67]. To establish a cost
competitive hydrogen production process through methane pyrolysis, it is imperative to identify
an effective catalyst and design a reaction environment characterized by lower temperatures, high
conversion rates, and a streamlined predes solid carbon remov#8,69]. Extensive research

has been conducted on solid transition metals as effective catpd@s#®3]; however, their
susceptibility to deactivation through coking is a significant challenge. Reactivation of the catalyst
can be achieved through carbon gasification wit{ ], H.O [75], or CQ [76], albeit at the
expense of undesirable @@missions. Alternatively, coke remdurough acid treatment is

deemed prohibitively expensiyé7].

An effective new strategy to prevent deactivation by coke involves subjecting methane to a
liquid catalyst, wherein the catalyst surface undergoes continuous ref@jvah this regard,
methane pyrolysis in molten media emerges as a prospective alternative for facilitating the
industriatscale expansion of turquoise hydrogen produdff®). This process takes place in a

bubble column higllemperature reactd80]. High thermal conductivity and density of molten
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media facilitate the attainment of elevated temperatures and enable the continuing separation of
carbon, thereby enhancing operational feasidiify}. In addition, the utilization of molten media
provides the opportunity to catalyitee process in sustained and continuous-teng operations

[82].

Two primary categories of molten media utilized in methane pyrolysis are molten metal, which
includes various alloys, and molten salt. As listedrable 1.2, molten metals exhibit a sole
advantage over molten salts, due to their higher catalytic a¢8dtyDespite molten salts serving
as comparatively weaker catalysts for cracking, their economic advantage over metaisesind |
density resulting from heightened intermolecular interactions make them a meeffeostve and
volumetrically efficient choice for methane pyrolyg88]. Consequently, the utilization of molten
salts has the potential to lower the investment costs associated with the methane cracking process
[84]. Furthermore, carbon contaminated with salt presents a more facile purification process, as
the salt is readily flushable through dissmatin water[85]. Notably, salts exhibit low vapor
pressure, thereby mitigating salt evaporali@an phenomenon responsible for carbon
contamination and substantial melting losg8]. Additionally, the comparatively lower melting
point of salts, as opposed to metals, decreases the af@r@nds of the process, consequently

enhancing the feasibility of larggeale implementatiof86].

Table 1.2: Comparison of the properties of molten salt and molten ri&ghl

Properties Molten metal Molten salt
Cost High Low
Catalytic activity High Moderate
Carbon purification Complicated Easy
Vapor pressure High Low
Melting point High Low
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1.3.2Hydrogen storage

After hydrogen production, hydrogen storage is the next step which is done by various methods,

as shown irFigurel.7.

Hydrogen Storage Methods

Physical-based Material-based

e e e
Figure 1.7: Hydrogen storage metho{37].

Physical hydrogen storage is the most common methaahhich hydrogen can be supplied as
either liquid or gas forms. Hydrogen storage in the gas phase needs special storage tanks with the
capability of enduring very high pressures ranging from 350 to 700 bar. For hydrogen storage in
the liquid form, considerm the extremely low boiling point of hydroge2(5 2 . 8 7 ) at
ambient pressure, cryogenic temperatures are required. The other ways for hydrogen storage are
absorption (inside solids) and adsorption (surfaces of solids). Most of the existing hydrogen
storage units use largemlume vessels that are able to supply hydrogen in gaseous form. This is
not a matter for stationary uses, where the high volume of compressed gas tanks is not a challenge.
But, the story is completely different for mobile and autoweohydrogen storage applications,
where the hydrogen storage volume should be as low as possible. Therefore, to meet this
requirement, research and development of storing hydrogen in special materials have attracted
great attentionCurrently, the metalydride, sorbent material, and chemical storage of hydrogen

are some of the available options to be used for hydrogen storage especially in automotive

16



applications[88,89] However, most of them are not economical at the present. For more

information on materiabased hydrogen storage, you can refer to refeli@®je

1.3.3Hydrogen safety

Like other fiels, hydrogen does have a degree of danger; hence, safety parameters should be taken
into consideration to avoid the presence of three combustion elements: ignition, oxidant, and fuel.
Fortunately, hydrogen is nenxic and much lighter than air, dissipagi quickly in case of
leakage. Actually, the major danger happens when a confined room is filled out with an unnoticed
leakage, which can cause ignition and explosion. Moreover, hydrogen has some special
characteristics that need extra engineering mongotdo guarantee its safety. For example,
hydrogen can flame in a wide concentration rangés%) and needs very low ignition energy

(10% of gasoline). Also, its embrittlement and corrosion properties in case of leakage need special

attention to the seldgon of suitable materials [43].

1.3.4Hydrogen utilization

Naturally, on the production side, as long as the used electricity for hydrogen generation is the
excess production of renewable plants, it is perfectly in line with sustainability roadmaps. For the
applcation part, the producesleanhydrogen can be used for a variety of applications compatible
with sustainability purposes. This includes using hydrogen as the feed source of fuel cells for
power generation in stationary and mobile units, using hydrogea &oosting source of
conventional combustion processes, injecting that into natural gas distribution pipelines to enhance
the heating value of the gas and better sustainability, direct combustion of hydrogen for heat or
cogeneration of heat and powerg.dtigure 1.8 shows a typical way of hydrogen use where it is

transferred to the residential sector to be used in fuel cells as combined heat and power production
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units or burned in hydrogen burners for heat supply and hot water prod{&tijormAnother
example of such typical applications is hydrogenvered domestic boilers, as showrfigure

1.9, recently introduced to the marK6g]. In addition,as shown irFigure1.10, CHP systems can

also utilize hydrogen internal combustion engines (HICE) for thgerwration of heat and
electricity. HICEs operate similarly to traditional internal combustion engindsthiey use
hydrogen as the primary fuel, emitting water vapor as the main byproduct, which significantly
reduces carbon emissions. These systems offer flexibility in fuel type, as some can run on a blend
of hydrogen and other fuels, making them a transigolution in the energy transition towards

full decarbonizatiorj93]. However, despite the advantages, HiGsed CHPs also have certain
drawbacks. One of the key concerns is the production of nitrogen oxides (NOx) due to the high
combustion temperates, which can contribute to air pollution and necessitate the use of
additional emission control technologies. Additionally, the overall efficien¢ylGE systems is
generally lower compared to fuel cblhsed CHPs, meaning more fuel is required to pthe

same amount of ener¢®4]. While HICE technology benefits from exisgrengine infrastructure,

the need for NOx mitigation and lower efficiency may reduce its competitiveness in the long term

compared to other hydroggrowered systems like fuel ce[B5].

Figure 1.8: The use of hydrogen for local heat and power produ¢fith
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Figure 1.9: Hydrogenfired boiler[92].

Figure 1.10: Internal hydrogen combustion engine for heat and power genefapn

1.4 Literature review

The synthesis of renewables and hydrogen production represents a symbiotic relationship, with
renewables offering emissidree pathways to generate hydrogen, and hydrogen, in reciprocation,

providing a means for renewables to ensure reliable power gendg]. While upfront costs
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associated with renewable energies may exceed those of conventional sources, ongoing
technological innovations and esmi@ihg demand within the energy industry drive down prices
[96]. Furthermore, the environmental benefits offset these initial expenses. Considering these
factors collectively, the upcoming integration of hydrogen aedewable energies holds
significant promise for the futuf®7]. Within the spectrm of renewable energy resources, solar
energy has distinguished itself as the most abundant 488icAs a result, soladriven hydrogen
production has emerged as a leading candidate for sustainable energy s{@@afioGsven its
scalability and environmental benefits, higmperature solahermalenergy was selected as the

primary renewable energy source for this thesis

For the selection of electrolyzerdtea evaluating various electrolyzer technologies, including
PEM, AWE, and SOEC, the decisisras madeo focus on PEM and SOEC was based on their
superior operational characteristidhie AWES, while more establishadd less costly, were not
selected due to their slower response times, lower current density, and challenges in operating
efficiently at variable power inpuismaking them less suitable for dynamic renewable energy
systems. Therefor®EM electrolyzers werchosen as the preferred kb@mperature option due
to their rapid response times and high efficiency when paired with intermittent renewable energy
sources, such as solar and wind. Their compact design, ability to operate at higher current densities,
and simpler system integration further strengthened their sele@0OCs, on the other hand,
were chosen for higkemperature operations due to their exceptional electrical efficiency and the
potential for ceelectrolysis, which enables the simultaneousipetion of hydrogen and valuable
synthetic fuels. This combination of PEM and SOEC technologies provides a versatile and

efficient approach to hydrogen production, optimized for low and-tagiperature applications.
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The integration of highlemperature sal thermalenergy with molten salt pyrolysis offers a
more efficient and feasible solution for methane pyrolysis compared to other methods. This
approach leverages molten salt as a shared operating fluid in both methane pyrolysis and heliostat
solar technlmgies, providing a costffective pathway to lovwcarbon hydrogen production. The
renewable, carboefree heat from highemperature soldreld reduces energy input, while molten
salts, with their excellent thermal capacity and stability, ensure efflogattransfer for consistent
met hane conversion into hydrogen and solid car
methods like plasma or catalytic pyrolysis are less suitable for$aae use due to higher energy
demands and infrastructuzemplexity On the other hanaaximizing the efficiency of hydrogen
utilization in energy production represents a critesgpecof the hydrogen value chaidence a
comprehensive comparison of various hydregased CHP systems for power generatioross

different case studies will also be conducted.

The literature review ofdar-based hydrogen production via water electrolgsid methane
pyrolysis along with a detailed comparison of these methods and an analysis of various hydrogen

based CHP sysms across different case studie#l be discussed in the followings sections:

1.4.1Solar based PEM electrolyzer and fuel cell

Solar and wind fields, due to their easy installation and maturity, are the most commonly used
types of renewable energigs6]. Among various solabased technologies, parabolic through
collector (PTC) is considered an attractive choice igihdr power capacities because of its better
economic feasibility in larger installations. That is why the combination of hydrogen storage
technology (by means of PEME and PEMFC for production and usage) with the PTC, has attracted
much attention for griccale energy storage in recent years. Indeed, hybridizing a PTC with PEME

and organic Rankine cycle was introduced by YuKS88l| for the production of hydrogen,
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electricity, and cooling capacity. In this wo[9], authors could achieve a hydrogen production
rate of around 0.1 kg/h. The important studies about the combination of the PTREM& and
PEMFC are categorized into five groups, as showirigure 1.11. Group (I) relates to the
thermodynamic and economic analysis of this combination. In this regard, Chitsaz160Hhl.
analyzed the possibility of integrating PEME with PEMFC from thermodynamic and
exergoeconomic standpoints. Theuifid that the cost rate of power generation by the PEMFC is
around 0.001 $/s. Chen et@l01] proposed a mukgeneration system based on PEME, PEMFC,
PTC, and dual Rankine cycle for coincident production of hydrogen, power, heat, and hot water.
They reached a maximum energy efficiency of 82% and concluded that the hegbegy
destruction happens in the PEMFC. Assareh ¢1@2] designed and simulated a sepenwered
combined cooling, heating, and power (CCHP) system bas&®EME and PEMFC. Then, by
optimizing the results, the energy and exergy efficiencies of the CCHP system improved by 22.3
and 8.6%, respectively. Group (ll) includes some studies that have focused on dyodeling

of the solar unit and the design ofraportional integral controller for stabilizing the input current

to the PEME[103i 105]. There are also two review articles to further study of the benefits and
challenges of the solgpowered PEME/PEMFC in hybrid concepts at very detailed standpoint.
These studies are considered as group (lllfFigure 1.11 [106,107] Group (IV) includes the
experimental works that have analyzed the feasibility of hydrogen storage by means of solar energy
and PEME for later use in a PEMFC for peak shavingicapmns[108i 110]. To elaborate on the
speific merits of the solabased hydrogen storage for peak shaving applications, several case
studies have analyzed real uses in different locations. These studies are categorized as group (V)
in Figure1.11. For instance, Ahmadi et dll11] analyzed the performance of a sgtawered

PEME coupled with a PEMFC from the transient thermodynamic viewpoint for remote CCHP
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application in Toronto, Canad&hey achieved the total energy and exergy efficiencies of 29%
and 36%, respectively. Keshavarzzadeh e}1al} proposed a hybrid system based on PEME,
PEMFC, PTC, absorption chiller, and organimmRae cycle for the case study of Tehran, Iran.
Performing thermodynamic and economic analyses, as well as eoivjelitive optimization, the
authors in[17] reached an optimum cost rate of 0.058 & their proposed system. De and
Ganguly[112] proposed a hybrid concept including PTC, photovoltaic, PEME, PEMpfwide
thermal and electricity demands of a standalone mattimodity cold storage system. By
performing thermodynamic, economic, and environtak investigations for the climate of
Kolkata, India, the authors [&212] concluded that installing such a system reduces carbon dioxide

emission 350 tons/year with a payback period of seven years.

Control and
dynamic modeling

[103-105]

Technology
review

[106,107]

Thermodynamic
Testing and and economic

Thermodynamic experimental analyses [100-102]
PTC+PEM

and economic [108-110]
(li_ltimizati(m electrolyzer /
[111] ) ‘ fuel cell g

Case study

Present

work in
Chapter 2 Artificial
neural
Transient

network (ANN)
and
optimizatio:

thermodynamic Thermodynamic
economic, and
environmental

Figure 1.11: Graphical review of the literature for the combination of the PTC with PEM electrolyzer/fuel cell and
the novelties of the present warkChapter 42].
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1.4.2Solar based SOEC and SOFC

An additional strategy to reduce the overall cost of green hydrogen production is employing
advanced efficient electrolysis technologies to convert power to hydrogen with optimal efficiency
[113]. In this regard, solid oxide electrolyzer cell (SOEC) has emdeaga promising technology

for stationary and largscale hydrogen production due to its high efficieficy4]. Compared to

other alternatives such as alkaline and polymer electrolyte membrane (PEM) electrolyzers, SOEC
has several advantages: First of all, it ope
faster reaction rates and higher efficiencies of up to 80P5]. This is feasible since high
temperatures reduce the activation energy for electrochemical reactions, improving efficiency by
the reducedreergy lossefl16]. Secondly, SOECs are capable of producing-pigtity hydrogen,
expanding the range of applications for the produced hydrddéi In addtion, SOECs have a
longer lifespan and high durability in comparison to other electrolyzers because of thestatelid
design[118]. Finally, SOECs can efficiently operate at varying loaald adapt to intermittent
power generatiofiL19]. This allows SOECs to be easily integrated with renewable energy sources
such assolar and wind for green hydrogen productj@80]. Overall, given the afementioned
advantages, SOECs have the potential to play a pivotal role in facilitating the global transition

towards a lowcarbon economifi20].

In recent years, several studies have evaluated the feasibility of using SOEC for hydrogen
production and storage. As showrFigurel.12, Nasser et a[121] proposed a techreconomic
analysis of hydrogen production by using SOEC and PEM electrolyzers with wastecheatye
from the cement industry integrated with the Rankine cycle. They concluded that SOEC produces
more hydrogen with higher efficiency than PEM electrolyzer in all conditions and temperatures.

For instance, SOEC produced 37 kg/hr of hydrogen with bsyggem efficiency of 23.8%, while
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the PEM electrolyzer produced 27.4 kg/hr of hydrogen with an overall system efficiency of
14.45%. In addition, the minimum hydrogen production cost for SOEC and PEM electrolyzers
were 0.88 and 1.55 $/kg, correspondiniiifang et al[122] introduced a hybrid hydrogen storage
system based on SOEC driven by solar photovoltaic (PV) and solar dish collector (SDC). They
also used molten carbonate fuel cell (MCFC) fonwersion of the stored hydrogen to power
during peak demand times. The proposed system was found to be capable of producing 3.9 kg/day
of hydrogen with electrical and rourtdp efficiencies of 33.6% and 59.1%, respectively.
Mohammadi et al[123] proposed a novel design for hydrogen production by using the SOEC,
powered byPTC and thermal energy storage (TES). They could reach an exergy efficiency of

26.8% and a levelized cost of 4.43 $/kg for the produced hydrogen at optimdéians.

