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Abstract
Abstract

Concerns over both environmental issues and about the depletion of fossil fuels have
acted as twin driving forces to the development of renewable energy and its integration
into existing electricity grids. The variable nature of RE generators greatly affects the
ability to balance supply and demand across electricity networks; however, the use of
energy storage and demand-side response techniques is expected to help relieve this
situation. One possibility in this regard might be the use of water electrolysis to produce
hydrogen while producing industrial-scale DSR services. This would be facilitated by the

use of tariff structures that incentive the operation of electrolysers as dispatchable loads.

This research has been carried out to answer the following question: What is the
feasibility of using electrolysers to provide industrial-scale of Demand-side Response for
grid balancing while producing hydrogen at a competitive price?

The hydrogen thus produced can then be used, and indeed sold, as a clean automotive
fuel. To these ends, two common types of electrolyser, alkaline and PEM, are examined
in considerable detail. In particular, two cost scenarios for system components are
considered, namely those for 2015 and 2030. The coastal city of Darnah in Libya was
chosen as the basis for this case study, where renewable energy can be produced via wind
turbines and photovoltaics (PVs), and where there are currently six petrol stations serving
the city that can be converted to hydrogen refuelling stations (HRSs). In 2015 all scenarios
for both PEM and alkaline electrolysers were considered and were found to be able to
partly meet the project aims but with high cost of hydrogen due to the high cost of system
capital costs, low price of social carbon cost and less government support. However, by
2030 the price of hydrogen price will make it a good option as energy storage and clean
fuel for many reasons such as the expected drop in capital cost, improvement in the
efficiency of the equipment, and the expectation of high price of social carbon cost.
Penetration of hydrogen into the energy sector requires strong governmental support by
either establishing or modifying policies and energy laws to increasingly support
renewable energy usage. Government support could effectively bring forward the date at

which hydrogen becomes techno-economically viable (i.e. sooner than 2030).



Declaration

Declaration

This is to certify that the work in this thesis consists of original work undertaken solely
by myself. Information taken from the published work of others has been referenced. The
material described in this thesis has not been submitted for the award of a higher degree

or qualification in any other university.
Abdulla Rahil

Leicester, 2018



Acknowledgments

Acknowledgments

First and foremost, | am grateful to Almighty God for enabling me to continue with this

hard journey.

A debt of gratitude must be paid to my supervisors Dr. Rupert Gammon and Dr. Neil
Brown for their support during the course of my PhD and for knowing when to direct

me and when to let me go my own way.

My acknowledgment would not have sense if I did not provide my thanks to my beloved
wife, {Asma}. You are the best wife in the world; I could not make this work without
your support. Also my children, Nasseb , Hoor and Sama. | would like to express my
deepest gratitude to my mother, Mabroka Saleh, for her support and love during my PhD
journey. Moreover, my father in other life, your prayers and belief in me have made this

journey possible.

Last, but not the least, I also wish to express thanks to my brothers, sisters and parents-

in-law all for their love, encouragement, patience and support over the years.

| gratefully acknowledge the funding source that facilitated my PhD work. | would like
to express my deep gratitude to the Ministry of Higher Education / Libya, the Libyan
cultural attaché /London and Omar Al-Mukhtar University/Libya for their support.


mailto:apd@dmu.ac.uk
mailto:apd@dmu.ac.uk

Table of Content

Table of Content Page
ADSTFACT. ... ii
DECIAIATION. ...t iii
ACKNOWIEBAGIMENTS ...t iv
LEST OF FIQUIES....oee et bbbt nn e n e Xii
LIST OF TADIES ... s XXVi
LiSt Of ADDIEVIBLIONS .......cooiiiiicc s XXXi
LiSt Of PUBIICALIONS ... s XXXIV
Chapter 1 INErOAUCTION ..o 1
1.1 2T T (o o] 3o S 1
1.2 Thesis @M aNd ODJECTIVES ......uvivieeeice ettt ne e eseeseeseenneas 3
13 L3 (T (o] o | OO SOO ST 5
1.3.1 DAt CONBCION. ....cveeiiiiiiiieee et 5
1.3.2 Research technique and t00IS ........c.coviiiiiiiieiece e 5
1.4 TRESIS SITUCTUIE ...ttt ettt b e r et b ettt b e 7
Chapter 2:  General Review of ENergy Storage.........ccccoovinininineieicceeeesesee e 10
2.1 INEFOAUCTION ...t 10
2.2 ENergy Storage MEthOOS. ......c.oiiiiieireiee st re e nrenns 11
2.2.1  Pumped hydroelectric energy storage (PHES) .......cccooiiiiiiiiinice e 12
2.2.2  Compressed air energy Storage (CAES) ..ottt 13
2.2.3  Hydrogen energy Storage (HES) ...cccoeiiiiiiiii s nne s 14
2.2.4  Thermal energy Storage (TES) .....eoieiiiieieie ettt ettt see e 15
2.2.5 Battery energy Storage (BES) ......oooiiiiiiiii e 15
2.2.6  Supercapacitor energy Storage (SCES).......ccviiirieriereiisesesesieseesee e e e e se s e nse e snens 18
2.2.7  Superconducting magnetic energy storage (SMES) ......ccccovvvvieiieieiine s 19
2.2.8  Flywheel energy Storage (FES) ..ot 20
2.3 Energy Storage apPliCatioNS .........cicviveieeie e nn 22
2.4 SUMMArY OF the ChAPTEN ......ccv e e 26



Table of Content

Chapter 3:  Overview of Hydrogen Storage Method .............ccccoviiiiiiininiin e 28
31 INEFOAUCTION ...t 28
3.2 Hydrogen production METhOUS. .......c.eiiiiii e 30

3.2.1 Hydrogen production from fossil fUBIS...........cccverieriiiii i 31
3.2.2  Hydrogen production using biological methods...........ccccovviviiirieie i 33
3.2.3  Hydrogen production frOm WALEK ...........cccooiiiiiiieie e 34
3.3 Hydrogen Storage MELNOAS ..........coeiieiiiiie ettt 37
3.3.1  Hydrogen COMPreSSiON SLOFAQE .....cveveruerrerieiteereeeesieseestesiesressesseeseeseesseseessessessesseeseessessessens 39
3.3.2  Liquid NYdrogen StOFAQE......cccviueeeeeeieriestesesteetee e esie e st e e e sre e e esee st sbesresresneenaeseensennenrens 39
3.3.3  PhySisSOrption iN CArDON .......cceiiiiiiie ettt ettt b e 40
KT I A O T o] 13l )Y/ [ o[- TSRS 41
KT TR T |V [=1 v L )Y | T =TSSR 41
3.4 HYArOGEN SAFELY ISSUBS ...ttt ettt bbb se ettt ee e e 43
35 Demand Side Response USiNg €lECIOIYSIS. ......c.uiiiiiieiie e 44
3.6 Large-scale and long-term Storage OPtioNS .......c..cvciveierereresie s 45
3.7 Economic aspects of large-scale Storage OptionS ..........cccoeieiiieiiiinicne e 47
3.8 SUMMArY OF the ChAPLEN ......couiiieie et 48

Chapter 4:  Water Electrolysis TEChNOIOQY ........cccooviiriiiniiiieneseeeesse e 49
41 INEFOAUCTION ...t 49
4.2 Electrolyser Cell arrangemeNTS...........ociiiiiii et 50
4.3 E LR CEIOIYSEE TYPES. . ettt bbb e bbbt b et e e e 53

4.3.1  AIKAINE BIECIIOIYSEI ... ...ttt st n e e e e e 53
4.3.2  Proton exchange membrane water electrolysis (PEM electrolyser) .........ccoovvvvevveverercninnnn. 55
4.3.3  Solid oxide electrolyte electrolysis (SOE).......ccccuaiiiiiiiiiiieiieie e 59
4.4 Electrolysis benefits and ChalleNges ... s 60
4.5 Electrolytic NYArOgEN COSE .....cviiiiiie e re e e 62
4.5.1  Capital COSt OF BIECLIOIYSEN ..ot e 62
4.5.2  Operational coSt O EIECIIOIYSEIS: ......oviiiieeiiei e e 65
4.6 SUMMArY OF the ChaPTEE: .....eii e sre e 68

Vi



Table of Content

Chapter 5:  Energy Production and Consumption, the Electricity Network and the

Renewable Energy Situation in LibYa..........ccccooiiiiiiiiic e 69
5.1 INEFOAUCTION ....veir ettt 69
5.2 The current situation regarding LibYan €Nergy..........cocooeoeiiiiieeiieiene e 70