The SOFGs a reversible mode of SOEC and similarly operates at higher temperatures with
higher reaction rates and conversion efficiency in comparison to other types of fuel cells. The fuel
flexibility (hydrogen and hydrocarbons) of SOFC makeani ideal choice for power generation
by using a variety of available fuels for stationary applications. Many studies have substantiated
the use of SOFC for power generation during periods of high demand. For instance, Yilmaz et al.
[124] proposed an innovative schematic for hydrogen production based on a PEM electrolyzer.
According to their design, a portion of the produced hydrogen was stored as compressed hydrogen
for later use in SOFC for power generation during peak times, and tlénmeghydrogen was
converted to ammonia for sale. Considering a waste heat recovery unit, they achieved overall
energy and exergy efficiencies of 61% and 57%, respectiZbébng et al[125] proposed and
investigated a muHlgeneration system, ihaing PTC, PEM electrolyzer, TES, and SOFC, which
operates with an efficiency of 67.5%. Performing economic analysis, they concluded that the PEM

electrolyzer is the most expensive component of their hybrid system and determined that the
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system has a pagbk period of over 9 years. Wang et[aR6] proposed a novel solmowered

reforming unit for methanol production thatorporates a SOFC to generate power during peak

times using the stored methanol as fuel. They achieved a maximum energy efficiency of 93% and

48% in summer and winter, respectively.
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Figure 1.12: Graphical literature review about the use of SOEC, SOFC, or combined SOEC and SOFC for
hydrogen production/usage and presentation of the novelties of this study. SOEC: Solid oxide electrolyzer cell;
SOFC: Solid oxide fuel cell; PEME: Proton exchange maméelectrolyzer; PTC: Parabolic trough collector;
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The recent studies have highlighted the simultaneous use of SOEC and SOFC fart efficie
hydrogen and power generation during-ppéfak and peak times. In addition, considering their
operation in different periods, reversible SOEC/SOFC can be a promising solution to decrease the
extra capital and operating costs associated with their-stane operation. In this regard, Barelli

et al. [127] studied the effect of fuel utilization factor and anodic-gdE recirculation for
hydrogenfuelled SOFC for its application as reversible solid oxide technology. Based on the
adjustments of these factors, they achieved an energiersion efficiency of 68.6% which is
remarkably higher than the best PEM performance recorded in the literature. Biancfizg]al.
proposed an algorithm for the use of reversible solid oxide cells with a PV power plafitienef
balancing of the mismatch between power generation and demand at different times. They tested
their proposed algorithm for two case studies in summer and winter to reach the best management
strategy by minimizing the transition between SOEC and G@todes to reduce the cell
degradation rate. They achieved an average round trip efficiency (RTE) of 49%, concluding that
the significant power consumption required for steam generation in the SOEC is a substantial
obstacle to achieving higher RTE. Camk{129] proposed a hybrid system based on solar PV,
SOEC, and SOFC for hydrogen storage apgibmis. Performing a comprehensive investigation,
they concluded that producing hydrogen at levels exceeding double the amount required by SOFC
is not a coseffective strategy. In addition, through the optimization of system operation, they
reached an ophum exergy efficiency of 62%, a total cost rate of 1.3 $/hr, and a payback period

of 7 years.

It is anticipated that through further development of SOEC, the price of green hydrogen will
be lower than the average price of hydrogen production through steimne reforming by the

year 2039130]. In addition, benefiting the potential of hydrogen storage by using reversiiole s
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oxide technology will further economize green hydrogen produdt@8]. Given the high
operating temperature of the reversible solid oxide technology in both electrolysis and fuel cell
modes, its integration with higiempeature solathermal energgystems can signify a promising
concept to reach a better temperature balance between the units teeirapesall efficiency.
However no study has considered the combination of reversible solid oxide cells with high

temperature heliostat solar field.

1.4.3Solar based methane pyrolysis

Given the increasing demand for hydrogen, there has been considerable focus on the research and

developmenof methane pyrolysis in molten salts in recent years, as illustrakégurel.13.
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bubble column reactor

This thesis (Chapter 4)
1) A novel design for molten salt
pyrolysis based on heliostat solar

2) Using thermal energy storage
for continuous hydrogen production

Tyrer etal. [131]

Kang et al. [136]

Adinberg et al. [133]

ruvost et al. [139

The proposition of Investigation of Introducing MnCl,-KCl | Technoeconomic | | 3) Technoeconomic analysis

methane pyrolysis molten salt in as a promising salt | | analysis of using | | including energy source for the
in molten media biomass pyrolysis mixure for pyrolysis ) | MnCl,-KOl salt HTES and hydrogen incentives
1931 <<< 1996 <<< 2004 <<< 2018 2019 2021 2022 2023 2024

Seinberg [132]
Methane cracking in

molten media for
hydrogen productio

Parkinson et al. [134]
Producing high-quality
carbon by using molten

salt on top of molten metal

Palmer et al. [13%

Investigation of
various salts for
methane pyrolysis

/" Park etal. [140]
Introducing a model
for simulating pyrolysis
in molten media
W _/

(Boo et al. [138]
Experimental and
economic analysis

of KCI molten salt
L o

" Heetal [141] )
Combining molten salt
pyrolysis with chemical

looping combustion/

( Angikath etal. [142]

Comparative analysis
of using various molten

media for pyrolysis

Figure 1.13 Themain studies in literature about methane pyrolysis in molten salt. HTES:téfigherature thermal

energy storage.
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The initial proposition of the methane decomposition process within molten media was introduced
by Tyrer in 1931[131]. At a temperature of 1000°C, methane was introduced to molten iron to
undergo decomposition into hydrogen and carbon. The expectatidhavaarbon would dissolve

into the molten iron and form a floating layer on its surfdea. a long period, this approach
remained unexplored and no substantial investigations on methane pyrolysis in molten media were

undertaken until the 1990s.

A fundamental advancement in this domain emerged through the research conducted by
Steinberg in 1996, focusing on the environmentalgndly methanol synthesifl32]. This
innovative method utilized hydrogen, generated through methane cracking in molten tin,,and CO
captured from pwer plants as key reactants. The study concluded that the Carnol process held the
potential to significantly reduce G@missions while enhancing economic viability through the
sale of the resulting carbon. In 2004, Adinberg €ll&3] investigatedhe viability of employing
molten salt in biomass pyrolysis. Their findings substantiate that the incorporation of molten salt
effectively reduces the required activation energy for the process, resulting in a noticeable

enhancement in the conversion ritam initial biomass to syngas.

Prior to 2018, there were very limited investigations on the methane pyrolysis in molten salt;
however, this year marked the commencement of significant advancements to this particular
domain. Parkinson et dl134] employed a multlayer system by introducing molten salt atop
molten metal to facilitate the continuous collection of carbon at the salt surface, thereby preventing
impurities in downstrea flow. Conducting a techreconomic analysis, they determined that the
incorporation of molten salt, resulting in the production of fgghlity carbon byproduct,

positions methane pyrolysis as a significant competitor against SMR. Rahimi [@i3%].
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conducted experimental investigations on methane pyrolysis within a bubble column reactor. The
reactor comprised a catalyst layer of molten alloy and an additional molten salt layer floating on
the metal surface to eliminate contaminants from the carbon product. Their findings indicated that
the introduction of molten salt as a secondary phase above the catalytic molten metal alters the
structure of the resulting carbon, yielding a solid carpooduct with metal contaminants
comprising less than 0.1 wt%. Kang et [A36] conducted experimental investigations on the
utilization of a catalyst comprising a mixture of Ma®ICI salts for methane pyrolysis within a
bubble column, reaching promising results. Throughiagrthe molar ratio of the mixtures, they
observed that the highest methane conversion occurred in the moltea-K&IGhixture at a

molar ratio of 67:33. Furthermore, this mixture exhibited the lowest reported activation energy
among molten catalysts, g#ssing even that of solid carbon catalysts. Notably, the use ob-MnClI

KCI mixture as a molten salt for methane pyrolysis offers additional advantages, including a 99%
hydrogen selectivity, the production of highality carbon, and its facile separati®almer et al.

[137] examined methane pyrolysis across various molten salts, ingltd&Cl, NaBr, KBr, and

KCI. Their findings led to the determination that KCI stands out as the optimal selection due to
several advantageous factors, including a lower operating temperature and a higher methane
conversion rate (MCR). Moreover, the studyealed that the MCR remains consistent in the
presence of accumulating carbon particles within the reactor over time. Bod88htonducted

a comprehensive study including both experimental and economic analyses of methane pyrolysis
within a bubble column reactor containing KCl molten salt. Their experimental findings
demonstrated no catalytideactivation during a continuous operation of 40 hours. Through
optimized operational parameters that minimized KCI loss and maximized carbon revenue (450

$/ton), they achieved a hydrogen production cost of 2.13 $/kgiHich is comparable to
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SMR/ATR withCCS. Pruvost et dl139] conducted a comprehensive teckeamnomic evaluation

of molten salt pyrolysis utilizing Mn@KCI, with a focus on its mediunand longterm viability.

The study systematically examed various parameters, including reactor temperature, MCR, and
operating pressure. They concluded that to achieve a competitive price for blue hydrogen, the
produced carbon should be priced at 400 da/to
potental of molten salt pyrolysis, advocating for further research efforts directed toward
demonstrating and scaling up this technology. Park di40] introduced anumerical model
designed for simulating methane pyrolysis within the bubble column reactor, applicable to both
molten metal and molten salt. Validating theiodelling results with the experimental data of
Kang et al.[136] for MnCl>-KCI molten salt, they achieved a high deg accuracy in their
simulations. The proposed model holds significant importance in optimizing reactor performance
and facilitating scaleip processes for turquoise hydrogen production. He [dt4dl] proposed an
innovative configuration by integrating molten salt methane pyrolysis with chemical looping
combustion, and subsequently conducted a comprehensive-teohmomic analysis. Considering

a high MCR of 85% i n a r e arbon sale priceco3@®Htantthey e o f
estimated a levelized cost of hydrogen (LCOH) of 1.12 $#kgiich is 33% and 52% lower than
LCOH of SMR and SMR W/CCS. Angikath et |Hl42] conducted a techreconomic assessment

and comparative analysis of methane pyrolysis in various molten media, inclugiBibiz, Ga

and KCIMnCl2 (33:67), in comparison with alternative technologies. Their findings indicated that
molten pyrolysis surpasses solid catalyzed pyrolysis in terms of efficiency, resulting in lower
hydrogen production costs attributed to faster kineticadttition, the molten salt medium (KCI
MnCl2) emerged as the most c@stective plant process due to its economically advantageous

procurement cost, while molten metal {dBio.73) was identified as the most viable option for
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sustained longerm operatia. Comparing with proton exchange membrane electrolysis (PEME),
they found that methane pyrolysis requires 21% of the energy required for green hydrogen

production by PEME.

1.4.4Solar based SOEC vs solabasedmethanepyrolysis

As shown inFigure 1.14, the original concept of soldyased pyrolysis was first introduced by
Antal et al. in 1983143]. Their experimentation with biomass feedstock led to the conclusion that
the use of concentratetlar energy can be a promising approach for renevirsed pyrolysis.

In 2005, Abanades et 4ll44] pioneered the development and testing of the primary laboratory
scale hightemperature solathermalbased reactor, aimed at turquoise hydrogen production
without catalyst employment. Utilizing a solar concentratath a diameter of 1.5 m, they
achieved a methane conversion rate (MCR) of 20%. Subsequently, through refinement of the
nozzle geometry to optimize the fluwdall reaction surface area and gas residence time, the same
group enhanced their initial concegthieving an MCR of 909d45]. Additionally, Abanades et
al.[146] demonstrated the capabjlito attain an MCR of 99% at a temperature of 1880 K through

a doublewalled reactor tube of thermal plasma or four dowtddled tubes in parallel to receive
concentrated solar radiation in a cavity receiver. Subsequently, in 2011, Parad§l4t]al.
proposed a numerical simulation of a tubular solar reactor for methane pyrolysis, noting a
significant decrease in methane concentration within the reaction cavity when temperatures
exceeded 1500 K. To reduce the operat@mgperature of the reactor, Paxman €fi78l] proposed

an experimental and theoretical approach to dmdaed methane pyrolysis utilizing molten media

in 2014. They achieved an MGR 69% employing molten metal (Sn) for methane pyrolysis at a
temperature of 1373 K. Abanades et[448] also developed and tested a sdlased methane

pyrolysis system with continuous carbbased catalyst injection intabetype reactor in 2015.
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Their findings revealed that maximizing the MCR involves elevating the temperature to 1623 K
while reducing the gas flow rate to enhance residence time (exceeding 100 ms). Presenting a
perspective of hydrogen generation througllarsdriven methane pyrolysis, Borefti49] showed

that the process holds promise as the primary method for hydrogen poadincthe regions
abundant in both natural gas and solar resources. He highlighted its potential to achieve a cost of
less than 1 $/kgiHby 2030. Msheik et a[150] advanced an experimental analysis comparing
solarpowered methane pyrolysis conducted in-ghase versus molten media. The conclusions
revealed that while the MCR in moltemedia is comparatively lower than that observed in the gas
phase, the facilitation of carbon separation and the generation efindjty carbon within molten

media possess the potential to notably enhance the economic viability of methane pyrolysis.
Abuseada et al[151] introduced a rolto-roll process as a scalable method for continuous-solar
driven thermal methane pyrolysis in 2023. Employing a parabolic dish collector, they achieved
production rates of 6.7 and 17 g/h for hydrogen and carbon, respectively, with-i-sblamical
efficiency of 3.75% during laboratorscale experimentation. More recently, the authors
introduced a pioneering approach to sdlased methane pyrolysis, circulating molten salt
between solar and pyrolysis unj. Additionally, they integrated a higiemperature thermal
energy storage mechanism to maintain continuous operation during times when solar energy is not
available. Through a thorough technoeconomic evaluation, incorporating clean hydrogen tax
incentives, hey determined that the target set forth by the US hydrogen shot initiative (achieving
hydrogen production at 1 $/kgHcould be realized through a 20% reduction in costs related to

renewable energy infrastructure, combined with the utilization of theydf®gen tax incentives.
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Figure 1.14: Overview of the studies about sclzased methane pyrolysis and sddased water electrolysis. CSP:
Concentrated solar power, PEM: Proton exchange membrane, PV: Photovoltaic, SOEC: Solid oxide electrolyzer,
TES: Thermal energy storage.

The initial designfor a laboratoryscale solar photovoltaic (PV) based water electrolysis was
presented by Lehman et al. in 192%52]. Subsequently, in 1997, Lehman efh3] documented

the successful implementation of their gyst achieving a total electrolyzer efficiency of 76.7%,

a PV efficiency of 8.1%, and a hydrogen generation efficiency of 6.2%. Building upon this
foundation, Gibson et a[154] performed an optimization of solar FdAsed green hydrogen
production in 2008, elevatingealoptimized hydrogen production efficiency to 12%. Recognizing
the significant water demand inherent in electrolysis processes, SaeefiLBbja¢xploredthe
viability of utilizing seawater for solar RWased green hydrogen production in 2013. Their

findings revealed that the percentage of hydrogen recovery from the feed mixture can vary between
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15 to 95%, depending on factors such as the hydrogen contém feed and the membrane
temperature. Alzahrani et §1.56] employed concentrated solar power (CSP) and thermal energy
storage (TES) to facilitate green hydrogen production via solid oxide electrolyzer cell (SOEC).
Through thermdynamic analysis, they achieved an energy efficiency of 56.8% for heat and
hydrogen production. Yadav et §157] conducted an economic assessment of green hydrogen
production utilizing a combination of solar PV, CSP, and SOEC units. Their calculations projected
a levelized cost of hydrogen (LCOH) of 6.5 $/kg by 2030, with a prospective reduction to 3 $/kg
contingent upon a decrease in SOEC cost to 330 $/kW and PV cost to 200 $/kW. WnH &} al.
introduced an innovative approach to green hydrogen production, integrating solar PV; photon
enhanced thermionic emission cell, and SOEC. Achieving an energy efficiency of 77%, their
research underscored the remarkable potential of-dolaan hydrogen mduction. Niaz et al.

[159] conducted a dynamic optimization study of sddased green hydrogen production, yielding

a notable 24.6% increase in annual hydrogen output with a 39% reduction in startupnoesu

This highlights the importance of uninterruptedsélaaa s ed hydr ogen producti o
works, Razmi et al[2,3], they proposed @omprehensive investigation of green hydrogen
production based on the combination of higmperature solahermalenergy with both proton
exchange membrane (PEM) electroly@rand the SOE(3]. Their findings indicated superior
techneeconomic viability for hydrogen production via SOEC, boasting an overall #wynd
efficiency of approximately 74% and a competitive LCOH of 2.75 ${@H Roy et al[160]
presented a comprehensive analysis including thermodynamic and economic aspects of green
hydrogen production. Their study employed a bomation of solar PV, CSP, and SOEC,

culminating in an optimized LCOH of 1.02 $/kghinder optimal operating conditions.
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1.4.5Potential of hydrogenbased CHPs and their comparison

The transition towards sustainable energy management in the commercial anttias¢sidetors

is becoming increasingly critical to meet decarbonization goals, improve energy efficiency, and
reduce reliance on fossil fuels. Among various solutions, hydrbgeadCHP systems offer a
promising solution by providing a duflnction apprach: a) simultaneous generation of
electricity and heat, b) Utilizing hydrogen as a clean energy carrier. These systems not only support
a reduced carbon footprint, but also enhance energy efficiency, making hythasgsh CHP

systems an ideal fit forieerse building energy neefls61].