5.2.1 The current situation regarding oil production in Libya..........ccoccoiiiiiiiiniiieccie 70
5.2.2  The current situation regarding natural gas in Libya.........ccccovvvveieiinienin s 72
5.3 Electricity production and consumption in LiDYa.........cccceieiiiiiiiiniiee e 73
5.4 Transmision network and constraints in LiDYa ... 76
55 Libyan environmental ISSUES .........ccververieriiriisieieseeeesie e ste e sresre e esee e sse e sresresneeneeseessenaesnens 79
5.6 Libyan electricity tariff and governments SUDSIAIES .........cccvveviveeriieie i 81
5.7 Renewable energy resources in Libya (current utilisation and future prospective) .................. 84
5.8 Motivation toward adoption of renewable energy in Libya.........ccccevevininnniinsiesieeiencne e 86
5.9 Applications of renewable energy resources as a power supply in Libya.......c..ccooevevinininnnnns 87
5.10  Current and potential future renewable energy projects in Libya.........cccccocviiiiiiiiiciicnnn 89
5.10.1 WiNA FAIM PIOJECLS ..ottt bbbt b et sae e 90
5.10.2 PV power plants in OPEIatioN..........cccoviiviieeeieeie e s ste et sae e sne s 90
5.10.3 PV power plants under CONSEIUCTION ........coueeuiiiiiieiiiese st 90
5.104 PV power plants in feasibility and negotiation Stages.........cccoevvreririeniiiniece e 90
5.11  Solutions to obstacles to renewable energy penetration in Libya.........cccccocviviveinicncicnnnennn, 90
512  SUMMAry Of the Chapter......oov i 91

Chapter 6:  System Design for Green Mountain Region ...........ccccoverereiniiniencneneneenens 93
6.1 INEFOTUCTION ...ttt b bbbt 93
6.2 Power demand in Green MOUNTAIN .........ccvriimiiiiieees e 94
6.3 Energy generation from renewable resources in Darnah ...........ccocvevvevenevenincesn e 95
6.4 Wind speed and power potential in Darnah ...........ccocoeiiiiiiiiiii e 97

6.4.1  WiINd data @NalySiS......cceiiiiiieiieieiee s nre s 97
6.4.2  Calculating the wind tUrbing POWET .........ccccviiiiiriere e 99
6.4.3  Statistical analysis Of Wind SPEEA...........coiiiiiiiiiii e 100
6.4.4  Solar irradiation and photovoltaic power potential in Darnah............c.ccocooniiiiieiencnenn 103
6.5 Sizing a wind turbine and solar photovoltaic cell ... 106

vii



Table of Content

6.6 L 1Yo [T =T g =Ty aT: T ol S 109
B.6.1  INFOTUUCTION ...ttt ettt an e ebenr e 109
6.6.2 Moving from fossil fuel to hydrogen fuel in Libya ... 111
6.6.3  Petrol Stations iN LiDYa.........ccviviiiiiie s 112
TGRS I 1) V7 T4 I (11=] N o] =T 113
6.6.5 Hydrogen consumption eStiMation...........ccooeiiiiiiiii it e 115
6.6.6  Fuel consumption in DArNah ..........ccccceiiiiiiireeice s 117

6.7 SUMMArY OF the ChAPTEN ......eiiciece e nne s 119

Chapter 7:  Investigation of Hydrogen Price under Different Electricity Tariffs......... 121

7.1 INEFOTUCTION ...ttt bbbt e bbb s 121

7.2 EleCtriCity tariff SITUCLUIE.......cv e 122

7.3 Hydrogen refuelling station (HRS) deSIgN .....cvoviieieiirieieceseee e 122

74 CoSt COMPONENT ASSUMPLIONS. ......eiuiieiitiite sttt sttt e e bbbt e e e seesbenae s 124
7.4.1 Capex of the HRS at the garage fOreCourts ...t 125
TA.2  FIXEU COSE ...ttt et 126
743 VAriADIe COSE.....coiiiiiiiiiece ettt r e 126

7.5 OPLIMISALION ...ttt ettt bbbttt e b e be e b et e s bt et e e e eneeseenbenbe b 128

7.6 HRS simulations With PEM €leCtrolySiS.......c.coeiiriiiiiirieieeeeriee s 130
7.6.1  2015-COSt SCENAIIO .....vevirerieriireereeie ettt 130

7.6.1.1  Standard Continuous scenario (all day tariff 12 p/KWh) .......ccccoiiiiiiiiiiii 130
7.6.1.2  “2-Tier Continuous”, OPErating SCENAIIO .......ccuvvieeveeerieriesiesiesresesreereeseeneeseeseeseenes 134
7.6.1.3  “Off-peak ONly” SCENAMO .....ccvieiiieieeieece ettt e e sre e 139
7.6.2  2030-COSEt SCENAIIO .....euverietiireieiesteeeie sttt sttt sttt sr e bt sb et b e ab et sb e e bt sn e enenre e 144
7.6.2.1  Standard Continuous scenario (all-day tariff of 12-p/kWh) ........ccccoiiiiiiiiinnnn 144
7.6.22  “2-Tier Continuous”, OPErating SCENAIIO ........ccvvviveeveeeriereesesesreseseereeseeseeseeseesee e 147
7.6.2.3  “Off-peak ONlY” SCENAMO .....couiiuiiiiiieiieiee et 151

7.7 HRS simulations with alkaling eleCtrolySis ..ot 155

771 2015-COSt SCENAIIO ...v.vvirerieiireereere ettt nr e 155
7.7.1.1  Standard Continuous scenario (all day tariff of 12 p/kWh) ........ccccovevvevirciciinnninn, 155
7.7.1.2  “2-Tier Continuous”, OPerating SCENAIIO .........ceerirereriie e 155

viii



Table of Content

7.7.1.3  “Off-peak ONly” SCENAMO .....ecvvivviirieeieece sttt e e sre e 156
7.7.2 2030-COSEt SCENAIIO .....everietiireieiesteieie ettt ettt r ekt sr e bt bttt sb e et sr e b sn e eneane e 156
7.7.2.1  Standard Continuous scenario (all day tariff 12 p/KWh) ........cccooniniiiiiiicic 157
7.7.2.2  “2-Tier Continuous”, OPErating SCENAIIO ........ccvvvieeveieriereesieseesresresreereeseeneeseeseeseeans 157
7.7.2.3  “Off-peak ONly” SCENAMO .....ccvvieriieieeieiece ettt sre e 158

7.8 SUMMArY OF the ChAPLEN ..o e 159

Chapter 8: Techno-Economic Analysis of Dispatchable Operation of Multiple

Forecourt Electrolysers for Demand Side Response and Hydrogen Fuel Production...... 162
8.1 INEFOAUCTION ..ottt 162
8.2 2015-Cost scenario with alkaling eleCtrolYSers.........coiviviirieiieieeiere e 163

8.2.1 Onsite garage forecourts without central electrolyser (LAE SC. 1) ....cccovviirenierinienenienn 165
ST O R V) (114 ST 4 T S 166
ST Y =Y o o 0 1] SR 168
8.2.1.3  Electricity pricing MeChaniSm ...........cccooiiiiininiiiniieie e 168
8.2.1.4  AsSesSmMeNt OF the SCENAITO .........eoviiiiiiiiic e 172

8.2.2 Increased size Of HRS COMPONENES .....c.vevvirivireieicie e sie e ste et 177

8.2.3 Adding a large alkaline central electrolyser to the SYStem .........ccccceverinieniniiniiie e 184
8.2.3.1  Methodology Of the SYSIEM ........cciiiiiiie e 184
8.2.3.2  SIZING the SYSIEM ..oviiiiieeee ettt re et ee e e 185
8.2.3.3  Alkaline central electrolyser sizing based on the production side........c...cccccocvrirnene. 186
8.2.3.4  Alkaline central electrolyser sizing based on the consumption side...............cccc...... 198

8.3 2030-Cost scenario with alkaling eleCtrolYSers........ccoiviviiriviieieice e 203

8.3.1 Only garage forecourts without central electrolyser (LAE SC. 16) ......cccovvevevevecreienenennn, 206

8.3.2  Increased Size Of HRS COMPONENTS ........oiuiiiiiiiiiiiiie et 210

8.3.3 Adding a large alkaline central electrolyser to the SYStem .........ccccceviriiiinininiiie e 216
8.3.3.1  Alkaline central electrolyser sizing based on the production side............ccccccevvvrenne. 216
8.3.3.2  Alkaline central electrolyser sizing based on hydrogen consumption....................... 224

8.4 2015-Cost scenario With PEM €leCtrOIYSEIS .......cvoiiiiiiiiiiesiteiie e 229
8.4.1 Only garage forecourts without central electrolyser (PEME SC. 1)......ccccceoveiviveereiennnennn, 233
8.4.2 Increased size Of HRS COMPONENES .....c..oiiviiiieieiiie s e ettt 235



Table of Content

8.4.3 Adding a large central electrolyser t0 the SYStem ........ccccvvvvveieeicre i 241
8.4.3.1  PEM central electrolyser Sizing based on the production side ..........ccccooeiiiiiennne 241
8.4.3.2  PEM central electrolyser sizing based on the power consumption side ................... 249

8.5 2030-Cost scenario With PEM €leCtrOIYSEIS .......cveivirieieiisese e s sne s 254

8.5.1 Only garage forecourts without central electrolyser (PEME Sc. 16).......c..cccovevvrverennnnnnn 256

8.5.2  Increased Size Of HRS COMPONENES ........oiiiiiiiiiiiiiie ettt e 259

8.5.3 Adding a large PEM central electrolyser to the SyStem..........cccovvevviirvviviinsieeece e 263
8.5.3.1  PEM central electrolyser sizing based on the production side...........cccccevevervrnrenn. 264
8.5.3.2  PEM central electrolyser sizing based on the power consumption side .................... 271

8.6 SUMMArY OF the ChAPLEE ......cc.i e 277

Chapter 9: Techno-Economic Analysis of Dispatchable Operation of Central

Electrolyser for Demand Side Response and Hydrogen Fuel Production......................... 278
9.1 INEFOAUCTION ..ottt 278
9.2 COSt OF The SYSTEIM ...ttt e b e bbbt et seesae st nae s 279
9.3 2015-Cost scenario for Alkaling electrolySiS...... ..ot 279

9.3.1 Sizing of the central electrolyser and the HRSS...........cccooviviiiiicie i 279
9.3.2  Alkaline central electrolyser and garage forecourts asseSSMents ..........cocevveeeereereienennenn 282
9.4 2030-Cost scenario for alkaling electrolySiS ..........cooviiiiiiiiiiiee e 293
9.4.1 Sizing of the central electrolyser and the HRSS...........cccoiviiiiiiicie i 293
9.4.2 Alkaline central electrolyser and garage forecourts asseSSMeNtS .........ccocvvvevereeriereenereenns 294
9.5 2015-Cost scenario for PEM eleCtrOlYSIS ........covcieiiiriiiiiieiieiie e 295
9.5.1 Sizing of the central electrolyser and the HRSS...........cccooviiviiiiicnc i 295
9.5.2 PEM central electrolyser and garage forecourts asseSSMENtS...........ccevvvvrveververiereenenennns 297
9.6 2030-Cost scenario for PEM €leCtrOlYSIS ........covciiiiriiiiiiesieie e 299
9.7 Potential economic benefits of previous scenarios through CO; reduction..............ccccceeuee. 308

9.7.1 CO; emission reduction and associated benefits (reduction in fossil use due to renewable

energy integration iNto the grid) ... 309
9.7.2  Exporting crude oil instead of stopping production ...........c.ccceveiiieniiiene s 317
9.8 SUMMArY OF the ChAPLEE ......cc.i e 320



Table of Content

Chapter 10: Comparison of Decentralised and Centralised Hydrogen Production
Results 322

0 TR A 1o Yo o1 o 322

10.2  Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 1) versus 2,383 kg/day
(Cen. LAE Sc. 1) and 6,410 kg/day (Cen. LAE Sc. 4) central alkaline electrolysers without electrolyser
At HRSS (2015-COSt SCENAIO) ... c.veteteitietieeeie st ste sttt te e esee st st e bbb e s st e st e e e besbesaesbesseeneaneeneeseeseennas 322

10.3  Double-sized electrolyser (LAE Sc. 2) and Triple-sized electrolyser (LAE Sc. 5) versus 2,383
kg/day (Cen. LAE Sc. 1) and 6,410 kg/day (Cen. LAE Sc. 4) alkaline central electrolysers without
electrolyser at the HRSS (2015-C0OSt SCENAIIO) ....ecvviveiurerieieiesiesiesesieeeseeie e ste e sre e sne e e sae e seesrenes 326

10.4 Combination of HRSs and 1,098 kg/day (LAE Sc. 6), 4,853 kg/day (LAE Sc. 9) alkaline central
electrolysers versus 2,383 kg/day (Cen. LAE Sc. 1), 6,410 kg/day (Cen. LAE Sc. 4) alkaline central
electrolysers without electrolyser at the HRSs (2015-C0St SCENAI0) .....cvevververierierierieieeiereesie e sreeas 330

10.5 Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 16) versus 2,383 kg/day
(Cen. LAE Sc. 5) and 6,410 kg/day (Cen. LAE Sc. 8) central alkaline electrolysers without electrolyser
At HRSS (2030-COSt SCENAIIO) ... c.veterteitietieieie st ste sttt e et st e bbb esse e s e e e sbesbesaesbesseene e e eneeseeseennas 334

10.6  Double-sized electrolyser (LAE Sc. 17) and Triple-sized electrolyser (LAE Sc. 20) versus 2,383
kg/day (Cen. LAE Sc. 5) and 6,410 kg/day (Cen. LAE Sc. 8) alkaline central electrolysers............. 337

10.7  Combination of HRSs and 1,098 kg/day (LAE Sc. 21), 4,853 kg/day  (LAE Sc. 24) alkaline
central electrolysers versus 2,383 kg/day (Cen. LAE Sc. 5), 6,410 kg/day (Cen. LAE Sc. 8) alkaline

central electrolysers without electrolyser at the HRSs (2030-Cost SCENAri0) .......ccccceerveieieeieieniene. 340
10.8  Comparison of CO2 reduction DENEFItS..........coiieiiiiiii e 344

10.8.1 Alkaline financial benefits due to renewable energy and hydrogen fuel deployment (2015-
AN 2030-COSt SCENATIOS) .vuveuveivrarearreriesiestestesresseseeseeseetessessessesseaseaseassessessessessessesseaseeseesseseessensenns 344

10.8.2 PEM financial benefits due to renewable energy and hydrogen fuel deployment (2015- and

2030-COSt ASSUMPLIONS) ..veeiieteite ettt etie ettt sttt et se et st e bt et e e et e b e ebesbesaeabeaneeneeseesaenee e 347

10.9  SUMMary Of the ChaPLEr......cccvcieece e nre s 350
Chapter 11: Conclusions and fFULUre WOTK ...........ccocoiiiiiiiiiisee e 352
11.1  Reflection on the rESEAICN.........cciiiieier e 352
11.2  Contribution t0 KNOWIEAGE .......coviiiiii e 355
11.3  Limitations Of thiS WOTK.........ooiiiiiiiiiiiicree e 357
L4 FULUE WOTK. .ottt n e 358
RETEIEINCES ...ttt 361

Xi



List of Figures

List of Figures

Page
Figure 2.1: Annual cost versus hours of storage for different energy storage techniques.........c.ccccecvvenene 11
Figure 2.2: [lustration 0f the PHES PrOCESS.......ccveieiuireieiteseseeiesiestesestesteseesaesaessesaesaessesseenaesaensesseseens 12
Figure 2.3: Main sections 0f @ CAES PIANT.........oiiii e 13
Figure 2.4: TES system integrated with wind power generation...........cocooereririeieie e 15
Figure 2.5: Battery energy storage SYStem OPEIration ............ccoeoireeiieiierieie et 16
Figure 2.6: Schematic diagram of @ Li-ion DAttery..........ccocovviiiiiiecieic e 18
Figure 2.7: Double [ayer SUPEICAPACITONS . .......veiueieeeeieiesiesiesresteseesseeestesteseessesseeseeseessesaesressesresneeseeseesees 19
Figure 2.8: Superconducting magnetic €NErgy StOFAGE .......ccvveererieeieieeriesiesesreseeeeseessesre e sresreeseeseeseeses 20
Figure 2.9: Flywheel energy StOrage SYSIBM .......ccveveieieriesie et seet et e et re e et ste e e eseesnenes 21
Figure 2.10: Comparison of discharge time vs. system power rating for ESSs (Luo et al., 2015)............ 25
Figure 2.11: Comparison of capacity of rated energy vs. rated power with period of discharge for ESSs.25
Figure 3.1: Content of heating energy by mass of many types of fuel ..., 29
Figure 3.2: VVolume of different fuels occupies for producing 1 GJ of energy........cccoceeeeeieiinenieeienenne. 30
Figure 3.3: Hydrogen production based on energy sources(Hassmann and Kiihne, 1993; Nikolaidis and
POUITIKKAS, 20170 ueitiiteitretietestesiestesteste e e e et s e testestaesees et et e besteeteeseesee e et e eeabeareaneenee e enseneeseeareanaeneas 31
Figure 3.4: Water EISCIIrOIYSIS GBVICE .....cviiiieiesi sttt ettt sttt s renre e eneas 36
Figure 3.5: Diagram of hydrogen Phase.........cccoceiiiiiiiesiece ettt enees 38
Figure 3.6: Capacities of hydride RYArOgeN ..o 42
Figure 3.7: Most suitable timescales for large-scale storage Options .........cccoceveiirenciineneiesesecsee e, 47
Figure 3.8: Costs (range) for storing one KWh electric POWET ........ccccoviireiieneiineneesesee e 48
Figure 4.1: Water electrolysis diagram(Gandia, Arzamend and Diegnez, 2013)........cc.ccocevvreneiencninennen. 50
Figure 4.2: Monopolar cell arrangement(Carmo et al., 2013)......ccccccviviieiieiieieie e 51
Figure 4.3: Bipolar cell arrangement(Carmo et al., 2013).......ccceieiiiirieieeieeieee e e e see e 51
Figure 4.4: Principle operation of alkaline electrolyser(Godula-Jopek, 2015).......c.ccccceviiveivniveiereniniennnns 53
Figure 4.5: Principle operation of PEM (Godula-Jopek, 2015)..........ccciiiiiiiieiieiene e 56
Figure 4.6: Principle operation of solid oxide electrolyte electrolysers (SOE)(Godula-Jopek, 2015) ....... 59
Figure 4.7: Current and future expected capital cost of alkaline and PEM systems (Bertuccioli et al., 2014)
.................................................................................................................................................................... 64
Figure 4.8: Current energy consumption and future expected consumption of alkaline and PEM systems
[(2T=T ot To LI =1 = P 0 TSR 65
Figure 4.9: Hydrogen price cost (£/kg) at on-peak (£0.12/KMWh) ......c.coeiiiiiieiesieece e 67
Figure 4.10: Hydrogen price cost (£/Kg) at £0.07/KWHh.........cccoviiieiiee e 67
Figure 4.11: Hydrogen price cost (£/kg) at off-peak (£0.05/KWh).........cooiiiiiiiiieee e 67
Figure 5.1: Top African countries by proven reserves of crude 0il, 2014 ..........ccoooieiiiiiieniieeeee e, 69
Figure 5.2: Top African countries by proven reserves of natural gas, 2014.........ccocevereiiieiinienieeienen, 70

xii



List of Figures

Figure 5.3: Libyan crude oil production, Jan/2011-NOV/2014. ..........ccccioiiiiiiiieiene e 71
Figure 5.4: Libyan oil reserve diStriDULION. .........ccooiiiiiii e 71
Figure 5.5: Libyan oil production and consumption (1980-2013) (U.S. Department of Energy, 2014). ... 72
Figure 5.6: Production and consumption of natural gas in Libya (2000-2013) (U.S. Department of Energy,