Among the available hydrogdrased CHP system§OFCGbased CHP holds particular
promise due to its high efficiency, fuel flexibility, andaptability to various applications. SOFC
based CHPs operate at high temperatures, which enables them to achieve superior efficiency by
converting chemical energy directly into electricity and capturing heslbgproduct[162]. This
captured heat can lilized for space heating, hot water, or other thermal requirements, which is
particularly beneficial in cold climates or higlemand settings. By offering decentralized energy
production, SOFhased CHP systems significantly reduce transmission losdesoatribute to
grid stability, making them an effective tool for advancing sustainable energy management in both

commercial and residential sect¢3s163]

In recent years, several studies have highlighted the potential of -B&ded CHPs for
differentapplications. Marocco et dl164] analyzed the environmental ract of using SOFC
based CHPs in commercial buildings, focusing on their emissions performance under varying grid
carbon intensities. Considering the unavailability of low carbon hydrogen, they found that even

natural gaged SOFC systems become environmenl | y advantageous, in t
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when grid carbon intensity exceeds approximatey30g CO / k Wh . [GGbjevhliualed i o et
the longterm perfornance and emissions of commereable SOFC modules (180 kW)

installed in European nemesidential buildings, operating over thousands of hours. With system

level electrical efficiencies of 51861% and thermal efficiencies of 1828%, they found that,

given neatcontinuous operation with minimal on/off cycling, SOB&sed CHPs offer a bast

class solution for decentralized power generation in the tens toddsai kW range. Alns et al.

[166] investigated the feasibility of installing SOF@asedCHP systems in commercial buildings

in Qatar and Kuwait. Their findings indicate that SGb&sed CHP can achieve substantial

emi ssions reductions, with up to 30% for CO |,
estimated payback periods of 11 sedor Qatar and 7.8 years for Kuwait, highlighting the
economic viability of SOFC technology in the commercial seabrhese regions. Roy et al.

[167] conducted a study on the feasibility of using hydrogen as a clean energy source for residential
consumers in the UK via a leearbon energy hub. They compared two configurations: a SOFC

based CHP system and a S@R€at pump (HP) integrated CHP system, each powered by natural

gas and hydrogen. Using actual electricity and heating demand data from a UK residential cluster,
they foundthat the hydrogeffuelled SOFGCHP system achieved a higher energy efficiency of
92.12% compared to 66.98% for the natural-fy@$led system. Economically, the SORdP

system was more viable, with a hydrogmwered levelized cost of energy (LCOE) of Z4B4

per kWh. Their environmental assessment also indicated that the natupvwgEred SOFC
system had |l evelized CO e mi s siiHB aystemordducédl. 3 0 8

emissions to 0.213 kg/kwWh.

Hydrogen internal combustion engine (HIG&gsed EiPs present a casffective alternative

to SOFCGbased CHP systems. While Hl@ased CHPs generally exhibit lower electrical
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efficiency (less than 40%3nd can generate some Némissions, they provide a viable solution

for applications where economic facs and higher heat demands outweigh the need for high
electrical efficiency{168]. From an economic standpoint, HIkAsed systems are typically less
capitatintensive due tahe long historical development of combostiengines andimpler
manufacturing processes and lower material costs compared to SOFC systems, which require high
temperature ceramic materials and advanced control mechda@isThis makes HICEbased
CHPs particularly suitable for sectors that prioritize -@&ctive solutions with less emphasis on
maximizing electrical outputMoreover, HICECHPs offer operational flexibility in applitans

with predominant thermal loads, making them ideal for environments where the primary
requirement is to meet significant heat demdnt®]. This characteristic aligns well with sectors
such as industrial facilities, district heating, and residential applications that requirdn@abre
generation than electricift71]. However, while NQemissions from HICEs remain a challenge,
ongoing advancements in exhaust afteatment technologies, including selective catalytic

reductionand exhaust gagcirculation are increasingly enabling emission reductid®,173]

The development ohydrogenbased CHPsolds paramount importance f@anada and
speciallyAlberta, which has historically bearsignificant contributor to Canada's greenhouse gas
emissions due to its reliance on fossil fudlig4]. Hydrogenbased CHP systems can not only
provide a consistent and clean source of electricity but also generate heat for commercial and
residential unitsaddressing the heatingsuein frigid winters[175]. It offers advantages such as
reduced greenhouse gas emissions, utilization of abundant hydrogen resources, energy security,
improved air quality, job creation, increased energy effoyegrid stability, remote applications,
technology leadership, and compliance with environmental regulations, making it a promising

solution for both environmental and economic sustainability in the rébr@).
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In this regard, the City of Edmonton has set an ambitious target to reduce corpaseitly
GHG emissions by 50% from 2005 levels by the year 2A30F]. This commitment aligns
completely withthe strategic initiative to enhance local heat power generation by the -Based
CHPs in both commercial and residential sectors. In addition to the GHG reduction goal, the plan
includes generating 108 Edmonton's total electricity consumption locally. This local generation
strategy supportthe objectives for sustainable energy development and aligns with the city's

broader environmental godls77].

As shown inFigurel.15, the scope of these energgving and GHG emission reduction plans
is extensive. It is projected that over 350,000 residential units and 11 million square feet of
commercial space in Edmonton will becludedby these initiative$l77]. These measures will
not only contribute significantly to reducing the city's carbon footprint but also foster energy
independence and resilience within the community. By integrating local power generation,
Edmonton can leverage renewable energy sources, reduce reliance on external power grids, and

enhance the overall sustainability of its energy infrastru¢ilié].

UPTO 19% CO2REDUCTIONS
2020 2030 2040 2050

Increasingly stringent energy codesin alignment
with federal and provincial governments

Urgently increase home Over 350,000 residential

renovationrate buildings and 11 million
square feet of commercial
space retrofitted for deep
energy savings

Figure 1.15. The plan of City of Edmonton to expand energy saving and GHG emission reduction for over 350,000
residential and 11 million¥commercial sectorfd 77].
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Similarly, as shown irFigure 1.16, the City of Calgary has planned to achieve net zero GHG
emissions in all sectors, including residential and commercial buil@i@. These inititives

further highlight the critical role of efficient, standalone, and clean CHP systems in meeting the
energy demands of various sectors through innovative, economically viable, and sustainable
approaches.
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Figure 1.16. The plan of City of Calgary to reduce communitide GHG emissions to net zero 950[179.

University of Alberta(UofA) is also strategically advancing its energy management framework to

foster sustainability, focusing on the integration of cuttdge clean technologies. Central to the

uni versityodos Master Energy Plan i s areduompust c
GHGemi ssi ons, and ensuring the campusods ener g)
innovative solutions. This plan emphasizes the increased use of renewable energy sources and the
exploration of hydrogen technologies, aimed at reducimgigency on traditional fossil fuels,

thus contributing to Al bertads energy transit
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1.5 Problem identification and proposed solutions

Research on clean and economic hydrogen production plays a pivotal role in addressing the
pressing challenges this era such as climate change and the transition to sustainable energy
systems. By advancinipe understanding of efficient and environmentally friendly methods for
producing hydrogen, research efforts enable the widespread adoption of this clean fuel and
contribute to a greener and more sustainable future. The importance of research in this area lies in
unlocking breakthrough technologies and innovative processes that can make hydrogen production
bothcleanerandmore economically viabl€urrently, a significainportion of hydrogen is derived

from fossil fuels, leading to carbon dioxide emissions and environmental degradation. By
exploring alternative pathways, such as electrolysis and pyrolysis powered by renewable energy

sources, costffective and sustainabieethods for hydrogen generation can be developed.

It is anticipated that through further development of Heghperature clean hydrogen
production systems, the price of green hydrogen will be lower than the average price of hydrogen
production through SMRYy the year 203EL30]. In addition, benefiting the potential of hydrogen
storage by using reversible electrolysis/fuadl will further economize green hydrogen production
[128]. According to thditerature review very few studies have considered the combination of
high-temperature solahermal energyvith reversible PEME/PEMFC and reversibtdig@ oxide
cells. Furthermore, despite tfevourableprospects associated with utilizing a shared operating
fluid for high-temperature soldhermaland methane pyrolysis (molten salt), this significant aspect
has yet to be investigated in the literatuFee main hypothesis of this thesis is to explore the
potential of utilizing the thermal energy from concentrated solar fields to power waterlgsestro

and methane pyrolysis systems, potentially enhancing the overall efficiency, sustainability, and
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economic feasibility of these procesdgased on the literaturthe main research gapgor solar

based hydrogen production are:

1 There is a lack of fedslity studies examining higitemperature solahermatbased
hydrogen production using PEME, a highly developed water electrolysis technology.
Such research is imperative to enhance overall efficiency and attain economically

viable hydrogen production.

1 Despite recent advancements in the development of solid oxide cells for reversible
operations and the potential for achievinigeourabletemperature balance with high
temperature soldhermalenergy, no study to date has explored the integration of solid
oxide cells with a higlemperature solahermalfield. This represents a notable gap
in the existing research literature and calls for further investigation to fully leverage the

synergistic benefits of this promising combination.

91 Despite the signifiaat potential andfavourableconditions for utilizing the same
operating fluid (molten salt) in methane pyrolysis and heliostat solar technologies, there
remains a notable absence of studies exploring the coupling of these two approaches to
achieve economadly viable hydrogen production with low carbon intensity. This
unexplored combination holds considerable promise for advancing sustainable

hydrogen production and merits further investigation in the field.

1 No studies have been conducted to investigate pibtential of energy storage
technologies in facilitating continuous, fiime operation of soldbased methane
pyrolysis systems. Given the constant availability of methane resources throggout

and night, this critical knowledge gap highlights thed & explore viable solutions
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for uninterrupted system operation, thereby enhancing the economic feasibility and

overall viability of the process.

1 There is a notable absence of a comparative study betweetehgkrature hydrogen
production technologiesvith low carbon intensity (solid oxide electrolysis and
methane pyrolysis) to determine their respective suitability in diverse locations with
varying resource availabilities. Such a study is imperative to provide valuable insights

into the optimal choicef technology for different geographic and resource contexts.

1.6 Thesis contributions for the identified gaps in the literature

A summary of the main contributions of this thesis are:

1.6.1Solar-based PEM electrolyzer and fuel cell

There is a lack of studies abdbe potential of integratinthe PEM electrolyzers and fuel cells

with high-temperature soldhermalfields. This represents a significant gap in the current research,

as such a combination could potentially offer enhanced system efficiency and imgrenadl
management by leveraging the synergies between PEM technology and concentrated solar energy.
Exploring this innovative integration could unlock new pathways for optimizing renewable energy
systems and advancing the decarbonization of efietggsive sectorsThe Chapter 2of thesis

aims to address the existing gap in the literdtrassessing the feasibility of using a combination

of a PTC with a coupled PEME/PEMFC for gadale and longerm energy storage to power the

grid during onpeak timesThe main new contributions are:

1 Introducing an environmentatfyiendly design based diTC, PEME, and PEMFC for

hydrogen energy storage with the aim of peak power demand shaving;
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1 A comprehensive and parametric analysis of the proposed system from the energy,
exergy, and exergoeconomic (3E) viewpoints;

1 Comparing five different types of theainoil as the operating fluid in the solar unit and
selecting the optimal option by usiagcombination of artificial neural network (ANN)
with grey wolf optimization (GWO) algorithms to provide a traadf€between exergy
efficiency and total cost rate;

1 Providing detailed exergy and exergoecononfankeydiagrams under optimal

conditions to address the sources of exergy destruction and cost rates.

The content of this study has been comprehensively detailed and preseGteapiar 2.This
chapter providesthorough exploration of the key findings, methodologies, and analyses, ensuring

a complete and structured presentation of the research outcomes.

1.6.2Solar based SOEC and SOFC

Due to the high operating temperatures of reversible solid oxide technology ielécitiolysis

and fuel cell modes, its integration with hitgmperature solahermal energgystems presents a
promising approach for achieving better thermal synergy between the components, thereby
enhancing ovetll system efficiency. Howevemo studieshave yet explored the potential
combination of reversible solid oxide cells with a higmperature heliostat soldrermalfield.

To bridge tle existinggap in the literaturand provde a viable solution, Chaptero8 this thesis
presents an innovative and environmentéilgndly concept for green hydrogen production,
storage, and utilization for power and heat productidre primary objective is to utilize solar
thermal energy to supply the necessary heat for raising thgadeemperature of the SOEC and

SOFC systems, thereby minimizing electricity consumption to the greatest extent pd$sble.
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contributions of the present study are outlined as follows:

1 Proposing a novel design based on the hybridization of reversildeosadie cells (SOEC
and SOFC) with higtemperature heliostat soldrermalfield for improving the RTE and
ERTE of hydrogen production and utilization to 74% and 64% with-pe@r carbon

intensity;

1 Conducting an investigation into the economic feasybitif utilizing green hydrogen
storage for peak demand shaving (less than 2 years) in comparison to -alatend

hydrogen production unit for direct sales in hydrogen markets (over 17 years);

1 A thorough analysis of the proposed novel system from the erexgsgy, and economic
(3E) points of view based on actual direct normal irradiance (DNI) and hourly electricity

price for a real case study in the United States.

The content of this study is thoroughly detailed and fully present&hapter 3.This chaper
offers an indepth examination of the key findings, methodologies, and analyses, ensuring a well

organized and comprehensive presentation of the research results.

1.6.3Solar based methane pyrolysis

Despite the recent advancements about methane pyrolys@itennsalt, there remains a lack of
studies exploring its integration with REs. Considering the significant potential and unique
opportunity for utilizing the same operating fluid (molten salt) in methane pyrolysis and heliostat
solar technologies, combimg these two technologies holds promise for achieving economically
viable hydrogen production with low carbon intensity. This unexplored combination holds

considerable promise for advancing sustainable turquoise hydrogen production and merits further
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invedigation in the field. In addition, no studies have been conducted to investigate the potential
of energy storage technologies in facilitating continuous anetifad operation of methane
pyrolysis systems. Given the constant availability of methanenesothroughoutiay and night,

this critical knowledge gap highlights the need to explore viable solutions for uninterrupted system
operation, thereby enhancing the economic feasibility and overall viability of the process. The

main new contributions d€hapter 4are:

1 Proposing an innovative concept for the combination of methane pyrolysis with high
temperature heliostat soldrermalunit to produce turquoise hydrogen with the lowest

carbon intensity (~2 kgCfkgH>).

1 Investigating the potential of implemiéng hightemperature thermal energy storage
(HTES) to ensure uninterrupted and sustained operation of the proposed system, during
periods of solar energy unavailability, to enhance the economic feasibility of the

system

1 Initiating an assessment of th@dncial viability of turquoise hydrogen productjon
examining the feasibility of utilizing grid electricity versus solar renewable energy

sources as the inputs for the HTES

1 Conducting a comprehensive techemnomic assessment of the proposed system,
incorporating critical parameters and accounting for carbon credits from both the

United States and Canada

A comprehensive presentation of this study's content, featuring-@epth analysis of the key

findings and methodologies employed throughout ésearch will be presented@hapter 4
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1.6.4Solar based SOEC vs solar based methane pyrolysis

High-temperature solathermaldriven hydrogen production is predicted to make a substantial
contribution to the ongoing transition towards clean hydrogen produdiespite recent
advancements in this domain, a thorough comparison betweeitehigierature solathermat

based hydrogen production, utilizing pyrolysis and electrolysis methods, projected as future
pioneering techniques, is notably absent in the exitar@ture. This gap represents a significant
opportunity to progress and identify appropriate sbised hydrogen production technologies for
various conditions, necessitating further investigation in this domain. Consequentietiss
presents a copmehensive comparative analysis between two innovative approaches: heliostat
solardriven hydrogen production via methane pyrolysis and water electrolysisnhance the
economic viability of both systems, they are designed for uninterrupted operatinghtut the

day and night. The primary contributions of thiadyare:

1 Conducting a comprehensive comparative teeltmnomic analysis between selar
based molten salt methane pyrolysis (SMSMP) and-baised solid oxide electrolyzer

cell (SSOECQC).

1 Proposng an innovative design for the SMSMP combined with sensible TES for

uninterrupted operation during solar unavailability.