2004 e R Rt r s 72
Figure 5.7: Libyan energy load growth rate (2003-2012) (GECOL, 2012) .....cccovevrevievereresreeeierie e 74
Figure 5.8: Forecasting Libyan load growth rate (2013-2020) (GECOL, 2012).......ccceeeiirerirenieieieenn. 74
Figure 5.9: Electricity consumption in percent by sector in Libya (2010) (GECOL, 2010). ........ccccueneeee. 75
Figure 5.10: Libyan Electricity generation (MWh) in 2010(GECOL, 2010)......cccceeeiieriniieniireneeieieene 75
Figure 5.11: Electricity generation by fuel type in Libya 2010(GECOL, 2010). ......ccceoerererireneeieeenn. 76
Figure 5.12: The new Libyan transmission system and outlines what is existing and under construction
(DAIOUD, 2007) ..ot 77
Figure 5.13: Exsisting 200-kv and 400-kv in Libya and the interconnection with neighbour countries
(D110 A0 OSSP S UPPTRPRPRS 78
Figure 5.14: Libyan 10Cation 0N the MaP ......cooieiiie et s eneas 84
Figure 5.15: Annual average solar irradiance estimates for LiDya ..........cccccooeriiiiiiiiiiieiiicre e 85

Figure 5.16: Deployment of renewable energy sources as planned by the Renewable Energy Authority in

(I )7 OSSO PTORSTTPSPR TR 87
Figure 5.17: Average wind SPeed iN fOUF CITIES. .......viviiiieeieiece e ene s 88
Figure 5.18: Mean annual solar irradiance in various regions in Libya. .......c.ccccccvivviviiviieinncsiesesnseanns 89
Figure 6.1: Libyan load density (2000-2007).........ccceieiereieeieereesiesiessesesseeeessessessessessessessesssessessessessessens 93
Figure 6.2: Green Mountain daily demand ............ccooiiieiiiiiii e 94
Figure 6.3: Darnah’s 10Cation iN LIDYA ..........ccooiiiiiiiee e 95
Figure 6.4: General overview Of the CONCEPT ..ot 96
Figure 6.5: Research system as a part of the Libyan electricity grid.........c.ccoooviineniininninenecee 96
Figure 6.6: Hourly wind speed at different heights (10 m and 80 m) in Darnah, Libya, in 2013............... 98
Figure 6.7: Wind turbine power curve With Wind SPEEA. ........c.coveiieiiiiiesiceseee e 99
Figure 6.8: Yearly energy from one turbine (hourly pattern).........cccccocvvviviisicie i 102
Figure 6.9: Daily energy production for one turbine throughout the year...........ccccccoovvivviviiicicscce 102
Figure 6.10: Annual average solar irradiance estimates for Libya..........ccooeiriiniiiieniie e 103
Figure 6.11: Hourly solar irradiance in Darnah, LiDYa ... 104
Figure 6.12: Hourly AC energy produced from 14 MW PV energy SYStem .........cccocevirienenienieieneenens 105
Figure 6.13: Daily AC energy produced from 14 MW PV energy SYSteM ........ccccoerenerenenesieeieeneennene 106
Figure 6.14: Proposed SiZiNG SYSIEM SEEPS ....cviverierieriesestrseseeeesiese e stestessearaeaesaesresseseessesressseseeseesenes 107
Figure 6.15: Green Mountain daily demand in contrast with energy production after sizing process..... 108
Figure 6.16: Daily surplus energy after the comparison between demand and supply .......cccccevevveriennnne. 109

Figure 6.17: Percentage of energy consumption in the transportation field as a fraction of total demand of

L]0 T=] £ ) TP ROP U U URTPRTPRR 110

Xiii



List of Figures

Figure 6.18: Libyan population and population growth rate between 1985 and 2050 ...........cccccevevuennene 110
Figure 6.19: Some examples of petrol stations iN LiDYa .........cooeieiiiiiniiiiieeee e 112
Figure 6.20: Distribution of Alrahila and Sharara stations in Libya (The National Oil Corporation (NOC),
2007 oottt E R R Rt R et n s 113
Figure 6.21: Comparison between Libyan subsidies and spending on other Services.........cccccoeeverernenn. 113
Figure 6.22: Fuel subsidy as a percentage of total cost in various COUNLIES.........cccevvvvveeeeieeriereenieneens 114
Figure 6.23: Fuel prices in VArioUS COUNTIIES .........coiiiiiriieeeieie ettt st ee e 114
Figure 6.24: Petrol station locations in Darnah, LiDYa..........cccooiiiiiiiiineiieeee e 117
Figure 6.25: Gasoline consumption for all fuel stations (Kg/year) ........cccooeeeiieii i 117
Figure 6.26: Several days’ fuel consumption in StationS 1 10 6..........ccoceviriiieiiiniie e 118
Figure 6.27: Hydrogen consumption per station (KQ/YEar).........ccccvveiierireiieieeieie et 118
Figure 6.28: Several days’ hydrogen demand for fuel stations 10 6........cccccevvvviereieniice s 119
Figure 7.1: Hydrogen filling Station PArts .........ccccceiereiieiisieseeieses et s 123
Figure 7.2: Summary of the SYStemM COSE PIOCESS ......ocveiueieirieriiarieiieie ettt 127
Figure 7.3: Overall of the system when standard tariff is applied...........ccoooooiiiiiiiiie 131
Figure 7.4: Hydrogen production per electrolyser throughout the year when Standard Continuous scenario
iS apPlied (2015-COSEt SCENAITO) ... c.eiviiiiiitirieiiitest ettt bbbttt bbb bbb 132
Figure 7.5: Hydrogen in tank per electrolyser throughout the year when Standard Continuous scenario is
apPlied (2015-COSt SCENAIIO) ...eveiueerieeeieriestes e stestese e e e st e testestesrease e e e e e seesbesbesaesteeseenseseessesteseesresneanens 132
Figure 7.6: Total hydrogen production and consumption throughout the year ..........cccccoeeveviiieivcnnenn, 133
Figure 7.7: Hydrogen cost breakdown per kilogram at each HRS when Standard Continuous scenario is
.................................................................................................................................................................. 134
Figure 7.8: Overall system in 2-Tire Continuous scenario (2015-CoSt SCENArI0) .........cccvvvrervrerieriniennen. 134
Figure 7.9: Cumulative on-peak energy consumption for each HRS............ccooiiiiiniiiincneee, 136
Figure 7.10: Cumulative off-peak energy consumption for each HRS .............cooeoiiiiinininnneee 136

Figure 7.11: Hydrogen production throughout the year when 2-Tire Continuous scenario is applied (2015-
(@01 BESTeT=1 1 -V ) SR 137
Figure 7.12: Storage variation throughout the year for all garage forecourts when 2-Tire Continuous
scenario is applied (2015-COSt SCENAIIO).....cuciuiieiiieiiseereeiestestestestese s e e e et esbeseesbe e sseereeseeseeseeseesressens 137

Figure 7.13: Hydrogen cost breakdown per kilogram at each HRS when 2-Tire Continuous scenario is

APPlIed (2015-COSt SCENAIIO) .....veeetiiteitietieeeie sttt e sttt et e e b e sbe bt s be bt ese e e enbeseesbesbesbeebeaneeneeseenbenbesaeas 138
Figure 7.14: Overall system in Off-peak only scenario (2015-C0St SCENAII0) ......coverververerererieieenieneenn 139
Figure 7.15: Total energy consumed via garage forecourts throughout the year when Off-peak Only is
Yo o] LT=To I OO O ) AT =T o 14 T ) SRS 140
Figure 7.16: total hydrogen production and consumption throughout the year when Off-peak Only is applied
(O o1 AR Tot o g o) OSSR 141
Figure 7.17: Hydrogen production per electrolyser throughout the year when Off-peak Only is applied
(0N o oL ot o g o) ISR 141

Xiv



List of Figures

Figure 7.18: Storage variation throughout the year for all garage forecourts when Off-peak Only is applied
(0N oL ot o g o) USSR 142
Figure 7.19: Hydrogen cost breakdown per kilogram at each HRS when Off-peak Only is applied (2015-
(@001 ot 4T T o) SN 143
Figure 7.20: Hydrogen production for each electrolyser throughout the year (Standard Continuous under
B0 O oS A=) - LT ) OSSN 144
Figure 7.21: Hydrogen in tank for each HRS throughout the year (Standard Continuous under 2030-cost

Lot g T o) ISR 145
Figure 7.22: Total hydrogen production and consumption throughout the year ...........cccccooeieieieiennne 146
Figure 7.23: Hydrogen cost breakdown per kilogram at each HRS (Standard Continuous under 2030-cost
LYol 0T g o) PSSO 147
Figure 7.24: Cumulative on-peak energy consumption for each HRS.........c.cocooeii i 148
Figure 7.25: Cumulative off-peak energy consumption for each HRS ..o 148

Figure 7.26: Hydrogen production throughout the year (2-Tier Continuous under 2030-Cost scenario) 149
Figure 7.27: Variation in hydrogen storage levels throughout the year for each forecourt (2-Tier Continuous
UNAET 2030-COSE SCENAITO) .....vevieteeueeuieieeete it et te it eteeeetestesbestesaeate e e eseeseeebesbesbeebeaseaseeneenbeseeseeabesneereanens 149
Figure 7.28: Hydrogen cost breakdown per kilogram at each HRS (2-Tier Continuous under 2030-Cost
Yot 1T g o) SRS 150
Figure 7.29: Total energy consumed via garage forecourts throughout the year (Off-peak Only under 2030-
(@001 BETot=T 1 - Vg o) OSSR 151
Figure 7.30: Total hydrogen production and consumption throughout the year (Off-peak Only under 2030-
COSE SCENMANTO) ..ttt sttt ettt etttk b etk sb ekt b et ekt e bbbt e bt ek e b e eb e eb e e ekt e b e e ekt eb e b ekt e b e b ek e nb e ebenb e ebennas 151
Figure 7.31: Hydrogen production per electrolyser throughout the year (Off-peak Only under 2030-cost
KoL) oL 1) T T OSSP TSP PP PEUPTPPTPEPPTPRTPUPPRTN 152
Figure 7.32: Variation in hydrogen storage levels throughout the year for each forecourt throughout the
year (Off-peak Only under 2030-COSt SCENAIIO) .....vvivveeeieriiriesiesreseseeieseeste e sresresreereeseeseeseesresresresrennes 152
Figure 7.33: Hydrogen cost details per HRS per kilogram (Off-peak Only under 2030-cost scenario)... 153

Figure 8.1: Overall system process when Onsite garage forecourts without central electrolyser scenario

.................................................................................................................................................................. 166
Figure 8.2: Daily hydrogen demand for HRSs 1 to 6 throughout the year............c.ccocccoiiiiiiiiice, 167
Figure 8.3: Electricity pricing mechanism diagram when the onsite alkaline electrolysers operates without
central electrolyser (LAE Sc. 1) (2015-CO0St SCENAIIO).....cveuvivirreieriirieiistinieiesieneesesie s s 170
Figure 8.4: The electricity tariff mechanism for selected days of the year (2015-Cost scenario) ............ 171
Figure 8.5: Daily electricity settlement price over the year when garage forecourts operate without central
electrolyser (LAE Sc. 1) (alkaline, 2015-COSt SCENAIIO) .....c.civerierierirreieeeeeeiesesiesesresresseeseseessessessens 172
Figure 8.6: Daily investment COSt CAlCUIATION ..........cccviieieiiiiees e 172

Figure 8.7: Total surplus energy versus energy consumed at the garage forecourts when garage forecourts

operate without central electrolyser(LAE Sc. 1) (alkaline, 2015-C0St SCENANI0) .....ccvevververieeieiieiieiieens 173

XV



List of Figures

Figure 8.8: Total annual hydrogen demand and production when garage forecourts operate without central
electrolyser (LAE Sc. 1) (alkaline, 2015-COSt SCENAIIO) .....c..ervirurreiriirieriieieeeeie e sie et ee e see e saen 173
Figure 8.9: Hydrogen cost breakdown per kilogram at each HRS under Onsite electrolysers at garage
forecourts without central electrolyser (LAE Sc. 1) (2015-C0St SCENAIIO ) ..cvvevevvervevieririreiereeie e 175
Figure 8.10: Variation in hydrogen storage levels throughout the year for each forecourt of previous
SCENANIO ..ttt ettt e s s e R Rt e R R E e R R e R R e R AR R R R e R Rt n s 177
Figure 8.11: The electricity pricing mechanism for selected days of the year double-sized default
electrolyser (LAE ScC. 2) (2015-COSt SCENAIO ) ..cuveveruerterieeiieieniesie st sie st eteeeesee e stesbesaesbesseeneeseeseeseeseens 178
Figure 8.12: Daily settlement price over a year for double-sized default electrolyser LAE Sc. 2 (2015-
L0001 ot o - T o B RSOSSN 179
Figure 8.13: Hydrogen demand and production throughout the year for each HRS (LAE Sc. 2)............ 179
Figure 8.14: Hydrogen cost breakdown per kilogram at each HRS for double-sized default electrolyser
(LAE SC. 2) (2015-COSt SCENAIIO) ....c.veiveireauiareeieiestestesiessesseaseesaessessessessessesssasesssessessessessessessesssessessessenes 181
Figure 8.15: Variation in hydrogen storage levels throughout the year for each HRS (LAE Sc. 2) ........ 182
Figure 8.16: Daily settlement prices for different storage size (triple-sized alkaline electrolyser under 2015-
L0001 ot o - T o) TSRS TRTURPR USSR 182
Figure 8.17: Remaining surplus energy after supplying garage forecourts, as compared with the different
R P4l [=To1 1 (0] =] PSS 186
Figure 8.18: Electricity pricing mechanism for one day when alkaline central electrolyser operates under a
different electricity settlement price to the HRSs (2015-C0St SCENATIO) ......ccvivveverieieriesirreseeeseeieneens 188
Figure 8.19: Electricity pricing mechanism for certain selected days when alkaline central electrolyser
operates under a different electricity settlement price to the HRSs (2015-Cost SCeNario) .........ccceverveeene 189
Figure 8.20: Hydrogen production of central electrolyser under different electrolyser sizes when alkaline

central electrolyser operates under a different electricity settlement price to the HRSs (2015-Cost scenario)

Figure 8.21: Daily variation of Hydrogen level in storage tank throughout the year using different sizes of
electrolyser when alkaline central electrolyser operates under a different electricity settlement price to the
HRSS (2015-COSt SCENAIIO) ....veuveviiviieiteereeieeiestestestesseateeeesteseestesteaseaseeseeseeseessestesseaseaseenseseessentesseasenseans 191
Figure 8.22: One day of electricity pricing mechanism when the central electrolyser runs under the same
settlement electricity price as the HRSS (2015-COSt SCENAIIO).......c..cvrverieirerieinieieiese e 193
Figure 8.23: Electricity settlement prices to the HRSs and to the central electrolyser when the central
alkaline electrolyser runs under the same settlement electricity price as the HRSs (LAE Sc. 11).......... 194
Figure 8.24: HRSs and alkaline central electrolyser hydrogen production throughout the year when the
central electrolyser runs under the same settlement electricity price as the HRSs (LAE Sc. 11 ) (2015-Cost
Yot 1= g o) SRS 194
Figure 8.25: Daily variation of Hydrogen level in storage tank throughout the year when the central

electrolyser runs under the same settlement electricity price as the HRSs (LAE Sc. 11) (2015-Cost scenario)

XVi



List of Figures

Figure 8.26: Hydrogen imported by HRSs throughout the year when the central electrolyser runs under the
same settlement electricity price as the HRSs (LAE Sc. 11) (2015-Cost SCENArio) ..........cceeeervereererenncns 195
Figure 8.27: Electricity settlement price for the garage forecourts and central electrolyser when alkaline
central electrolyser operates under a different electricity settlement price to the HRSs (LAE Sc. 10) (2015-
(@01 BEot o T T o) OSSN 198
Figure 8.28: Alkaline central electrolyser hydrogen production throughout the year when central
electrolyser operates under a different electricity settlement price to the HRSs (LAE Sc. 10) (2015-Cost
R0t 01U o) RPN 199
Figure 8.29: Daily variation of Hydrogen level in storage tank throughout the year when alkaline central
electrolyser operates under a different electricity settlement price to the HRSs (LAE Sc. 10) (2015-Cost
011 11 0) RSN 199
Figure 8.30: Daily electricity settlement price for HRSs and central electrolyser throughout the year when
central electrolyser operates under the same electricity settlement price as the HRSs (LAE Sc. 15) (2015-
LOTa T ot o T o) RO USUSRTUN 200
Figure 8.31: HRSs and alkaline central electrolyser hydrogen production throughout the year when the
central electrolyser operates under the same settlement electricity price as the HRSs (LAE Sc. 15) (2015-
LOLa T ot o T o) RSSO 201
Figure 8.32: Daily variation of Hydrogen level in storage tank throughout the year when the central
electrolyser operates under the same settlement electricity price as the HRSs (LAE Sc. 15) (2015-Cost
R0t 1= ) OSSN 201
Figure 8.33: Percentage of imported hydrogen in each scenario (LAE Sc. 10 and LAE Sc. 15) as a

proportion of the total delivered NYArOgeN .........c.coi i 202
Figure 8.34: All scenarios options under 2030-C0oSt SCENAITOS ...........cccoviriririiiciiinee e 203
Figure 8.35: Daily electricity price throughout the year (LAE Sc. 16) (2030-Cost scenario)................ 207
Figure 8.36: Comparison between electricity prices for this case in both the 2015- and 2030-Cost scenarios
(LAE SC. 1 aN0 LAE SC. 16) ....eiiueiiiireierisieieesrese sttt nn e 207
Figure 8.37: Hydrogen production versus hydrogen consumption for each garage forecourt (LAE Sc. 16)
.................................................................................................................................................................. 208
Figure 8.38: Hydrogen cost breakdown per kilogram at each HRS (LAE SC. 16)........ccccvevvvivivevieriennenn, 209
Figure 8.39: Daily electricity settlement price over a year of Double-sized default electrolyser test (LAE
Lo 1 TSSO PRP PR 211
Figure 8.40: Hydrogen production versus hydrogen CONSUMPLION ........cccoorerierinenenisenenise e 211

Figure 8.41: Investment cost as a proportion of the total hydrogen cost for the 2015- and 2030- Cost
SCENArios (LAE SC. 2 aN0 LAE SC. 17) .ouiii ettt sttt sne e e 212

Figure 8.42: Storage variation throughout the year (1.5 times higher than nominal storage size (LAE Sc.