1 Investigating the potential of implementing the SMSMP and the SSOEC for five case
studies with different geographical locations, satanditions, and natural gas and

electricity prices

1 Analyzing the technical and economic performance of the proposed systems under

dynamic solar conditions, realistic electricity, and natural gas prices.
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A detailed presentation of the comparison of 88SMP and SSOECincluding parametric
analysis of novel cycles and several case studiedifi@rent cities all over the world will be

presentedn Chapter 5

1.6.5Potential of hydrogen-basedCHPs and their comparison

In addition to advancements @geanhydrogen production technologies, hydrodmsed energy
management would play a crucial role in the transition to sustainadagyesystems in the near
future Therefore, dveloping robust hydrogdmased energy management systems can optimize
the supply bain, ensure energy seityy and provide grid stabilityrhe final chapter of this thesis

is dedicated to evaluating the potential of hydregased CHPs across various case studies,
including thoseat the UofA, Alberta, and Canadd he objective is tprovide projections for the
potential of hydrogerbased CHP systems, thereby facilitating informed decisiaking for

energy policies and sustainable development initiatives across different sectors and regions. The

primary contributions of this chapter Inde

1 Conducting a comprehensive comparison between SCG#F@ HICEbased CHP
systems for the energy managemenioffA to support the universiyambitious Master
Energy Plantowards transition toa have sustainablecampus By evaluating the
efficiency, economic viability, and environmental impacts of both systems, the study
will provide insights to inform strategic decisions, enhance energy utilization, and

contribute to the university's sustainability goals.

1 Conducting aninvestigation into the potential of SOHfased CHP systems in the
commercial and residential sectors of Alberta and Canada. The study will encompass
market penetration forecasts, variations in capital and operational maintenance costs, the

identification d opportunities for GHG emission reductions, and the potential for job

48



creation in Alberta and Canada over time, highlighting the seoomomic benefits

associated with the adoption of SOFC technology.

1.7 Thesis outline

This thesis is organized into foorain parts that are described in seven chaptées.f@ur parts

and chapters within each part are schematically showigurel.17.

| PART I Introduction |
and literature review

Chapter 1[1-7]

Introduction and
| Background

|
i PART II: Design and techno-economic assessment of |
i solar-based hydrogen production systems

........................... L 2

PART llIl: Techno-economic comparison of different hydrogen productlona‘
utilization technologies and comprehensive case studies

Solar-based solid
oxide electrolyzer

u

Hydrogen storage ]

and fuel cells Improved RTE & ERTE
+[ ] Chapter 6 [6.7 e *[ GHG emissions analysis ]
;[ Zero carbon intensity ] apter 6 [6.7] of Alberta
Hydrogen-based
Chapter 4 [4] *[ Novel design ] CHP systems *[Technoeconomic analysis]
Solar-based i[ Process decarbonization ] SOFC-based »[Residenlial sector analysis]
ethane pyrolysis . —— [t CHPdfc::r Albgrta : :
in molten salt -'[ Full-time operation ] and L.anada -u[CommermaI sector analy5|5]
*[ Hydrogen tax incentives ] i[ Market and GHG emisaion]

ch o _,[ Reversible mode ] Chapter 5 [5] Techno-economic
apter 2 [2] - analysis
Comparison of |
Solar-based *[ Hydrogen storage ] solar-based +[ Solar availability ] |
PEM electrolyzer ( Working fuid sekection | SOEC with solar- i
and fuel cells orking Tluid selection based pyrolysis , a[ Electricity and gas prices ] |
— Comprehensive !
*[Optlmlzed costof products] case studies ,[ Grid carbon intensity ]
Chapter 3 [3] +[ Reversible mode ] f[NaturaI gas carbon |nten5|ty]

*[Technoeconomic analysis]

'PART IV: Conclusions |

Chapter7

|| Conclusions and
| future work

Figure 1.17. Thesis outline along with the publication outcomes froimgtudy CHP: Combined Heat and Pow&RTE:
Exergy Round Trip EfficiencyGHG: Greenhouse Gases, HIGE:drogen Internal Combustion EngirREM: Proton Exchange
Membrare, RTE: Round Trip Efficiency, SOFC: Solid Oxide Fuel Cell.
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The main parts and chapters of this thesis are as follows:

9 PART I: Introduction and Literature Review

V Chapter 1 provides introduction, background, literature review, prohentification

and main contributions of this thesis.

1 PART II: Techno-Economic Analysis of Different Technologies

V Chapter 2 presents a novel design for sete@sed PEM electrolyzer and fuel lcahd

comprehensive techreconomic analysis and optimization.

V Chapter 3 proposes an innovative solaased solid oxide cell with reversible operation

aselectrolyzerand fuel cell, a comprehensive teckemnomic analysjgnd case study.

V Chapter 4 provides a novel design for solaased methane pyrolysis in molten salt
techneeconomic analysis, incorporating critical parameters and accounting for clean

hydrogen tax incentives from both the United States and Canada

1 PART Ill: Techno -Economic Comparison of Technologies and Case Studies

V Chapter 5 provides a comprehensive techeconomic comparison of solaasedsolid
oxide electrolysis and sokased methane pyrolysis, followed by a detailed case study

for five cities all over the world bgonsidering all the critical factars

V Chapter 6 providesa techneeconomic comparison between HIC&d SOFGbhased

CHPs for the University of Albertafollowed by a techneconomic analysis for
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development of SORGased CHP in commercial and residengidtors of Alberta and

Canada.

1 PART IV: Conclusions

V Chapter 7 provides a summary of conclusions of this thesis and suggestions for future

work.
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PART 2: Novel Designs and Comprehensiviavestigation of

Different Solar-based Hydrogen ProductionT echnologies
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Chapter 2: Design andTechno-Economic Analysis ofa Novel
Solar-Based Proton Exchange Membrane Electrolyzer and
Fuel Cell Systent

With the continuous penetration of renewable energy plants into energy markets asiar fpihes
power generation during effeak periods, the need for utiisgale energy storage technologies is
globally prioritized. Among the existing largeale energy storage technologies, hydrogen storage
has appeared as a powerful alternative due enigonmental benefits and the ability to store a
large amount of energy for several hours to months. The major objective of the proposed research
is to introduce a novel configuration of green hydrogen production for power generation during
peak demand griods. In this regard, an innovative hybridization of a solar unit based on a
parabolic trough collector with a prot@xchange membrane electrolyzer and a fuel cell is
introduced and analyzed from the thermodynamic and exergoeconomic perspectiveseiMareov
sensitivity analysis and a muttbjective optimization based on the combination of neural network
and grey wolf optimization algorithms are conducted to select the best working fluid of the solar
unit and ideal operating conditions according tortiieimum cost rate and the maximum exergy
efficiency. The results indicate that DowthéM synthetic oil is the best working fluid, and the
proposed system can generate 9, 14.9, and 20.1 MW of power dufingidff and orpeak times,
respectively. The results also show that the proposed system operhatas exergy efficiency of
17.6%,acost rate of 492.4 $/hand a levelized cost of electricity of 62.6 $/M\Wider the optimal

conditions

1 This chapter is based ¢2].
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2.1 System description

A graphical diagram of the proposed hybrid system is demonstratagure2.1. This system
consists of four central subsystems: PTC, steam Rankine cycle -(B&@)oelectric generator
(TEG), PEME, and PEMFC. As already mentioned, one of the main features of the present system
is the power production and storage with the least environmental impact. Due to the fact that the
electricity demand in the network is not the same at different times, the performance of the

proposed system is described in two phases: baseload and peak load.

On-peak

Peak

Electricity

Parabolic
trough collectors
(PTC)

Turbine

[ Electric
generator

Evaporator

Steam Rankine 6
Solar cycle E, cycle (SRC) o ﬁVﬁ‘_) .
g sSm@mE
S SE
g SE
Circulati = £ g
irculation L U
= g <« 10
pump Pump = &\ 12 . Bg Hydtogen
- 4 8 7 f storage tank
Extra
z hydrogen
[ = Thermal oil === Hydrogen ]
Water Oxygen PEM electrolyzer 2
(PEME) O,ffpeak

Figure 2.1: General schematic of the new hybrid system based on PTGT&&CPEME, and PEMFC.

2.1.1Baseload

The main part of the proposed system generates the base load of the grid. This section includes
two subsystems oparabolic trough collectorPTC) and steamRankine cycle-thermoelectric

generator SRGTEG). The reasons behind using TEG for waste heat ergoare its simple
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structure and avoid adding more complexity to the proposed system, being environmentally
friendly, low production cost, and high scalabiljy79]. As the sun rises, the sun's radiation is
reflected and concentrated by the parabolic collectors on the oil flow through the center of the
collectors. The passing oil temperature is increased by absorbing heat, exiting the collector at a
high temprature (states 1 and 2). The hot oil then enters the evaporator and economizer (states 2

and 3) and heats the working fluid of the SRC.

In the SRCTEG subsystem, water first enters the pump as a saturated liquid (state 7). High
pressure water is pumpedoanthe evaporator and economizer (stateT8e water temperature
rises as it passes through the economizer and evaporator and enters the turbine as saturated steam
(state 5). The inlet steam expands inside the turbine and exits at low pressure (Bret@6iput
stream from the turbine enters the TEG to recover the heat with usable energy density. Indeed, the
TEG not only helps to change the water vapor phase, but also generates excess power by capturing
the heat of the water vapor. Finally, the watdtsethe TEG as saturated liquid andergters the

pump and this cycle is completed (state 7).

2.1.2Peak loads

The consumed power during the day can be divided into three pattmidffand orpeak. During

off-peak times, the additional power generated by the SRC and TEG is given to the PEME. The
electrolyzer converts water flow into hydrogen and oxygen byakedf electricity (states 12 and

13). The produced hydrogen is compressed for later use by a compressor and stored in the tank
(state 15). During opeak times, the supplied hydrogen is exploited to run the PEMFC (states 16
18). Reacting with oxygen indthe fuel cell, power and water are produced as the system

products (states 19 and 20). Finally, the power generated by the PEMFC is transmitted to the grid
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for peak shaving and loddvelling. To better understand the performance of the SRC, a precise

guantitative temperaturentropy (FS) diagram is shown iRigure2.2.
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Figure 2.2: Temperatureentropy qualitative diagram for the solar field and steam Rankine cycle (SRC).

2.2 Systemmodelling

In order to provide a comprehensive evaluation of system performance, a precise investigation of
the proposed system based on energy, exergy,eartjoeconomic assessments are done

according to the design conditions and initial values list&dalrie2.1.

Table 2.1: Design conditions and input values for the proposed system subsystems.

Subsystem Parameter Abbreviation Value Unit

PTC[180,181] Absorptivity of receiver a 0.96 -
Collector heat loss coefficient U, 3.82 W/n?.
Correction factor for diffuse radiation g9 0.95 -
Effective transmissivity of PTC t 0.94 -
Heat transfer coefficient inside the receiver  h; 300 W/inv.
Receiver inside diameter D, 0.066 m
Receiver outside diameter D,, 0.07 m
Singlecollector length L 12.27 m
Single collector width W 5.76 m
Solar collectors area Asp 100,000 m?
Sun period tsun 11 hr
Thermal conductivity of theeceiver 16 W/ m.
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PEME[182,183]

PEMFC
186]

SRC[187]

[100,184

Total solar radiation
Transmissivity of the cover glazing

Activation energy for anode
Activation energy for cathode
Charging period

Faraday constant

Membrane thickness

Partial pressure of H

Partial pressure of O

PEME temperature
Pre-exponential factor for anode
Preexponential factor for cathode
Watercontents at the anode
Water contents at the cathode

Constant part of the resistance

Dischargingperiod
Empirical constant
Fuel utilization factor

Heat of vaporization of water

Higher heating value of hydrogen

Limiting current density of PEMFC
Membrane thickness

Numeral of cells in stack

Numeral of electrons

Operating temperature of PEMFC
PEMFC active surface area
PEMFC operating current density

Specific heat capacity of hydrogen
Specific heat capacity of nitrogen
Specific heat capacity of oxygen
Specific heat capacity of water

Universal gas constant

Figure of merit coefficient
Isentropic efficiencyf SRC turbines
Isentropic efficiency of SRC pump

Tur

Ny

Pump

850
0.96

76
18

6
96.486
100

101.325
101.325

80
1.7 10°
46 1¢°
14
10

0.0003

3
22
0.85

40644

285.55

15
0.00254
13,000 4
2

85

232

0.5

28.86
28.39
29.72
75.95

8.314

0.8
85
80

W/m?

kJ/mol
kJ/mol
hr

C/mol
en

kPa
kPa
eC
Alm?
A/m?

q
hr

J/mol

kJ/mol

Alcm?
cm

o113
Alcm?

J/ mol
J/ mol
J/ mol

J/ mol

kJ/ kmo

%
%
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2.2.1Energy analysis

The following subsections provide the governing equationstwtellingeach unit from the first
law of thermodynamicshe optimum sizing oéachsystemcomponenin Figure2.1is calculated

based on the design conditions specifiedlable2.1 and thegoverningequations listed below.
2.2.1.1Parabolic trough collector
The useful heat rate received by the collectors can be calculated as {aBOls

Qu =TMeLp QL,S FQ@ SC Ag pA U (T OED) (2.1

whereng, ¢, N, Fr and S, are the number of collectors in series and in parallel, heat removal

factor, and absorbed solar radiation. Moreovgr, A, U, , T, andT, are area of the aperture,

area of the receiver, collector heat loss coefficient, receiver inlet temperature, and ambient

temperature, respectively. In this rega8],, F; and A, canbe defined as followf{99,182,188]

= Gu ,Q (2-2)
= gQt Ot (23)
e § A AD R C
For=———F"— 6 ex - 2.4
AQ g p&;% my @CL E @9
Foo = }O(JL
1 D, ab,,  .D,, (2.5)
— + : % , |r0 s
UL hfl (; 2k D,r
Aa = LCL M Do,r) (26)

where, /1, is the receiver efficiency.
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2.2.1.2Steam Rankine cycle

The rate of heat received by the economizer and evaporator can be calcu[a&2 130]

Quap =ty (b h) r( h Oh 2.7

Qe =ty By 1K) (b O (28)

The isentropic efficiency and the amount of power generated by the steam turbine are equal to

[191]:
_h-h
hST - .
- s (29)
W, =1 (B h) (2.10)

The power consumed by the pum4§1p() can be found by taking the isentropic efficienfy ) into

the consideratiofil92]:

hs- h
fp ==
" hoh (2.11)
W.=m (h h) (212)

2.2.1.3Thermoelectric generator

Due to the fact that a great amount of heat is always wasted in the condenser, the TEG unit has
replaced the conventional condensers. In fact, the residual heat of thecgtdamn the turbine
exhaust is recovered by the TEG for further power generation. The equation of energy balance,

efficiency, and production capacity by the TEG unit can be expressed as fdl88}s
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m Ch, +my, Q=m, h&m, h, A, (2.13)

h = /&arnotw

TEG 7T T (2.14)
TH
_ Wi
=", Qh, ) 219

here, ZT_ is figure of merit coefficient and its value strongly influences the performance of the

TEG system, s&T,, is an important parameter in design of the TEG. The auxiliary equations are

as follows[194]:

T
hCarnot =1-—% (2.16)
H
ST + T,
T, =gl (2.17)
c 2
ST +T,
To=gt (218)
¢

here, T,, and T, are the temperatures of the hot and cold sides, correspondingly.

2.2.1.4PEM electrolyzer

Theproton exchange membrar®HM) electrolysis has been appeared as one of the most attractive
methods for hydrogen production from water in recent years because of its insignificant

maintenance costs amavourableenvironmental propertigd95]. The chemical reactions the

PEME are as followgL96]:

60



1
Overall: H,O+Energy*2% H, +§ Q (2.19
Cathode 2H" +2e %% H, (2.20)

Anode: H,0%% 2H" +2e‘+% o] (2.21)

Moreover, the overall energy needed for chemical reactions within the PEME can be determined

as follows[197]:

DH =® T+ S 2.22)

here, DG and T O 8 show the Gibbs free energhangeand required heat energy. In addition,

the amount of hydrogen rate produced is founfiLBg]:

J

I\'IHz,out = E :NHZO, Reactec (223)

here,J and F are the current density and Faraday constant. In addition, the consumed electricity

for generating hydrogen equfl99]:

E)%Iect: Eelect :‘] V (224)

In Eq.(2.24), V represents the overpotential, which is defined by:

V =VO -P\/act,a Vactc \/g-hrr (225)

V.

act,c’

According to the Nernst equatiorV,, V, and V,, are calculated as follows

ct,a’

[183,198,200,201]
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V,=1.229 {85 10 (19, 299 (2.26)

.. o o . e o, 2 .~ @
RO . A3 BR O g J &8 00 .
V.. =-—1= €nh = ' In9= U + i ac
act,i = Q%Jo,i ﬁ = gZJOi 2?@ a H (227)

. a E, ©
Joi =3 & ol S0 as 2.28
0, i pé% RJO- 9 ( )
D
Vim=1 ﬁé = ~dX _ — —
09 513ds “£xr/. 80.326 1268 = (229
¢ ¢ D < 2 & €303 T =

2.2.1.5PEM fuel cell

Similar to PEMESs, the applications of PEMFC have been substantially grown in recent years and
a promising future can be predicted for this technology for power genefa@iah During on
peak times, to generate electricity for peak shaving, the stored hydrogen reacts with the air in the

PEMFC, and power, heat, and water are produced based on tivérfglequation$203]:

1
Overall: H,+ EOZ ¥2%H,O +Energy (2.30)
N 1
Cathode: 2H™ +2e 43 Q Y¥H,O (2.3
Anode: H,%% 2H" +2e" (2.32

The maximum voltagproducedy a cell or Nernst voltage can be obtained as fol[@84]:
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2 o A 0.5 00
> et 3 apyscp, 002
ENernstzg nc"F n (TFQ TO) I%r'] Bol P 3 %
g ({‘ H,O o
: (2.33)
5 APOSCR, O
gl 2294 0.85°10 (TQ  298.)p aeae_+ncFFC B0
o H,0 -

here, DG°,n, F , and R, are Gibbs free energy changes in the standard condi®&7.17
kJ/mol), the quantity of electromaoving through the electrochemical reactions, the Faraday
constant, and the global gas constant, respectively. Furtherfores, the working temperature

of the PEMFC in terms of Kelvin ané?, is the operative partial pressure of the reacignt

respectively. Losses in the fuel cell can be divided into thresgeaes: loss of activation,
concentration, and ohm. Activation loss¥&s,() are associate with the onset of reactions that are
considered as ignition sparks. Temperature, partial pressures, and the type of catalyst used on the

electodes are among the three parameters affecting the activation loss.-Anspimcal equation

is used to calculate activation los§&8,185}

Vi =0.948 -x (-0.000076T.0 10@))) ( 0.000193.. (B.)) (2.34)
x=4.38386 +0.0002 BA) 5 (G ) (2.35)
e =1 AL (2.36)
Co, = o,
o, o
5.08016 éxp, 298 (2.37)
(o TFC
C, =9.174 @0’ eé&ﬂ (2.39)
’ ¢ TFC
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here, C, and C,, are the oxygen and hydrogen concentrations at the membrane/cathode and

anode/membrane interfaces, correspondingly. Moredyeand A.. show the flow current from

the cell and the active surface of the fuel cell, respectively. Concentration losses are the result of
the fluctuations. Actually, the fluctuations cause a voltage drop across the input hydrogen
concentation through the reactions on the surface of the electrode. To calculate the concentration
losses, the following equation is ugé@o]:

— RU(::],-:C | _° '

= 2.
con nCE gh i ( 39)

here, i, is the highest current density in PEMFC. Ohmic losses are caused by losses of electrical

resistance in the fuel cell. This kind of resistance is common in all fuel cell equipment like ionic
resistance in membranes, ionic and electron resistance in etexteod electronic resistance in

bipolar plates and terminals. Based on the Ohmic @ivmic voltage is stated §$85,204]

Voun = lee &R, R (2.40)
r @
_ Oy 2.41
R, =12 249
a .. 84 TA .0 Bc 3.0
181.6061 0.0358 22006220 & P4
& A O&F 3@ A %)5
rm = g Q - g 04 1 - T 30 Q ~ . (242)
%{-0.6343—% Spe SC()TFC %03 ¢
G - C FC =

hereR., R,, |,,, and r , are theconstanpart of the resistance for each cell, the resistance of the

internalcell, thethickness of the membrane, ahé membrane specific resistivity against the flow
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of hydrated protongespectively. In additiory, is anempiricalconstant. Finally, the output power

of PEMFC and its voltage value according toltieses are obtained by:

VFC = ENemst _Vact Vcon V_ohr (243)
WFC = NceII QC I (244)
here, N, indicates the quantity of cells in the stack. According to the PEMFC electrochemical

reactions, the molar rate equilibrium of the reactions can be defined as fdl@dys

n =%

Hy.in UF (245)
th,out = th,in -Zz (246)
th,use = I;]Hz, in _th, out (247)
.z
oz
r-]OZ,ou’[ - r.]C)Z,in 2 (249)
. . 79 .
nNz,in = nNz,out =2_1 r.Q,in (2.50)

N, O K
Z=——— 251
20 (2.5))

here,U. andU, show the fuel and air utilization factor proportions. Moreowvgilis the amount

of molar conversion during the total reaction at the fuel cell. Moreover, the amount of water

produced in PEMFC is:
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N O (2.52)

h cell ZCF

H,0, generate

According to the fuel cell energy balance relationship, the amount of heat generated can be defined

as follows[185]:

Qnet = Qch -WFC Qsl (2.53)
Q.ch = I:.|H2,use EHV (2.54)
Qs,l = CFLZ @Lz,out -I;Q n—iz,-in -!)-) G[:BZ (F'&,out q:-c ’ g ,Q (;l) (2.59)
+ C:pN2 @Nz,out TFQ th,-in -E) @p-lz O+.nHZQ genthe( TFC 3)
+ r.1Hzo,generate B v

here,Q,, and st| are the chemical energy produced in the electrochemical reactions and the latent

heat, respectively. Moreove¢, , C_, C, ,andC, represent the specific heat capacity of

Po, Pn

oxygen, hydrogen, water, and nitrogen, respectively; &hdindicates the heat of evaporation of

water. The electrical efficiency of the PEM fuel cell isriduby:

WFC
My use HHV

H,,use

Nec = (2.56)

2.2.2Exergy analysis

Exergy represents the maximum work that can be done at each process of the[ZySiem
Considering the unavoidable irreversibilities in thermodynamic processes, each process leads to

some exergy destructiof206]. Therefore, formodelling of thermodynamic systems, besides
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examining the exchanged energy, the exchanged exergy in various pretesséde examined

as well. The exergy balance of each process is written as fqROWs

Ex,+& Bx, =8Ex%, £y B (257)

Ex=mh B) T-(s 09 (2.58)

Ex, =W (2.59)

. A T

Ex, =Q % ?0 (2.60)
¢ i+

here,h and's present the specific enthalpy and entropy, respectively, and the subseniut®
show the number of flows and the reference conditions. Exergy destruction formula for different

equipment are listed ihable2.2.

Table 2.2: Exergy destruction formula for the subsystems and equipment.

Components Exergydestruction

PTC EXD,pTc:(Exl +Exg,, E’&) 56

PTC pump E%fplfnp:(E& -Ex uTrr?p) t§
Evaporator EXD,Evap:(E% +Ex  Ex 'E%() din
Economizer EXD,ECOZ(E% +Ex  Ey .E%) dn
Steam turbine E><D,5T:(E>8 -Ex V\éT) &

TEG Eome = (% +B, Bx Ex W) ¢
SRC pump E)%,Spi%p:(Exr -Bx uini) t(

PEME EXo peve = (Wome -EXs £X,) b
Hydrogen storage tank E)%,HST: E)ﬁs Qh E)& [

PEMFC EXo pevrc = (BXe % B0 BXy ko) o
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2.2.3Exergoeconomic analysis

In energy systems, part of the transmitted exergy is always lost due to irreversibilities. Hence,
exergy determines the true amount of thermodynamic effects. The system costs can be determined
based on exergy and are denoted as exergoeconomic costgglmeeraomic analysis, the cost

rate at the state and the final cost rate of products are deterf208dIn this regard, the cost

balance equation is defined as folloj289]:

é (Cl )K,in * ZK = a(CJ )K,out (261)

C =c 6y (2.62)
here, ¢, and EXJ- are the cost per unit of exergy ($/GJ) and exergy floi/"aftream (kW),
respectively.Z, is the levelized cost iK™ componenf210]:

ZK = ZK,CI +ZK,0M (2.63

hereZ, ., is the levelized capital investment adg,,, represents the operating and maintenance

costs of thé&" component. ThereforeZ, can be found as follows:

. CRFC

Zea = S (2.69)
b

: f. &

ZK,OM = Kb K (265)

here,Z, is the purchasing cost of the componemtis the operating hours of the system during a
year andf, indicates theoperating andnaintenancdactor of the systemwhich is considered

1.06 (annually 6% o, ). Moreover,CRF is the capital recovery factor and is stated187]:

68



i (L+i )
RF=_R-TR
C T (2.66)

here,i, is the interest rate andy is the service year of the system. The investment cost functions
of the equipment are given Trable2.3.

Table 2.3: Capital cost functions for estimation price of the proposed system comp@i@&li 213].

Component Capital cost function ($)
Condenser Zona =1773 Dy
.. 0.88 v
Evaporator Z o =276 @Evap) v A —=QE$ U cvap 4.32( kW m @
UEvapODn
o 06
Heat exchanger Z,.., =12000 £z 8
¢cl00 =
PEME oeve =10000,

Z
PEMFC 4
PTC Zpre =240 Bpre
Pump Z
TEG z
. 0.7 . ..1095
Steam Turbine and generator Z, =4750 (3 ) GIO(VVQ)

Furthermore, this balance can be applied to update the purchase cost of the eqRigthent

Cost at present year =Original cakt Cost index for the present year
Cost index for the year of original co

(2.67)

The economic and auxiliary formulas for each equipraemgiven infable2.4. Furthermore, the
final cost rateof products and levelized cost of electricity (LCA#)the proposed systeare

calculatedas follows:

2 . SRC PTC - -
CW ST +CW TEG -C Pump @ Pump C w ,PEMFC C + ,PEM

C, =—= — . (269
’ Wer +Woeg M/PEMFC Weene Wi, Wo

Pump Pump

24cp
LCOE= - . - (2.69

+ )
toff— peal}NNqﬁ_ peak tmld- peaW NBld- peak H on peyly N&t peak
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Table 2.4: Cost balance and auxiliary formula for the components of the reference system.

Component

Cost balance

Auxiliary equation

Hydrogen storage tank
Evaporator
Economizer

PEME

PTC pump

SRC pump

PEMFC

PTC

Steam turbine

TEG

Cis+Zisr s

CHC ey & G
C+C ey & G
Cu.peve Zpeve s
Ci*+Cuprcr Zpgr €
C+Cusrer Zercr &

Cl7 + C19 +ZPEMFC gN ,PEMFC CTQ Cﬁ

CSun + C.L +Z PTC €\2
CS + ZST :CB aN, ST
C6 + ClO +ZTEG

€7 Gfl .C‘W-‘,-TEG

2.2.4Performancecriteria

Finally, the exergy efficiency of the bakmd and peakoad can be expressed as follows:

Pump

VVPTC

Pum

Ex

— WST + \NrEG 'V\FRC
EXn

2.3 Results and discussions

The proposed system is simulated by usihy T L A B E

and

(2.70)

Engineering

software based on the design conditiofesble2.1) and the methods mentionedSection2.2 In

Equa

this regard, first, the simulated model is validated by the data from the literature. Then, using multi

objective optimization by the grey wolf algorithm, the optimal working conditiomistae most

suitable thermal oil for the proposed system are determined. The results of energy, exergy and

exergoeconomic analyses are reported under optimal conditions. Lastly, performing parametric

analysis, the impact of the substantial factors onykts) performance is determined.

70



2.3.1Model validation

The proposed system is a new power generation system that has not been investigated formerly;
thus, the data achieved from the present model for each subsystem are separately verified by the

correlated papdn the literature. The validation results are presenté&iguare2.3.

1.2 : 2)
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S
- 081
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E
~ 06
04+
Present model
@ Measured by Saeed et al.[184]
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Average temperature above the ambient (°C)

Figure 2.3: Validationof (a) PEMFC, (b) PEME, (c) PTC subsystems.
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In this regard, simulation results of the PEMFC subsystem by Saeed[&84]].the PEME
subsystem by loroi et gR15], and the solar PTC unit by /Aulaimaret al.[216] are compared.

It is obvious that there is a sensible variance between the simulation and experimental data.

2.3.2Multi -objective optimization

In the present work, a combinationastificial neural networkANN) and grey wolf optimization

(GWO) algorithms is used to evaluate and optimize the system performance. The GWO algorithm
is prioritized to other alternatives due to savadvantages such as (a) easy implementation owing

to its simple structure, (b) low storage and computational requirements, (c) fast convergence, (d)
no need for a large number of decision variables and control parameters, and (e) high stability
[217]. Given that the optimizatioprocess is a timeonsuming process, the results of the
simulation are trained by using the ANN to reduce the simulation time from a few hours to a few
minutes. In this regard, the energy, exergy, and exergoeconomic analyses of the proposed system
with the developed model are repeated 700 times, and 700 random data sets are generated. Then,
these data are passed to ANN to get the target functions. The objectives of the optimization are
reducing the total cost rat& () and improvinghe exergy efficiency/_,) of the referenced system

as much as possible. After optimization, tbehinique for order of preference by similarity to ideal
solution(TOPSIS) decision criterion is used to obtain the optimal amount and the most suitable
thermal oil. To provide a comprehensive and optimal review of the reference system, the impact
of five different types of thermal oils on the PTC subsystem is invéstigdio better explain the

goals and optimization method, a schematic diagram is givieigune2.4.
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Figure 2.4: Schematic diagram of the optimization process to determine optimum thermal oil from the five options
shown in connection with optimizer.

In general, thermal oils are available in different properties and costs. The twpamameters
for oil selection are their operating temperature ranges in the solar cycle and heat transfer
coefficients. Here, the effect of various thermal oils on the system performance is scrutinized in

the present study. The properties of the propdseaiial oils are given ifiable2.5.

Table 2.5: Specifications of the proposed thermal $148].

Thermal oil Tun () Tuw () Co(J/kgOK)
Dowtherm A 12 400 1501
Syltherm 800 -60 400 1574
Therminol 66 -3 345 1475
Therminol VP1 12 400 1486
Xceltherm LV1 7 371 1519

Due to the use of ANN, the optimization time is remarkably reduced. As a result, optimization can

be performed for differerthermal oils by investing a reasonable time to select the most appropriate
one based on the minimum total cost rafe) @nd the maximum exergy efficiency,(). The

critical parameters of the system as optition decision variables along with their minimum and

maximum values are listed Trable2.6.
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Table 2.6: Decision variables and their range for optimizatis

Parameter Lower bound Upper bound
() 300 400, 371, 345
R (kPa) 2000 3500

o () 3 10

ZT, 0.3 15

2.3.2.1Artificial neural network model validation

To validate the ANN model, a coefficient of determinatior) (ler one of the studied oils (e.g.,
Dowtherm A oil) is used as shown Figure2.5. It is noted that the closer the value &fiRto

one, the more accurate the ANN predictions are. As showmgime 2.5, the R of the trained
neural network model for exergy efficiency,() and the total cost rateZ() are 0.99992 and

0.99999, respectively, which confirms the hgecision and consistency of the considered ANN

model.

X

Actual values (1_ (%))

ANN predicted values (ncx(%))

a) pel b)
& 4
© Data ©  Data
“Y=T —Y=T
N o
o &
&/D Validation: R>=0.99992 069 Validation: R2=0.99999
‘ : : : : : [
14 14.5 15 15.5 16 16.5 470 475 480 485 490 495

ANN predicted values (Z ($/h))

1495

1490

1485

1480

1475

1470

Actual values (Z ($/h))

Figure 2.5: Artificial neural network validation for Dowtherm A oil including a) Exergy efficienngo, b) Cost

rate (Z ).
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2.3.2.20ptimization results

Multi-criteria optimization results for five types of thermal oils are shoviAgare2.6. It is noted

that a solar collector area of 100,008isnconsidered for optimization.

5 10 I I T T T
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I
490 |- L
= .
@ |
N |
480 L
I
I
Ideal point of !
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. Pareto frontier
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[m]mi| []]jID_ ﬁ?ﬂ%?n e B
460 | | 1 l 1
14 15 16 17 18

Mex (Y0)

Figure 2.6: Distribution of Pareto frontier diagranfar five types of thermal oils based on the grey wolf
optimization algorithm.

According toFigure2.6, all the points in this figure can loensidered as an optimal point; thus,
the TOPSIS decision method is used to obtain the ideal point. The selected points are marked with

white symbols by the TOPSIS criterion. The specifications of these points are gihadnieR.7.

Table 2.7: Specifications of TOPSIS points of different oils.

™ Lol Design parameters Objective functions
ermat =l T,( ) PR (kPa) OE®( ) ZT, Ao 7 ($ih)
Dowtherm A 400 3500 8.81 1.06 17.64 492.42
Syltherm 800 400 3500 10.0 1.21 16.80 486.63
Therminol 66 345 3500 8.61 1.28 16.95 492.86
Therminol VP1 400 3500 10.0 1.49 17.44 489.25
Xceltherm LV1 371 3500 7.36 1.15 17.63 492.52
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Since thebehaviourof the five oils is similar inFigure 2.6, a separate figureFigure 2.7) is
demonstrated to provide a better understanding of their operation values and ranks. Based on the
results, Dowtherm A oil has the best TOPSIS point and can be used as the most suitable the

oil in the system.