XVii



List of Figures

Figure 8.44: electricity settlement price to the central electrolyser and garage forecourts when alkaline
central electrolyser operates under a different electricity settlement price to the HRSs (LAE Sc. 21) (2030-
LOT0TS BEot 4T T o) SN 217
Figure 8.45: Hydrogen production of central electrolyser under different electrolyser sizes when alkaline

central electrolyser operates under a different electricity settlement price to the HRSs (2030-Cost scenario)

Figure 8.46: Daily variation of Hydrogen level in storage tank throughout the year when alkaline central
electrolyser operates under a different electricity settlement price to the HRSs (2030-Cost scenario)... 218
Figure 8.47: Electricity settlement prices for both HRSs and central electrolyser when the central

electrolyser runs under the same settlement electricity price as the HRSs (LAE Sc. 26) (2030-Cost scenario)

Figure 8.48: Comparison between the electricity price for LAE Sc. 11 and LAE Sc. 26 when central
electrolyser when the central electrolyser runs under the same settlement electricity price as the HRSs221
Figure 8.49: Daily hydrogen production throughout the year of the HRSs and Central electrolyser (LAE Sc.

26) when the central electrolyser and HRSs operates under the same settlement prices (2030-Cost scenario).

Figure 8.50: Daily variation of Hydrogen level in storage tank throughout the year when the central
electrolyser runs under the same settlement electricity price as the HRSs (2030-Cost scenario) ........... 221
Figure 8.51: Electricity settlement price to the garage forecourts and central electrolyser (Sizing based on
the consumption side and 2030-COSt SCENATIO) .....c.vevverveiuerereeieiesiesese e se e ee st e see e sre e sreereeeeseeseenes 224
Figure 8.52: Alkaline central electrolyser hydrogen production throughout the year when central
electrolyser operates under a different electricity settlement price to the HRSs (LAE Sc. 25) (2030-Cost
K TotC] T T ) T OSSO TSP P PP PPTORTTTO 225
Figure 8.53: Daily variation of Hydrogen level in storage tank throughout the year when alkaline central
electrolyser operates under a different electricity settlement price to the HRSs (LAE Sc. 25) (2030-Cost
LYol 0T 1 o) TSRS 225
Figure 8.54: Daily electricity settlement price for HRSs and central electrolyser throughout the year when

central electrolyser operates under the same electricity settlement price as the HRSs (2030-Cost scenario)

Figure 8.55: Hydrogen production of the alkaline central electrolyser and HRSs throughout the year when
central electrolyser operates under the same electricity settlement price as the HRSs (LAE Sc. 30) ( 2030-
COSE SCENAIIO) ...ttt ettt ettt ekttt b bt b bbbt bt b bt e e bt bbb bt e bRt b e b e e bt e e b e e bt b ek e eb e e et e e b e e ebeanennere s 227
Figure 8.56: Daily variation of Hydrogen level in storage tank throughout the year when alkaline central
electrolyser operates under the same s electricity settlement price as the HRSs(LAE Sc. 30) ( 2030-Cost
LYot 4T g o) PSS 228
Figure 8.57: Percentage of imported hydrogen for the two scenarios (LAE Sc. 25 and LAE Sc. 30) as

compared with the total amount of hydrogen deliVered .............ccoiiiiiiiiieiiciee e 229

Xviii



List of Figures

Figure 8.58: summary of the operation scenarios for PEM electrolyser under 2015 and 2030-Cost scenario

Figure 8.59: Electricity settlement price throughout the year when Only garage forecourts without central

electrolyser scenario is applied (PEME SC. 1) ....occviiiiiiiicieicse sttt nre s 234
Figure 8.60: Average hydrogen price for alkaline (LAE Sc. 1) and PEM (PEME Sc. 1) electrolysers (Only
garage forecourts without central €IECITOIYSEN) .......oiviivvieieeecce e 235

Figure 8.61: Electricity price to the garage forecourts (doubled-sized , 2015-Cost scenario (PEME Sc. 2))

.................................................................................................................................................................. 236
Figure 8.62: Hydrogen production of PEM (PEME Sc. 2) and alkaline (LAE Sc. 2) electrolysers throughout
LTI PSR SOUSP T 237
Figure 8.63: Electricity mechanism on day 7 for alkaline and PEM SCENArios.........ccccvvvvevereeriereerieneenns 237

Figure 8.64: Daily settlement prices for different storage size (Triple-sized electrolyser under 2015-Cost
ETol 10T g o) PSS 239
Figure 8.65: Electricity settlement prices to the central electrolyser and garage forecourts when PEM central
electrolyser operates under a different electricity settlement price to the HRSS ..........cccooiiiiiiiiiicnns 242
Figure 8.66: Hydrogen production of central electrolyser under different electrolyser sizes when PEM

central electrolyser operates under a different electricity settlement price to the HRSs (2015-Cost scenario)

Figure 8.67: Daily variation of Hydrogen level in storage tank throughout the year using different sizes of
electrolyser when PEM central electrolyser operates under a different electricity settlement price to the
HRSS (2015-COSt SCENAIIO) ...ve.veivrereerieiesiesiestesteeeetesaestes e stestesseessesaessestessesteaseasseseessessesaessesseanseneesensenes 243
Figure 8.68: Electricity settlement prices to the HRSs and to the central electrolyser when the central
electrolyser runs under the same settlement electricity price as the HRSs (PEME Sc. 11) (2015-Cost
K TotC] T T ) TSSOSO PR U PP UPT PO 245
Figure 8.69: HRSs and PEM central electrolyser hydrogen production throughout the year when the central
electrolyser runs under the same settlement electricity price as the HRSs (PEME Sc. 11) (2015-Cost
ETor 10T 1 o) PSS 245
Figure 8.70: Daily variation of Hydrogen level in storage tank throughout the year when the central
electrolyser runs under the same settlement electricity price as the HRSs (PEME Sc. 11) (2015-Cost
Kot T T ) TSSOSO PR P UPP PO 246
Figure 8.71: Hydrogen imported by HRSs throughout the year when the central electrolyser runs under the
same settlement electricity price as the HRSs (PEME Sc. 11) (2015-Cost SCENAri0). .....covevvrververerienane 246
Figure 8.72: Electricity settlement price for the garage forecourts and central electrolyser when central
electrolyser operates under a different electricity settlement price to the HRSs (2015-Cot scenario) .... 249
Figure 8.73: PEM central electrolyser hydrogen production throughout the year when central electrolyser

operates under a different electricity settlement price to the HRSs (PEME Sc. 10) (2015-Cost scenario).