I T ]
493 |- O Rank 2
Rank 5 7&5
492 L Rank 1 .
491 | -
= 490 | .
“
™
489 - Rank 3 §
Syltherm 800
488 - O Dowtherm A | ]
() Therminol 66
487 + Therminol VP1|
¢ Xceltherm LV1
Rank 4
486 | | | | |
16.8 17.0 17.2 17.4 17.6 17.8

Nex (V0)
Figure 2.7: Ranking of TOPSIS points of each thermal oil.

For more clarification, the optimization population dispersion of Dowtherm A is shofiguine

2.8. According toFigure2.8 (a), most of the points are at the highest value for theotor outlet
temperature, but due to the oil temperature limitation, it is not possible to increase more than the
allowable value (the maximum allowable temperature of each oil is givieabie2.5). In addition,

the optimal point distribution for the inlet pressure of the steam turbiRgume 2.8 (b) and the

pinch point temperature difference at the evaporatbrgare2.8 (d) are more focused on the end

of the optimization interval. In this regard, the optimum pressure at the steam turbine inlet pressure

is 3500 kPa and the optimal pinch point temperaturediffe nce i n the evaporat
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Figure 2.8 (c) shows that the optimal points of the figure of merit coefficienil, () are

consistently distributed in the range of 0.3 to 1.5.
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Figure 2.8: Population dispersion for decision variablesTa) b) R, , c) ZT,, , and d) Or,5".
The thermodynamic and exergoeconomic characteristics of the reference system streams based on
the optimal conditions are shown Trable 2.8. In addition, the results of thermodynamic and
exergoeconomic analyses, using the governing equations presented in the Z8ciwth the

optimal conditions specified, are tabulated able2.9.

Table 2.8: Thermodynamic and exergoeconomic characteristics of solar cycle currents for the optimal point of Dowtl

State (kg 9 P(kPa) T(C) h(ky/kg  s(k¥kgOK) Ex(kyg c($/GJ)  C(%/h)

0 101.3 25

1 139.8 250 162.8 260.9 0.726 6110 3.452 75.92
2 139.8 250 400 811.4 1.722 41586 3.188 477.2
3 139.8 237.5 251.4 447.5 1.114 16022 3.188 183.9
4 139.8 225.6 162.3 260.9 0.7237 6200 3.188 71.15
5 29.02 3500 242.6 2803 6.124 28503 4.236 434.7
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PP O0W~NO®

= O

29.02 90 96.69 2321 6.45 11710 4.236 178.6

29.02 90 35 146.7 0.5051 20.17 4.236 0.3076
29.02 3500 35.18 150.5 0.5063 120 9.814 4.241
29.02 3500 242.6 1050 2.725 7026 5.032 127.3
1480 101.3 25 104.9 0.3672 0 0 0
1480 101.3 35 146.7 0.5051 1046 48.88 184

Table 2.9: Results of thermodynamic and exergoeconomic analysis based on the ¢
conditions with Dowtherm A oil.

Parameter Value Unit
Circulation pump power 0.140 MW
Cost rateof products 492.42 $/h
Levelized cost of electricity 62.6 $/MWh
Economizer hedtansfer rate 26.1 w
Evaporator heat transfer rate 50.9 MW
Mid peak power 14.9 MW
Off peak power 9.00 MW
On peak power 20.1 MW
Overall exergy efficiency 17.64 %

Ratio of excess hydrogen to the produced hydro¢ 2.30 -

Steam pump power 0.11 MW
Steanturbine power 14.0 MW
TEG power 1.20 MW

To better understand the results of exergy and exergoeconomic anaiysieydiagrams for
various components and streams of the system are giveguire2.9 andFigure2.10. Figure2.9

shows the exergy flow in the system, as well as the amount of exergyctiestthat happens at
each process. The thickness of the flows drawn iG&mkeydiagram is proportional to the exergy
values. Initially, 84.51 MW of solar radiation is received by the PTC collectors. Due to the
significant exergy destruction in soleollectors, 41.59 MW of the input exergy is transferred to
Dowtherm A thermal oil, and the rest of the input exergy (49.12 MW) is lost. The temperature

difference between the sun and oil is the primary reason for exergy destruction in solar collectors.
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In the following,thethermal oil transfers its heat to the steam by passing through the evaporator
and economizer. Water vapor enters the turbine with an exergy rate of 28.50 MW and generates
power through the expansion process. Exergy destruction in tsrbesaporators, and
economizers are 2.57, 4.10, and 3 MW, respectively. Due to the fact that the output stream from
the steam turbine has significant exergy, the TEG produces 1.2 MW of useful exergy by recovering
the residual heat. In total, out of the®BU MW of exergy input by the sun, 15.17 MW is converted

to power, and 68.29 MW is destructed. In addition, 1.05 MW of hot water is produced by the
condenser. The most share of exergy destruction happened in the PTC solar collector, TEG

thermoelectric, andvaporator, respectively.

-
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Turbine 13.97 1.20
2
28.50 11.71 0.00
= Evaporator 1 Solar
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0.14 1 Water
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| 0,12 [ 011 /] 0.02 :
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68.29

Figure 2.9: Sankeyexergy diagram for the PTC and SREG subsystems under optimal conditions, the values are
in MW.

Figure2.10 shows the cost rates associated with the PTC andT®#&subsystem streams. Due

to the high cost of solar technology, 82% of total system costs are related to solar collectors.
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Considering fee access to solar radiation, its input cost rate is zero. Moreover, the output streams

of the collector, evaporator, and turbihave the highest cost rates.
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Figure 2.10: Exergoeconomi&ankeydiagram for PTC and SRTEG subsystems under optimal conditions.

One of the influential parameters in energy systems is cost rate. The total cost rate distribution of

different units of the reference system is presenteligare 2.11. As mentioned earlier, the

performance of the proposed system is divided into two parts, the baseload, and the peak load. The

baseload unit is responsible for 61% of the total cost rate;@2#hich is related to PTC. The

peak load generation unit includes PEME and PEMFC, which together cover 39% of the total

system cost, most of which are associate with the fuel cell. The parameter affecting the cost rate

of fuel cell and electrolyzer is theput cost rate of the electrolyzer. The more the input electricity

cost rate, the higher the cost rate of electrolyzer and fuel cell, which will be discussed in detail in

the next section.
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Figure 2.11: The cost rate of different subsystems and their percentage.

2.3.3Sensitivity analysis

The performance of the hybrid systems can always change under the influence of various factors.
Therefore, the evaluation of critical parameters is of great importance whschutinized in this

section.

2.3.3.1Direct normal irradiance

The amount of direct normal irradiance (DNI) is one of the most important parameters affecting
the power generation of the solar field during the base load, which is a function of the time and

position of the system. Hence, the effect of DNI on the pedoo®a of the reference system is
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evaluated irFigure2.12. It is obvious that more heat is received by thermal oil at higher DNIs.
Therefore, theenergy density of thermal oil is increased, resulting in an improvement in the
amount of heat received by the evaporator and economizer. Consequently, increasing the heat input
enhances the production capacity of the SHEG subsystem. The exergy efficignand the

amount of power transmitted to the electrolyzer during theedik time will be improved at higher
production capacities of the SREG unit. It means that the ratio of excess to the produced
hydrogen (ETP) is decreased at higher DNIs. All teationed points and the free access to solar

energy around the world cause a cost reduction of products at higher DNIs.
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Figure 2.12: Impact of direct normal irradiance (DNI) on the ratio of excess hydramtre produced hydrogen
(ETP), system power output, exergy efficiency, and product cost rates.

2.3.3.2Charging and discharging time

In general, power distribution networks are divided into three periods based on consumption: off
, mid- and onpeak. During offpeak times, the extra power generated by the-$RG subsystem

is given to the PEME, where hydrogen is produced and stored in special tanks. Therpeskmid
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times, all the electricity generated by the SREG subsystem is transmitted to the grid. Finally,

at onpeak times, due to the need for excess electricity, stored hydrogen is transferred to the
PEMFC subsystem for further power generation to help grid stability, peak shaving, and power
scarcity. According té&igure2.13, the most effective parameters atpeak time are the discharge
period and the amount of power required. As the peak time increases, the amount of the required
hydrogen is linearly increased, resulting in an enhancement at ETP. To shed light onehrs issu

the proposed system, four different scenarios are considered for the share of power generation by
the PEMFC, which are 20, 30, 40, and 50% of the power generated by thREESRSubsystem.
According toFigure2.13, the amount of excess hydrogen required is increased with increasing
discharge period @schargg @and share of the power provided by the PEMFC. The differences
between ETP values at vauis discharge periods are written in separate lines above columns to

indicate their linear alteration.
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Figure 2.13: The effect of discharge time and PEMFC power generation on the required excess hsatrogen
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Charging time and the amount of power input to PEME are among the other important parameters
affecting the PEME performance. As showrrigure2.14, when the charging time increases, the
amount of hydrogen produced by the PEME is improved, while the amount of required excess
hydrogen and ETP are decreased. However, against the disghpagiad, there is no linear

relationship between the alterations of ETP at different charging periods.
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N 40%

. 50%
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Figure 2.14: Effect of charge time and amount of power input to PEME on the ratio of excess hyd¥qgiead.

2.3.3.3Fuel cell temperature

Figure 2.15 and Figure 2.16 show the effect of temperature and current density on PEMFC
performance. As shown iRigure 2.15, enhancing the temperature of the fuel cell improves its
performance, because as the temperature increases, the exchange current density rises, and the
losses in the PEMFC is decreased. Furthermore, as the fuel cell temperature risegjzhgqola

curve in the current density region decreases, indicating an improvement in the PEMFC
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performance at higher temperatures. On the other hand, at low flow densities, if the fuel cell
temperature is more than t he keptnocondtanf at thatt i on
temperature, the membrane material in the catalyst layer would not be entirely hydrated. Therefore,
this can reduce the active level of the catalyst. But if the current density increases, the membrane
material in the catalyst layerilvbecome more hydrated; therefore, the active surface of the
catalyst layers increases. This is because the amount of water produced by the PEMFC at high

current densities increases and improves the performance of the fuel cell.
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Figure 2.15: The effect of fuel cell temperature on current density and voltage under the PEMFC system.
As shown inFigure 2.15, the current density of PEMFC increases with increasing fuel cell
temperature. Therefore, the amounts of penetration and mass transfer are increased at higher
temperatures. Hence, becausetha rise in conductivity of the PEMFC membrane at higher
temperature and current density, the polarization curves will be towards higher voltages. The effect
of temperature and current density on the power generation of the PEMFC is sikayumeg.16.

As shown inFigure2.15, higher current desities will reduce voltage levels and increase voltage
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losses in PEMFCs. But, accordingRigiure2.16, the power generated in the PEMFC is improved
by increasing the current density. However, at current densities above 1.25 thleraffect of

voltage drop on PEMFC performance is dominated and output power decreases.
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Figure 2.16: Influence of fuekell temperature on flow density and output power under PEMFC system.

2.4 Summary of chapter

In this chaptey an innovative combination of PEME, PEMFC, and PTC solar power units was
presented. The main purpose of this work was to supply extra power genefdkiersolar field

during offpeak periods for peak shaving, without any greenhouse gas emissions. Another
objective was to introduce a new concept for green hydrogen production. The developed model
was first validated with the experimental data in literatand then the proposed system was
thoroughly studied in terms of thermodynamics and exergoeconomic. Moreover, the system
performance was optimized with the help of an artificial neural network and-oljdictive

optimization with a new grey wolf algaohim. The major findings of this study are as follows:
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(1) The Dowtherm™ A was found as the ideal choice for working fluid of the solar unit among
five different alternatives with various properties by considering a-wédsetween the
minimum cost rate anithe maximum exergy efficiency.

(2) The proposed system can produce 9, 14.9, and 20.1 MW of power during a cycle, at off
mid-, and orRpeak times to the distribution grid, respectively. This is accomplished by the
ratio of the excess hydrogen to the produrgdrogen of 2.3.

(3) The exergy efficiency of the proposed system is 17.64%. A total exergy destruction of
68.29 MW happens in the whole PPRRGTEG subsystem, most of which are associated
with the PTC unit.

(4) The results of the exergoeconomic analysis showtlleaPTC subsystem accounts for
nearly 82% of the total cost of the baseload part. In addition, the peak load components
including the electrolyzer and fuel cell are responsible for around 39% of the total cost rate.
The optimal cost rate of the system gots and levelized cost of electricity are
respectively492.42 $/hrand 62.6 $/MWh

(5) The sensitivity analysis based on fuel cell temperature, DNI, charge, and discharge periods
showed that the system performance highly depends on DNI. The better threlegatéon
(higher DNI), the higher the system performance and economic feasibility. The parametric
analysis also indicated that lower additional hydrogen will be needed in cases of higher

charging temperature or lower discharging temperature.
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2.5 Uncertainty consideration

In this analysis, key economic parameters, including capital investment, operating and
maintenance costs, and interest rates, were considered as per common practice in the literature.
However, more detailed cost elements, such as th@edeb engineering, installation, insurance,

and other ancillary expenses, have been excluded from the scope of this study. These exclusions
introduce a degree of uncertainty to the presented calculations. Future analyses should aim to
address these untainties by incorporating a comprehensive set of cost factors, supported by up
to-date and reliable cost functions as they become avaitbtd refinements would enhance the
robustness and reliability of the economic analysis, aligning it more closétyrealtworld

conditions
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Chapter 3: Design and TechneEconomic Analysis of a Novel

Solar-Based Solid Oxide Electrolyzer and Fuel CellSystent

Green hydrogen production is facing challenges in balancing economic feasibility with
sustainability. Employing efficierttydrogen production designs and benefiting from the potential

of hydrogen storage provide two promising strategies to mitigate the economic constraints
associated with green hydrogen production. Thaptemproposes a novel hybrid design for green
hydrogen production/utilization based on efficient higimperaturethermal units, including
heliostat solar field, solid oxide electrolyzer cell (SOEC), and solid oxide fuel cell (SOFC). The
proposed system is comprehensively investigated from thermodynamic eamgomic
perspectives, along with conducting a case study based on hourly electricity prices and actual solar
data. The system demonstrates a hydrogen production rate of 7.76 ton/day using the SOEC and a
power generation of 54.3 MWh in the SOFC for peaidnd shaving, yielding an overall round

trip efficiency of 74.2%. The case study results indicate that the economic feasibility is
significantly compromised if all the produced hydrogen is sold at prices below 2.75 $/kg; while,
implementation of hydrogestorage for peak shaving can yield a promising payback period of less
than 2 years. The hydrogen and hourly electricity prices, along with the duration of peak times,

are the other critical factors that affect economic viability

1 This chapter is based ¢8].
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3.1 System description

The stiematic diagram of the proposed novel design for green hydrogen production, storage, and

utilization is shown irFigure3.1.

30

Electrolysis (Chrage time)|
Fuel cell (Dischrage time)
KALINA KCS-11

Molten salt

Figure 3.1: Schematic diagram of the proposed syst@sed on heliostat solar, SOEC, SOFC, and Kalina cycle for
green hydrogen storage.

The proposed system comprises four primary units, including heliostafistlaSOEC, SOFC,
and Kalina cycle, each of which serves a distinct function that will be elaborated in detail in the

following paragraphs:

90



The cycle operation initiates with the absorption and storage of solar energy within the heliostat
unit during pemds of sunlight. The cold molten salt is pumped to the central receiver of the
heliostat tower, where the solar energy is achieved through the precise reflection of the sunlight
by the controlled mirrors within the field (point 2). The higimperature thenal energy is
transferred to the molten salt as it passes over the receiver, following which the produced hot
molten salt is stored in an isolated tank for future utilization (pointt®.implementation of a
molten salt storage tank as a sensible TE&gay mitigates the fluctuations inherent in solar energy

dynamics, providing a more stable and consistent thermal dotpiie SOEC and SOFC units

During the offpeak period, lowcost surplus power generated by renewable energy sources, in
conjunction wvith a fraction of the supplied molten salt, are employed to run the SOEC and
compressor. The water, with the ambient temperature, undergoes vaporization and superheating
within two heat exchangers, utilizing the waste heat of the SOEC (points 8 to 9jraatioa of
the stored solar heat (points 9 to 10). The heghperature vapor subsequently enters the SOEC
(point 10), wherein electrochemical reactions take place, resulting in hydrogen (point 11) and
oxygen (point 12) production. After heat recoveryhagat exchanger 2, the produced oxygen is
stored in the oxygen tank with the ambient pressure (point 14), while the green hydrogen is
pressurized to 300 bar through passing a tktege compressor (points 16 to 17). The required
hydrogen for power generah during peak demand periods is stored in the hydrogen tank, while
the surplus amount is sold in the hydrogen market. The lower the temperature of hydrogen in the
compressor inlet (point 16), the lesser the compressor power consumption. In additiogehydr
compression is accompanied by heat generation in the compressor outlet. Therefore, two heat
exchangers (HEand HE) have been designed to exploit this extra heat for district heating

purposes.
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During peak demand periods, the supplied oxygerhgddogen are utilized to run the SOFC
after undergoing heating in two heat exchangers. Initially, hydrogen and oxygen are preheated by
the exhaust gases of the SOFC through passing the heat exchange). S(HEequently, the
desired temperature in the BO inlet is achieved by using the supplied kigimperature molten
salt in the heat exchanger 6 (§)EAfter power generation in the SOFC for peak demand shaving,
the outlet hightemperature gasses are recovered to minimize heat loss to the environmect as
as possible. Although a significant amount of the waste heat can be recoveredthekss still
high energy density in point 26, which is recovered through two additional steps. Given the
correlation between waste heat generation and peak depeaiodls, a Kalina cycle has been
designed to generate more power for peak demand shaving. The Kalina cycle is selected because
of its environmentallyfriendly working fluid as a mixture of ammonia and water for extra power
generation during peak times. Blly, the remaining lowguality waste heat is recovered as much

as possible in the heat exchanger 8 (HE8) for district heating applications.

3.2 Systemmaodelling

In this section, the governing equations for thermodynamic analysis, including energy and exergy
analyses, along with the economic analysis, are presented in detail. The design conditions and

input values of different units are presentedable3.1:

Table 3.1: Design conditions of different units for the modeling of the proposed system.

Subsystem Parameter Value Unit

Heliostat solar  Concentration ratio 1000 -

[191,219,220] Direct normal irradiance 700 W/nm?
Emissivity coefficient 0.8 -
Inlet diameter of the receiver tube 3.75 cm
Number of the heliostat 150 -
Opticalefficiency 75 %
Outlet diameter of the receiver tube 4 cm
Reflectivity coefficient of the receiver surface 0.04 -
StepharBoltzmann constant 5.67x16¢  W/m2.K*
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Solid oxide cells
[206,221 224]

Kalina cycle
[192,22]

General
[207,226 229]

Solar time duration

Speed of the wind

Surface area of the mirrors

Temperature of the cold molten salt
Temperature of the hot molten salt
Temperature of the sun

Thermal conductivity of the receiver tube
Thermal conductivity of the tubi@sulation
Thickness of théubeinsulation

View factor

Air utilization factor

Activation energy of cathode
Activation energy of anode
Anode thickness

Average length ofirain contact
Average pore diameter of electrodes
Average grain size of electrodes
Cathode thickness

Current density

Cell active area

Chargetransfer coefficient
Compressibility factor ofiydrogen
Electrode porosity

Electrolyte thickness

Tortuosity

Faraday constant

Fuel utilization factor
Interconnect thickness

Isentropic efficiency of the hydrogen compres:

Low heatingvalue of hydrogen
Number of cells

Operating temperature of SOEC
Operating temperature of SOFC
Pressure of the hydrogen storage tank
Preexponential factor for cathode
Preexponential factofor anode

Steam utilization factor

Life time of solid oxide cells

Annual operating and maintenance costs
Universal gas constant

Condenser efficiency

Evaporator efficiency

Evaporator concentration

High pressure of Kalina cycle

Isentropic efficiency of the Kalina turbine

Annual operating and maintenance costs
Ambient pressure

Ambient temperature

Charging time period

Discharging time period

District heating cold temperature

District heating warm temperature
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8

5

121

600
1100
5504.85
24.5
0.03

10

0.8

0.4
142000
140000
500

0.6

3

15

20
8000
0.04
0.5

1.2

48

10

54
96486
0.8

3

88
119.9
34000
850
900
300
2.35x10
6.5x10
0.6
40000
22
8.314

80
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0.8
40
85

6
1.01
20
19

5

20
60
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J/mol

sA/mol
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%
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Heat exchangersd ef fi80 %

Interest rate 5 %
Isentropic efficiency of the pumps 80 %
Standardchemical exergy of K 236.09 kJ/mol
Standard chemical exergy ob® (g) 9.49 kJ/mol
Standard chemical exergy ob® (1) 0.9 kJ/mol
Standard chemical exergy o$ O 3.97 kJ/mol
Standard chemical exergy of NH 337.9 kJ/mol
Service time of the system 20 yrs

The flowchart depicting the systemodellingprocess is presented kigure 3.2. Initially, solar

DNI data is acquired and serves as input to the solar unit. Next, the solar heliostat unit is designed
andmodelledbased on the available DNI and desired amounts of products. Ultimately, the hot
molten salt production rate and corresponding storage amount are determined. The available hot
molten salt is exploited to drive either the SOEC or SOFC unit, depending tmewies an off

peak or peak time. The rates of hydrogen and oxygen production are calculated based on the SOEC
unit design, the utilized molten salt, and the duration of thepedk period. Then, based on the
remaining molten salt in the tank and theation of peak times, power generation and hydrogen
consumption rates in the SOFC can be computed. The rates at which district heating can be
generated during both effeak and peak times are calculated by considering waste heat
temperatures and flow rateLikewise, additional power is generated through the Kalina cycle by
utilizing downstream waste heat parameters. Finally, a comprehensive investigation of the system
performance is conducted by taking into account energy, exergy, and economic (3Esaialys

rates of heat transfer, power generation, and consumption in different equipment are the most
important findings of energy analysis. The sources of exergy destructions, inefficiencies, and
irreversibilities are identified by the exergy analysis.ditidnally, the economic analysis is
performed to calculate the capital cost of units and components, as well as determining the system

profitability and payback period.
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Figure 3.2: Flowchart of the systeimmodeling process and the applied methodologies.

3.2.1Energy analysis

The energy analysis is based on the first law of thermodynamics, which states that energy can
neither be generated nor destroyed, but can only be transformed from one form to another form,
or transferred from one system to another. The mass, concentiatibrenergy conversion

equations for different components can be written as fol[@8@):
P 3.1
a. mn - a.nlut GD
o _on, 32
a mn xn - angut )gut (32)

é. mnhn + Q :é. I.‘T(]ut rJut -V\ (3'3)
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In the following subsections, the governing energy equations for different units and components
are presented in detailhe optimum sizing of each system componeriigure3.1 is calculated

based on the design conditions specifiedlable3.1 and the governing equations listed below.
3.2.1.1Heliostat solar unit

The heliostat unit comprises a heliostat fibleljostat towercavityreceiver, and higbemperature
thermal storage. The amount of energy emitted fronsuneo the heliostat field can be calculated

as follows[231]:

QSun =1 Sun ®Hel NQe (34)

where NHe|, A4e|, | indicate the number of mirrors in the heliostat field, the area of each

Sun
mirror, and the level of DNI. The rate at which solar energy is reflectedathty receiver is a

function of the heliostat optical efficiency, calculated as foll(®@2]:

_ QREC (3.5

where,hHe| and Q...are the heliostat optical efficiency and the reflected solar energycavitg

receiver. A portion of the energy that enters the receiver is lost by conduction, convection,
radiation, and reflection mechanisms, and the remaining is absorbed by the molten salt passing

through the receiver. The energy balance in the receiver canchéatad by[233]:

Q'ReC = QAbs -lQ Loss Re (3.6)
QLoss Rec: Q Cd -IQ Cv @ Rad Q’R' (3'7)
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where, Q,,. and QLOSS re@re the heat absorbed and lost in the receiver. In addition, the subscripts

Cd, Cv, Rad andRefdenote the conduction, convection, radiation, and reflection.

The energy balance in the receiver can also be found based on the &semagratures of the
receiver surfaC(éTRec Sur) and the molten sa(ﬂ'MS) within the receiver tubf220]. The convective

heat transfer coefficient of molten salt can be calculated from the ilBthe$er equatiorj234].

Ohee = QReC = (TRec sur” TMS) (3.8)
Rec ° ~a
A?ec sur 2-& qo 8% do |n$
Qdi O]quS - Kaec tube di
0! ) . 3.9
NUg = hclzs U 0023 RES P (3.9)
Ms
Re,, =— 4P (3.10)
p'NReq tubed f ,MS
@ (311
Pr. :%
Ms
T = Thws * Tows (3.12)
MS T 2

where,di andd, are the inlet and outlet diameters of the receiver tkhg thermal conductivity,
hcis convective heat transfer coefficient, ants dynamic viscosity. In additioMu, Re andPr

show Nusselt, Reyolds, and Prandtl numbers.
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Concentration ratic(C) and view factor(Fr) are two key parameters for determining the

required surface and aperture areas of the receiver, and the number of heliostats. To simplify the

calculations, it is supposed that the width of the receiver ape(WJ}és half its heigh (H ) [220].

Fr = hes (3.13)
A?ec sur

2
Aecap=H B —Hg— (3.149)

C - A:ield —A—iel d\IHeI (3 15)
A?ec ap ARep ap .

Another important parameter to be calculated is the radiative heat loss between the receiver surface

and the surroundini®33]:

O S/Qec sur (TQC sur T4An_)3 (3 16)

%ﬁ% 8(1 -6)

where s is StefaiiBoltzmann's constant (5.67x30.m?2.K*#) and &y presents the receiver

surface absorptivity coefficient. The reflection of aperture escape incident rays is another source

of heat waste in the receiver, which is calculate{Bp]:

QRef =a QRec F( (3.17)

Convection heat loss in the receiver is based on both natural and forced convections, which are

determined by220]:
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QCV = QN,CV -}QF, Cv (3.19

Qe =081 B (Rcowr T (3.19)

QF ov = hCF,Cv ®Rec ap ( -Qec sur T A_n)b (3.20)

hc. ., CH ) . 321

NU ¢, =CFKL 0.0287 RES, PG (321

Air

Re. _ 1 i Qg HO (322
« ”Lir

pr = T ., (323
Ar .,

K

Air

where,Vwindis the wind speed (m/s).

The smallest share of the heat losses in the receiver belongs to conductive heat transfer, which
mostly happens in the insulation layers and the support mgg&3&4l Considering the dominancy

of heat waste in the insulation layers, conduction heat loss is defij2ddjy

- K ns C"’S‘Re sur [5 . . (3.24)
Qe :ld—c @-Rec sur T'mQ hG:Mix AReQur( T s G-Ar)t
Ins
hCMix = hCAir,fc +hc/:\ir ,nc (325)
hCAir,nc =1.24 @-Ins -l-TAmb)O.?’33 (3_26)
hcy,  CH ) BT, . 0 (3.27)
NUy, = —nfe = 902657 REYS  Pf¥ 0 g

It is noted that KGMgCl> molten salt with the molar fraction of 68% KCI, and 32% Mg@hs

utilized as heat transfer fluid in the heliostat solar unit because of its better fit with the operating

99



temperature of SOEC and SOFC to avoid crystallization in the pg3% The rate at which

thermal energy is absorbed by the molten salt in the receiver can be calcul@2d]by

e o (329
m—mz @’la F;)

3.2.1.2Solid oxide electrolyzer

The cellvoltage is the most critical factor in the SOEC, which is dated based on Nernst

voltage, mic, activation, and concentration polarizations as fol[@88]:

Vsoec = Enemnst soec VY onm ¥ acti Vreo (3.29
RToec . 2P0 R
Eners; soec™ E° ZSIS +—29CIn @T (3.30)
¢ o
E° =1.253 - 2.4516 10T, (331

where, E°and P° are the standard cell potential and partial pressure of hydrogen, oxygen, and

water.

Ohmic loss is a type of overpotential loss in the SOEC which is associated with the resistance

of cell componentsapode, cathode, and electrolyte) and calculatd@24j:

Vohm = (I‘ anban Tl ca tEL e ik Ir)] (3.32

~

€49.52 10 & 4150
[ =g ——— &XP
& cell - ell

(3.33

(=Y -] Q»I—\

~

Ga4 23 10 O 4200 ﬂ

eg ™ 8 T (3.349)
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I e e2 400.ex %7 q; (3.39)

_849.3310 6 4100
Elc — %A @Xp
e el - ell

(3.36)

oocrae

where,} ( q . ¢ ml) (cnd arelthe electrical resistivity and thickness of the cell components.

The activation loss is the voltage required to overcome the energy required to start the

electrochemical reactions, which is calculated based on cell microstructure as [aR&js

Voo = %lnh1 +Sink'

JOAn JOCa

(3.37)

where,jo is the exchange current density, presenting the ability of the electrodes (anode and
cathode) to proceed with electrochemical reactions. Therefore, the gregtetthieeguicker the
electrochemical reactions. The valueslofor the cathode and anodeea function of different

microstructure and operating factors, calculated as fol[222]:

j — k 72XAve'e'grP0re- éT Pore -d Grair) P e%i EAct, An 3 38
0,An An g
( A1 -X ive) g c R (3.38)

Pore d (23ra|n -
j =k 72X Ave-€ 'gr Pore” éf Pore Gralr) a,i O2 p Act ca
e - Pore .d (23ra|n( - ) 8 R_I;e” (339)

wherek, Xave, U andUshow the coefficient of the exchange current density, the average length of
grain contact, symmetrical charfransfer coefficient, and porosity of electrodes, respectively. In
addition, Eact, rrore, @anddgrain Show the activation energy of the electrqdeeserage pore radius,

and average grain size.
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The resistance in transporting reactants and products to or from the reaction sites of the
electrodes results in concentration los§é®e purities of fuel and oxidant gases, as well as the
microstructure parameters, are responsible for a substantial portion of the concentration

overpotential, calculated as follo&22,239]

v, = Rl 2P Flo ORT,, R
con = o W 8*‘— ﬁ (3.40)

(;HO

where, P™®is the triplephase boundary pressure of the species, achievi38)y

e L, .RT
I PJ:’OB — PI-(I)ZO |J zén e cell
1 "—H,0
Pors _ o J-LaRT.
i PH2 R—|z An* eff(:ell (341)
1 2F.D,
I -
n _ J.Lea-R. TCe
%POTZPB_ v
.DS,

where, D" represents the effective diffusion coefficient, outlined as foll@48]:

)
g (3.42)

where,D; andD;jare Knudsen and binary diffusions, which can be calculat¢a22y239]
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0. 00143'1 i

D cell -
05 32 (3.43
PM; ga V) av 0

— é'Tcell 08
Di - 97rporegw 9 (3-44)

where,M; is the molecular weight of specieand a V is the diffusion volume (which is 16.3 for

O, 13.1 for HO, 6.12 for H, and 18.5 for K. In addition,M;j can be found by the following

equation239]:
A1 1 0
M. =2 + (3.45)
Bk AT

Another important parameter in the SOEC is the steam utilization factor, which is obtained as

follows:
_ 9
Us=- (3.46)
nHZO,in
A N
9= JsoecA soeeN sokc (3.47)

2F

where,Us and g are the steam utilization factor and the consumed vapor in the SOEC.

Finally, calculating different types of overpotential losses and the cell voltage, the power

consumption of the SOEC stack can be calculatg@4iy:

WSOEC = N SOEC ASOECV SOECj SO (348)

whereN andA are the number of cells and the active area of each cell.
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Thepower consumption and isentropic efficiency of the hydrogen compressor are:

WcOm =, @17 he) (349
PR (3.50)
Com
hl?' h.l.6

3.2.1.3Solid oxide fuel cell

The principal equations for calculating the overpotential losses of the SOFC is similar to those of
the SOEC. The only difference is the calculation of the SOFC voltage, in which the overpotential

losses are subtracted from the Nernst gal{223]:

Vsorc = Enemst sorc Y ohm Y acti V- cor (3.5))

L i L A (352
2F  2F 7 PR, i

D3’ =0°o &, 059 (3.53)

9 =h(T =Corc) Tsore (T Tore P F (359

where,h, s, g, andR are specific enthalpy, specific entropy, and specific free Gibbs energy, and

universal gas constant, respectively.