Xix



List of Figures

Figure 8.74: Daily variation of Hydrogen level in storage tank throughout the year when PEM central
electrolyser operates under a different electricity settlement price to the HRSs (PEME Sc. 10) (2015-Cost
oL 11 o) SRR 250
Figure 8.75: Daily electricity settlement price for HRSs and central electrolyser throughout the year when
central electrolyser operates under the same electricity settlement price as the HRSs (PEME Sc. 15) (2015-
(@01 ot o T o) OSSR 251
Figure 8.76: Hydrogen production of the PEM central electrolyser and HRSs throughout the year when
PEM central electrolyser operates under the same electricity settlement price as the HRSs (PEME Sc. 15)
(ST O 1 o= - g T ) RSO S R 252
Figure 8.77: Daily variation of Hydrogen level in storage tank throughout the year when PEM central
electrolyser operates under the same electricity settlement price as the HRSs (PEME Sc. 15) ( 2015-Cost
R0t 01 0 ) OSSR 252
Figure 8.78: Percentage of imported hydrogen for the two scenarios (PEME Sc. 10 and PEME Sc. 15) as
compared with the total hydrogen deliVEred .............ccoi oo 253
Figure 8.79: Daily electricity settlement price throughout the year under Only garage forecourts without
central electrolyser scenario (2030-COSt SCENAITO)........eiuerieeeriinierie ittt ettt see e 257
Figure 8.80: Hydrogen production versus hydrogen consumption for each garage forecourt under Only
garage forecourts without central electrolyser scenario (PEME Sc. 16) (2030-Cost scenario)................ 257
Figure 8.81: Hydrogen cost breakdown per kilogram at each HRS under Only garage forecourts without
central electrolyser scenario (PEME SC. 16) .....cc.ciiiiiiiiiieieiecie sttt sre s 258
Figure 8.82: Daily variation of Hydrogen level in storage tank throughout the year under double-sized
PEME scenario (PEME Sc. 17) (2030-COSt SCENAIIO ) ....cveveuiivirieiinienieisiesiee st 259
Figure 8.83: Daily electricity settlement prices for a year under double-sized PEME scenario (PEME Sc.
17) (2030-COSE SCENAMO ) ..vuvevereeeiintesieseate sttt et sttt st st e st st sb bt b et ebesbe e e bt ebene e bt e b b eb e eb et e bt s b et e bt b et e b b 260
Figure 8.84: Comparison between a total hydrogen production of each HRS throughout the year under 2015
(PEME Sc. 2 )and 2030-Cost (PEME Sc. 17) scenarios when double-sized PEME scenario is applied 260
Figure 8.85: Daily variation of Hydrogen level in storage tank throughout the year under triple-sized PEME
SCENATI0 (2030-COSt SCENAIIO ) v..vviurerreiiitesieiteseateestestesteseeste e sseeseeseeeeseestesreaseeseeseeseeseestesteanesreaneeneeneenees 261
Figure 8.86: Electricity settlement prices under triple-sized PEME scenario with three different storage
SIZES (2030-COSt SCENANO ) +.veuviverieeieetertete ettt ettt b ettt bt nb st b et s bbbttt b bbbt b et e e 262
Figure 8.87: electricity settlement price to the central electrolyser and garage forecourts when PEM central
electrolyser operates under a different electricity settlement price to the HRSs (PEME Sc. 21)............ 265
Figure 8.88: Hydrogen production of central electrolyser under different electrolyser sizes when PEM

central electrolyser operates under a different electricity settlement price to the HRSs (2030-Cost scenario)

Figure 8.89: Daily variation of Hydrogen level in storage tank throughout the year when PEM central

electrolyser operates under a different electricity settlement price to the HRSs (2030-Cost scenario)... 265

XX



List of Figures

Figure 8.90: Electricity settlement prices for both HRSs and central electrolyser when the central
electrolyser runs under the same settlement electricity price as the HRSs (PEME Sc. 26) (2030-Cost
R0t 010 ) ST 267
Figure 8.91: HRSs and PEM central electrolyser hydrogen production throughout the year when the central
electrolyser runs under the same settlement electricity price as the HRSs (PEME Sc. 26) (2030-Cost
R0t 010 ) S 268
Figure 8.92: Daily variation of Hydrogen level in storage tank throughout the year when the central
electrolyser runs under the same settlement electricity price as the HRSs (PEME Sc. 26) (2030-Cost
Lol g T o) IO PSR R USSP 268
Figure 8.93: Central PEM electrolyser hydrogen production (PEME Sc. 11 and PEME Sc. 26) (2015- and
2030-COSt SCENAIOS) ..veuvvuveereareesresessetesteaseaseasseseessestessestesseaseeseessessessestessesseaseassessessessessessessesssnsenssessessens 269
Figure 8.94: Central PEM electrolyser hydrogen storage (PEME Sc. 11 and PEME Sc. 26) (2015- and 2030-
(@001 BETot=] o T T o1 USRS 269
Figure 8.95: Electricity settlement price offered to the HRSs and the central PEM electrolyser when central
electrolyser operates under a different electricity settlement price to the HRSs (PEME Sc. 25) (2030-Cost
Lot g T o) IO USROS 272
Figure 8.96: PEM central electrolyser hydrogen production throughout the year when central electrolyser

operates under a different electricity settlement price to the HRSs (PEME Sc. 25) (2030-Cost scenario).

Figure 8.97: Daily variation of Hydrogen level in storage tank throughout the year when PEM central
electrolyser operates under a different electricity settlement price to the HRSs (PEME Sc. 25) (2030-Cost
Kot T T ) OSSOSO T TP PP PPTORTTPTO 273
Figure 8.98: Daily electricity settlement price for HRSs and central electrolyser throughout the year when
central electrolyser operates under the same electricity settlement price as the HRSs (PEME Sc. 30) (2030-
COSE SCENAIIO) ..ttt ettt ettt sttt b ettt b bbbt bbb e bbb e bbb e b e bt b e bR s b e b e e bt e b e b e eb e e b e bt ebene e bt ebennebeenenrere s 274
Figure 8.99: Hydrogen production of the PEM central electrolyser and HRSs throughout the year when
PEM central electrolyser operates under the same electricity settlement price as the HRSs (PEME Sc. 30)
(L0 (0 oL Aot o - 1 o) S 275
Figure 8.100: Daily variation of Hydrogen level in storage tank throughout the year when PEM central
electrolyser operates under the same electricity settlement price as the HRSs (PEME Sc. 30) ( 2030-Cost
KoL T [0 TS ST ST OO TT TSSO PP PP TEPPTPRTRTRTON 275
Figure 9.1: Summary of the system process when central electrolyser is applied without forecourt
BIECITOIYSHS ..ttt b bbb bbb bbb e bt b et e 279

Figure 9.2: Electrolyser size limits compared to the total surplus power available for each day of the year

Figure 9.3: Central electrolyser electricity pricing mechanism , hydrogen production , and settlement
hydrogen Price t0 the HRSS ..ottt et 283

XXi



List of Figures

Figure 9.4: Central hydrogen production, garage forecourts imported hydrogen and central storage profile
(2383 kg/day alkaline central electrolyser under 2015-Cost scenario (Cen. LAE SC. 1)) ...ccccceeererinnnne 284
Figure 9.5: Imported hydrogen at each garage forecourt throughout the year (2383 kg/day alkaline central
electrolyser under 2015-Cost scenario (Cen. LAE SC. 1)) cvcvciiiiieiiiieii e seeae e snens 284
Figure 9.6: Daily variation of hydrogen level in storage tank throughout the year (2383 kg/day alkaline
central electrolyser under 2015-Cost scenario (Cen. LAE SC. 1)) .viovviviiieieiiiie e se e 285
Figure 9.7: Central hydrogen production, hydrogen imported at HRSs and central storage profile (4,766
kg/day alkaline central electrolyser under 2015-Cost scenario (Cen. LAE SC. 2)) ..cccooviviiiiiiiieinnienn 286
Figure 9.8: Imported hydrogen at each garage forecourt throughout the year (4,766 kg/day alkaline central
electrolyser under 2015-Cost scenario (Cen. LAE SC. 2)) ..c.ooiiiiieiiieie e 286
Figure 9.9: Daily variation of hydrogen level in storage tank throughout the year..........c..cccceeveveriennne. 287
Figure 9.10: Central hydrogen production, hydrogen imported at HRSs and central storage profile (5,495
kg/day alkaline central electrolyser under 2015-Cost scenario (Cen. LAE SC. 3)) .cocvvvvvivvvvivcivcvierienien 288
Figure 9.11: Imported hydrogen at each garage forecourt throughout the year (5,495 kg/day alkaline central
electrolyser under 2015-Cost scenario (Cen. LAE SC. 3)) .eoueieirieieiieiere et 288
Figure 9.12: Daily variation of hydrogen level in storage tank throughout the year (5,495 kg/day alkaline
central electrolyser under 2015-Cost scenario (Cen. LAE SC. 3)) ..oociiiiieiinineiieieeseseee e 289
Figure 9.13: Central hydrogen production, hydrogen imported at HRSs and central storage profile (6,410
kg/day alkaline central electrolyser under 2015-Cost scenario (Cen. LAE SC. 4)) .cccoccvvvvvviviveiieriennenn, 290
Figure 9.14: Imported hydrogen at each garage forecourt throughout the year (6,410 kg/day alkaline central
electrolyser under 2015-Cost scenario (Cen. LAE SC. 4)) cvivcveieiiie et 290
Figure 9.15: Daily variation of hydrogen level in storage tank throughout the year (6410 kg/day alkaline
central electrolyser under 2015-Cost scenario (Cen. LAE SC. 4)) ..cocoviiiiiiiiieiiieieese e 291
Figure 9.16: Central alkaline electrolyser hydrogen price for different cost scenarios and under different
SYSEEIM SIZES ...tttk etttk b bbbkt b e b h ek R e bR ek b e b b e bbbt b et r et rens 294
Figure 9.17: Central hydrogen production, hydrogen imported at HRSs and central storage profile (2383

kg/day PEM central electrolyser (Cen. PEME Sc. 1)) under 2015-CoSt SCENAri0......c..cccvevververerrerrnannn, 297
Figure 9.18: Imported hydrogen at each garage forecourt throughout the year profile (2383 kg/day PEM
central electrolyser (Cen. PEME Sc. 1)) under 2015-C0St SCENANIO.......ccveivereriereeeeieeiereesiesiesreseeseeneas 298
Figure 9.19: Daily variation of hydrogen level in storage tank throughout the year profile (2383 kg/day
PEM central electrolyser (Cen. PEME Sc. 1)) under 2015-COSt SCENANIO .......c.evverevirierieirieieinieneieeen, 298
Figure 9.20: Central hydrogen production, hydrogen imported at HRSs and central storage profile (2,383
kg/day PEM central electrolyser (Cen. PEME Sc. 5)) under 2030-CoSt SCENAriO.........ccccvereerierereeriennenn 301
Figure 9.21: Imported hydrogen at each garage forecourt throughout the year (2,383 kg/day PEM central
electrolyser (Cen. PEME Sc. 5)) under 2030-COSt SCENAIIO ......ccvviveerveiieieiiesiesiesiesreseeeessesseseessessesseasens 302
Figure 9.22: Daily variation of hydrogen level in storage tank throughout the (2,383 kg/day PEM central
electrolyser (Cen. PEME Sc. 5)) under 2030-C0OSt SCENAITO .....c.covevevirieiaiirieieeiisiereeie s 302