The hydrogen consumed by the SOKk@nol/s), can be calculated by the cell characteristics

as follows[120]:

_ jSOFCASOFC
X= 2SOFC” "SOFC 35
2F (3.59
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In addition, fuel and air utilization factors for the SOFC are defind@43,243]

—_ I:ueLonsumed — X

. I:ueLupplied r:]Hz in (356)
_ X
Ua= Al.rconsumedz : 2 (357)
Alrsupplied I’102 in
Finally, the power generation of the SOFC stack is calculated by:
WSOFC = NSOFC ASOFCV SOFC J SOF (358)

3.2.1.4Kalina cycle

The remaining heat is recovered in the evaporator, accordihg following equationf244]:

Quey =1, B, hy) (3.59)

m, Qh, h,) M, (O h) (360)

Finally, the isentropic efficiency and power generated in the Kalina turbine are presented as

follows [244]:

p =Py (361)
hS»B_ hB7s
Wrur =m, @33 I%?) (362

3.2.1.5District heating

The capacities of district heating in different heat exchangers can be calculated by:
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QDH - r.rbH @bH,Hot r%H,Cold) fWH ( Qn-pqot m\/H C'0|£) (3.63

3.2.2Exergy analysis

The exergy analysis, which is based on the second law of thermodynamics, is a method for
evaluating the maximum beneficial work that can be attained from a system. It provides a more
comprehensive assessment of the system operation byleongithe quality and availability of
energy, as well as irreversibilities and inefficiencies in the energy conversion processes. Therefore,
exergy analysis provides a more accurate identification of potential zones and components to be
improved and optimzed for achieving greater efficiency with lower cost and environmental issues.
The basic form of the exergy balance equation, which can be applied to all components, is

presented belo\45]:

ame+k& =am.e % E (364)

here, subscripts andout show the inlet and outlet streams of the control volumeggndE, ,

and E, indicate the exergy destruction of the control volume, heat exergy, and work exergy. In

addition, @ shows the stream exergy, which is divided into physiegl)(and chemical QCh)

exegies (neglecting kinetic and potential exergy chan&g]:

R o (3.69)
E,=a = &

¢ T
E, =W, (3.66)
o= " 4 (3.67)
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Ph _ 3.68
" =(h -h) F(s 9 569
N . (3.69
=d Xguh +RT a X "(' i)9
i=1 i 4
where subscript 0 ands! relate to the reference condition and standard chemical exergy of

substance

3.2.3Performance criteria

Finally, theperformance indicators of system operation are outlined in the present subsection.
Given that the solar, charge, and discharge periods occur at different intervals and durations,
conventional efficiency metrics are not able to evaluate the proposed s¢xirsequently, to
address this issue, routrip efficiency (RTE) and exergy round trip efficiency (ERTE) are

defined as the performance criteria of the proposed system as follows:

3.70
RTE—n‘h ,Sale * LRV, +(WSOFC ) tdch (+QD§-| @Dlz-l) t:h ngl tdch ( )
(WSOEC WCom +B P) (QSolar E) tsolar E+ B -tdch
4 T 0. AT 989 0
M, sae-LHY, +( SoFC Tu) L é'QDﬁo"l e 0 Qﬁ;l 1aE|TO Ubw QD@% 5 8
¢ T = ¢l ux & T2
ERTE= —— - 300 (371
. . e. a T. 0 _@
(WSOEC+WC0m B 'E) L éQ50|aaé TO 0 Pf}'tsolar( P +9 e
2] ¢ sim + U

3.2.4Economic analysis

The net present value (NPV) method is a financial approach for analyzing the economic feasibility
of a system, which evaluates the profitability and payback period of a project by calculating the

current value of its projected cash flows (inflows and outfl) over time, converted to the present
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using a specific rate of return. The NPV signifies the variance between the current value of the
projected cash inflows and outflows. A positive NPV indicates that the project or investment is
profitable and will gaerate value for the investor, while a negative NPV indicates that the project
or investment is not financially viable. The net cash flow at the end of the year is discounted to its

present value based on the interest rate according to the followingoedQ4i]:

20
NPV=3§ Y@ +* (3.72)

N=0

where,N andi show the year and interest rate, &dpecifies the net cash flow at the end 8f N

year. As mentioned in Table 2, an interest rate of 5% and a service time of 20 years are considered
for the proposed system. It is noted that the service time of SOFC, and SOEC units are 40,000
hours. In addition, it is presumed that the operating andter@ance(O&M) cost of each
component is 6% of its capital cdsicluding solid oxide cells with aannualO&M costof 22%

of capital cost) The capital cost functions for different components are list@alite3.2.

Table 3.2: Capitalcost functions of different units and compondi$1,225,248

Component Capital cost function ($)
Condenser Z. ,=8000 @24 y* = <ctod__
Cond (%f ACond Ucond-LMTDcOnd
"AEva 6 QEva
Evaporator Z.,,, =16000 @2 ¥ -y
g e Cloo ) e Uy LMTD,.,,
Expansion valve Z., =1145 @),
Heliostat field land Z,.0=89 B NQ
Heliostat field mirrors Z,,=150 B, NQ
Z,. =12000 @£ §° = Qe
HEy, HE:, HE, HE;, and HE  Zie %)Y Ae IO
Z,. =32800 Gt = Qe
HEz, HEs, and HE e f(%o 1" Ae oo
Hydrogen compressor Zeon=44.71m,81/( 0.95,,) gP. A P,
Hydrogen tank Z,,,anc =300 23600 Mg by,
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Kalina turbine Z.. =6000 @’

KCI-MgCl, salt Zus =(0.62 @85 @38 382 3.60Q, ")
Mixer Z,, =114.5 @p°
W = h
Molten salt pump Z, =2100 @1—6’ P2 (}%—P o
b
Molten salt tanks Zysr =687.5 Wogr VY or)

Zo, o =1.218f, ex7£ 2,631 +13678IY, ,,,) -0063¢any, )
Oxygen tank ’ e

f,,=1(Carbonsteql

Pumps Z, =2100 (le—g ) (:—L%f—P ye
Receiver Zeeo = Are o 09 TQ., 42009
Separator Z,,,=114.5 6

Solid oxide electrolyzer Zsoee = Asore & soec (26T ¢ 1907
Solid oxide fuel cell Zsore = Asore 8 sorc (26T oo 1907

3.3 Result and discussion

The simulation results of the proposed hybrid system are outlined in three subsections of model

validation, steadytatemodellingresults, and parametric analysis.

3.3.1Model validation

The proposed hybrid system to produce and utilize green hydrogen using solar, SOEC, and SOFC
is a novel design, which has not been previously studied. Hence, the accuraayodid¢fiengof

each unit is verified individually with related data in the &tere. The simulation results of the
SOEC and SOFC units are compared with the measured data of Ebbes@4@jahd Zhao and

Virkar [250] in Figure3.3, respectively. Additionally, the precision of thienslation results for

the heliostat solar unit and the Kalina cycle are validated with the reported data of Tehrani and
Taylor [220] and Li et al.[251] in Table3.3. As shown inFigure 3.3 and Table 3.3, there are

negligible differences between the results of the present simulation and the related data in the
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literature. Therefore, the model accuracy is deemed to be reliable, and the resudtiogndaé

considered dependable.

1.3 o SOEC, present model
125E = SOEC, measured by Ebbesen et al. [249]
r SOFC, present model
12F A SOFC, measured by Zhao and Virkar [250]
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Figure 3.3: The validations of the SOEC and SOFC units with the measured data in the litE248)25(.

Table 3.3: Comparison of the present model with the respective arfi2R&25].

Unit Parameter Present model Literature Error (%)
Heliostat solar Temperature of the receiver surface [K] 779.9 770.5 1.2
[220] Energy efficiency of the receiver [%] 90.6 89.0 1.8
Exhaust heat of the receiver [MW] 143.9 142.0 1.4
Heliostat field mass flow rate [kg/s] 349 343 1.7
Kalina cycle Energy efficiency [%] 7.7 7.8 1.3
[251] Heat input [kW] 161.1 164.1 1.8
Net power generation [kW] 12.4 12.7 24
Kalina turbine tempe 344.1 3445 0.2
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3.3.2Steadystate modelling

In this section, the results of thermodynamic and economic analyses are presented based on the
steadystate design conditions listed Trable 3.1. Initially, to more clarification of the system

processes, the important thermodynamic properties of streams are outllradiiei.4.

Table 3.4: Thermodynamic properties of different streams of the proposed hybrid syst

State Working fluid P (bar) T(K) m h(kd/kg)  s(kJd/kg. K)
(kgls)
1 KCI-MgCl; 1.01 873.2 7.78 201.3 0.257
2 KCI-MgCl: 1.03 873.2 7.78 201.3 0.257
3 KCI-MgCl; 1.01 1373 7.78 779.7 0.781
4 KCI-MgCl: 1.01 1373 2.05 779.7 0.781
5 KCI-MgCl; 1.03 1373 2.05 779.7 0.781
6 KCI-MgCl; 1.01 873.2 2.05 201.3 0.257
7 H20 1.01 293.2 1.69 83.93 0.296
8 H20 1.03 293.1 1.69 83.93 0.296
9 H20 1.02 842.5 1.69 3638 9.015
10 H20 1.01 1123 1.69 4277 9.669
11 H2-H20 1.01 1123 0.79 5970 19.66
12 O 1.01 1123 0.90 841.8 1.327
13 H2-H20 1.01 373.2 0.79 3019 15.38
14 O 1.01 313.2 0.90 13.80 0.046
15 H20 1.01 303.2 0.68 125.8 0.436
16 H2 1.01 303.2 0.11 4003 53.62
17 H2 300 544.2 0.11 8113 55.19
18 H2 300 318.2 0.11 4392 30.67
19 H2 1.01 293.2 0.14 3860 53.14
20 O 1.01 293.2 2.25 -4.593 -0.015
21 H2 1.01 757.1 0.14 10597 66.90
22 O 1.01 757.1 2.25 449.3 0.904
23 H2 1.01 1173 0.14 16815 73.44
24 O 1.01 1173 2.25 896.9 1.375
25 H20 1.01 1173 2.39 2569 6.169
26 H20 1.01 473.2 2.39 1388 4.656
27 H20 1.01 350.0 2.39 218.8 1.430
28 H20 1.01 298.2 2.39 91.09 1.035
29 KCI-MgCl: 1.01 1373 4.67 779.7 0.781
30 KCI-MgCl; 1.01 1373 4.67 779.7 0.781
31 KCI-MgCl; 1.01 873.2 4.67 201.3 0.257
32 NH3-H20 40.0 448.2 1.61 1763 4.947
33 NH3-H20 40.0 448.2 1.57 1793 5.018
34 NH3-H20 40.0 448.2 0.04 607.7 2.148
35 NH3-H20 40.0 313.9 0.04 -11.71 0.515
36 NHs-H20 9.41 314.6 0.04 -11.71 0.526
37 NH3z-H>0 9.41 387.5 1.57 1579 5.116
38 NH3s-H20 9.41 387.0 161 1539 5.005
39 NH3z-H>0 9.41 303.2 1.61 0.023 0.401
40 NHs-H20 40.0 303.9 161 5.523 0.405
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41 NH3-H20 40.0 307.2 1.61 20.88 0.455

42 NH3-H20 1.01 293.2 14.8 83.93 0.296
43 NH3-H20 1.01 333.2 14.8 251.2 0.831
a H20 1.01 293.2 0.51 83.93 0.296
b H20 1.01 333.2 0.51 251.2 0.831
c H20 1.01 293.2 135 83.93 0.296
d H20 1.01 333.2 135 251.2 0.831
e H20 1.01 293.2 1.83 83.93 0.296
f H20 1.01 333.2 1.83 251.2 0.831

In addition, applying the design conditions Tiable 3.1 and the governing equations, a
summary of important results of the proposed system ismegséTable3.5. The SOEC unit is
capable of producing 7.76 tonday while consuming 11.89 MW of power during 19 hrs of off
peak periods. The produced hydrogen is subsequently pressurized to 300 bar via a compressor
utilizing 2.31 MW of power. About 2.55 ton of the produced hydrogen is exploited to generate
10.86 MW paver during 5 hours for peak shaving, while the remaining 5.21 ton is sold to hydrogen
markets. Recovering the produced waste heat for district heating productions of 2.35 and 0.31
during offpeak and peak periods and extra power generation of 0.34 MW Kalina cycle in

peak hours, an RTE and ERTE of 74.21 and 64.15% are achieved.

Table 3.5: Summary of important thermodynamic results of the proposed sy:

Parameter Unit Value
RTE % 74.21
ERTE % 64.15
My, soec ton/day 7.76
mHz,SaIe ton/day 5.21
My, sorc ton/day 2.55
Qabs MW 4.50
Qcond MW 2.47
Qevap MW 2.80
Que, MW 1.08
Que, MW 6.01
Que, & Qop, MW 0.09
Que, & Qop, MW 2.26
Que, MW 3.01
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Que, MW 2.70

Que, MW 0.03
Que, & Qon, MW 0.31
Qsun MW 12.71
Vens& Vs m? 130
Vi, tank m® 410
Vo, tank m? 30000
Weom MW 2.31
Wsoec MW 11.89
Wsorc MW 10.86
W, MW 0.34

In addition, a comprehensive exergy Sankey diagram of the novel system is preséigedein

3.4 (units are in Megawatts hour, MWh). This diagram is really helpful for understanding the
sources of exergy losses and waste within the system, which provides an inclusive picture of the
systand6s i nefficiencies. These information can
optimization, resulting in higher efficiencies and lower waste and operating costs. As shown in
Figure3.4, the thickness of the arrows represents the quantity of exergy flows between different
components. In addition, the black arrow shows the rate at which exergy is destructed at each

component.
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Unit: MWh

Solar I Oxygen I District heating
I Molten salt I Hydrogen Il Kalina
B Water I Electricity Il Exergy destruction
CSP
24.12
Receiver 4512 HMS 48.99 DH,

63.36 SOEC 277.58 HE,

16.93 1'“

. .

Water tank

252.63

Total
exergy
destruction

146.4

| e e e e s e |
Hydrogen market

Figure 3.4: Sankey exergy diagram of the proposed hybrid system.
As shown inFigure3.4, the SOEC, solar receiver, and SOFC are responsible for the highest rates
of exergy destruction, respectively. The internal irreversibilities and their significant temperature
difference with the ambient temperature are the most important reasons for high exergy
destruction. It should be noted that the greater exergy destruction in the SOEC associates with the

longer operation per cycle.
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The capital cost of different units and their componerasiother important aspect of complex
energy systems. Accurate estimation and representation of the costs can help-aedisianto
evaluate and select the optimal design for their applications. In this regard, the capital costs of
different units ofle proposed system and their contribution to total abgitst is shown ifigure

3.5.

Figure 3.5: Capital costs of different units and components and their contribution to total capital cost.
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As shown, the solar unit is the most expensive part, which costs about 48% of the total capital cost.
Solar heliostat and receiver are responsible for 88% dbthakcost of the solar unit. On the other

hand, considering the identical capacity of the SOEC and SOFC stacks, they have almost the same
price with a small difference because of their different operating temperature and resulting
degradation rate. It ialso noted that 26% percent of the SOEC unit associated with hydrogen
storage tank because of its expensive material to avoid leakage and embrittlement in high pressure.
Finally, the Kalina cycle, due to its small size for operation as a waste heatryeanitgis the

cheapest unit, with about 4% of the total capital cost of the system.

3.3.3Parametric analysis

In this section, a detailed parametric analysis is carried out to assess the impact of key factors on
the performance of the hybrid system. It is Warbting that all parameters, except the urstedy

parameter, are kept constant as per the specifications listedlie3.1.

The effect of DNland solar exposure duration on critical parameters are shadwgure 3.6.
As shown inFigure 3.6 (a), greater DNI and longer solar exposure durations result in higher
guantities of supplied molten salt within the tank. Consequently, leveraging the increased capacity
of the molten salt can lead togher capacities for the SOEC and SOFC. Assuming equivalent
operational scales for the SOEC and SOFC, this improvement leads to corresponding
enhancements in their consumption and production rates. The increased operational scales of the
SOEC and SOFC yi@ more waste heat production and district heating, as represerigpiie

3.6 (b).
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Figure 3.6: The effect of direct normal irradiance and solar time on a) power consumption and generation of SOEC
and SOFC, b) charge and discharge district heating capacities.

FurthermoreFigure 3.7 (a) illustrates the impact of DNI and solar exposure duration on daily
hydrogen sales and the capacity of the hydrogen compressor. As deductedytrm8.6 (a), the
capacity of SOEC is increased at high DNIs and solar exposure durations, resulting in greater
hydrogen production and sales to hydrogen markets. In addition, as 8#Bgthe greater the

hydrogen production in the SOEC, the higher the power consumption of the hydrogen compressor.
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Figure 3.7: The effect of direct normal irradiance on a) hydrogen sale to the market and power consumption of
hydrogen compressors at various solar times, b) RTE, ERTE, and heat absorption in the solar unit.

Finally, how solar DNI alters RTE, ERTE, and heat absorption in the solar unit is presented in
Figure3.7 (b). Heat absorption within is directly grortional to DNI and escalates at higher DNI
levels. In addition, both RTE and ERTE exhibit a rising trend up to an optimal DNI threshold of

approximately 800, beyond which a marginal decline can be observed.
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Additional noteworthy parameters to assesstlagecurrent densities and temperatures of the

SOEC and SOFC units, which are illustrate®igure3.8 andFigure3.9.

Figure 3.8: The effect of current density and operating temperature of SOEC on a) power consumption and
generation of SOEC and SOFC, b) RTE, ERTE.

As presented ifrigure 3.8 (a), a reverse trend is observable between the power consumption of

the SOEC and the power generation of the SOFC at higher current densities of the SOEC. This
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