XXii



List of Figures

Figure 9.23: Central hydrogen production, hydrogen imported at HRSs and central storage profile (4,766

kg/day PEM central electrolyser (Cen. PEME Sc. 6)) under 2030-CoSt SCENArIO.........cccceeeereerereerieenn 303
Figure 9.24: Imported hydrogen at each garage forecourt throughout the year (4,766 kg/day PEM central
electrolyser (Cen. PEME Sc. 6)) under 2030-COSt SCENATIO ......ccvevveivreeiieierieiesiestesesreereeeesieseessessessens 303
Figure 9.25: Daily variation of hydrogen level in storage tank throughout the year (4,766 kg/day PEM
central electrolyser (Cen. PEME Sc. 6)) under 2030-COSt SCENANIO........ccvciverierieresereseeeereesieseeseeseennens 304
Figure 9.26: Central hydrogen production, hydrogen imported at HRSs and central storage profile (5,495
kg/day PEM central electrolyser (Cen. PEME Sc. 7)) under 2030-CoSt SCENArIO.........cccceeeererieieerieenne 305
Figure 9.27: Imported hydrogen at each garage forecourt throughout the year (5495 kg/day PEM central
electrolyser (Cen. PEME Sc. 7)) under 2030-COSt SCENAMO ......ooverueitirieriiaiieieie e sie st sieeeeie e see e enens 305
Figure 9.28: Daily variation of hydrogen level in storage tank throughout the year (5495 kg/day PEM central
electrolyser (Cen. PEME Sc. 7)) under 2030-C0OSt SCENATIO ......ocvevveivrsieirerieieiesiesiesesseereeeeseeseessessesnens 306
Figure 9.29: Central hydrogen production, hydrogen imported at HRSs and central storage profile (6410
kg/day PEM central electrolyser (Cen. PEME Sc. 8)) under 2030-COSt SCENAIIO.........cccoerveirierieiriennen 306
Figure 9.30: Imported hydrogen at each garage forecourt throughout the year (6410 kg/day PEM central
electrolyser (Cen. PEME Sc. 8)) under 2030-COSt SCENAMO ......oovervriuerieriieiieieie e siesie e eieeeeee e see e saeas 307
Figure 9.31: Daily variation of hydrogen level in storage tank throughout the year (6410 kg/day PEM central
electrolyser (Cen. PEME Sc. 8)) under 2030-C0OSt SCENATIO ......eovevveivrsieiieieieiesiesiesiesseesaseeeeseessessessens 307
Figure 9.32: Summary 0f CO2 redUCHION PrOCESS .....cveiverieiererieieie e se e sreeeeeese et e ste e sre e e e see e e 310
Figure 9.33: Process of saving money due to hydrogen energy penetration ............cccoevvvvevvereereseseneenns 311

Figure 10.1: Comparison of Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 1) and
2383 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 1)................ 323
Figure 10.2: Comparison of Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 1) and
6410 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 4)................ 323
Figure 10.3: Energy consumption of Only onsite alkaline electrolyser without central electrolyser (LAE
Sc. 1) , 2,383 kg/day(Cen. LAE Sc. 1) and ,6410 kg/day (Cen. LAE Sc. 4) alkaline central electrolysers
WIthoUut lectrolySer at the HRSS ........cciiiiicieice et e e e seesre e 324
Figure 10.4: Comparison of Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 1)
and 2,383 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 1) ........ 325
Figure 10.5: Comparison of Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 1) and
6,410 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 4)............... 325
Figure 10.6: Comparison of Double-sized default electrolyser size (LAE Sc. 2) and 2383 kg/day alkaline
central electrolyser without electrolyser at the HRSS (Cen. LAE SC. 1) ....cooiiiiiiiiieiieeeeee e 326
Figure 10.7: Comparison of Triple-default electrolyser size (LAE Sc. 5) and 6,410 kg/day alkaline central
electrolyser without electrolyser at the HRSS (Cen. LAE SC. 4).....ccccviviieieiieie s sne e 327
Figure 10.8: Energy consumption of Double-sized default electrolyser size (LAE Sc. 2) , Triple-sized default
electrolyser (LAE Sc. 5) , 2,383 kg/day (Cen. LAE Sc. 1) and 6,410 kg/day (Cen. LAE Sc. 4) alkaline

central electrolysers without electrolyser at the HRSS ..........cciiiiiiiiiiiece e 328

XXiii



List of Figures

Figure 10.9: Comparison of Double-sized default electrolyser size (LAE Sc. 2) and 2383 kg/day alkaline
central electrolyser without electrolyser at the HRSS (Cen. LAE SC. 1) ....coooiiiiiiiiiiiieeeeee e 329
Figure 10.10: Comparison of Double-sized default electrolyser size (LAE Sc. 5) and 2383 kg/day alkaline
central electrolyser without electrolyser at the HRSS (Cen. LAE SC. 4) ....ccoooeveviviiieie e 329
Figure 10.11: Comparison of Combination of HRSs and 1098 kg/day alkaline central electrolysers (LAE
Sc. 6) and 2383 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 1)330
Figure 10.12: Comparison of Combination of HRSs and 4853 kg/day alkaline central electrolysers (LAE
Sc. 9) and 6410 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 4)331

Figure 10.13: Total energy consumed in each hydrogen production scenario (alkaline, 2015-Cost scenario)

Figure 10.14: Comparison of Combination of HRSs and 1,098 kg/day alkaline central electrolysers (LAE
Sc. 6) and 2,383 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 1)

Figure 10.15: Comparison of Combination of HRSs and 4,853 kg/day alkaline central electrolysers (LAE
Sc. 9) and 6,410 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 4)

Figure 10.16: Comparison of Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 16)
and 2,383 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 5) ........ 334
Figure 10.17: Comparison of Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 16)
and 6,410 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 8)........ 335
Figure 10.18: Energy consumption of Comparison of Only onsite alkaline electrolyser without central
electrolyser (LAE Sc. 16) , 2,383 kg/day(Cen. LAE Sc. 5) and 6,410 kg/day (Cen. LAE Sc. 8) alkaline
central electrolysers without electrolyser at the HRSS ..........cciiiiiiiiiiiecceee 335
Figure 10.19: Comparison of Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 16)
and 2383 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 5)......... 336
Figure 10.20: Comparison of Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 16)
and 6410 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 8)......... 336
Figure 10.21: Comparison of Double-sized default electrolyser size (LAE Sc. 17) and 2383 kg/day alkaline
central electrolyser without electrolyser at the HRSs (Cen. LAE SC. 5) ....cocvveieveiisieieceseeie e 337
Figure 10.22: Comparison of Triple-sized default electrolyser size (LAE Sc. 20) and 6410 kg/day alkaline
central electrolyser without electrolyser at the HRSs (Cen. LAE SC. 8) .....oovviveiiiniiiiineiec e 338
Figure 10.23: Energy consumption of Double-sized electrolyser (LAE Sc. 17) , Triple-sized electrolyser
(LAE Sc. 20) , 2,383 kg/day (Cen. LAE Sc. 5) and 6410 kg/day (Cen. LAE Sc. 8) alkaline central
L1011 (0] Y =T £SO 338
Figure 10.24: Comparison of Double-sized default electrolyser size (LAE Sc. 17) and 2383 kg/day alkaline
central electrolyser without electrolyser at the HRSs (Cen. LAE SC. 5) ...ccovcvveiieievine e 339
Figure 10.25: Comparison of Triple-sized default electrolyser size (LAE Sc. 20) and 6410 kg/day alkaline
central electrolyser without electrolyser at the HRSS (Cen. LAE SC. 8) ..c..eoviiiiiiiniiiincieec s 339

XXV



List of Figures

Figure 10.26: Comparison of Combination of HRSs and 1,098 kg/day alkaline central electrolysers (LAE
Sc. 21) and 2,383 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 5)

Figure 10.27: Comparison of Combination of HRSs and 4,853 kg/day alkaline central electrolysers (LAE
Sc. 24) and 6,410 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 8)

Figure 10.28: Energy consumption of Combination of HRSs and 1,098 kg/day (LAE Sc. 21), 4,853 kg/day
(LAE Sc. 24) alkaline central electrolysers , 2383 kg/day (Cen. LAE Sc. 5) and 6,410 kg/day (Cen. LAE
Sc. 8) alkaline central electrolysers without electrolyser at the HRSs energy consumption.................... 342
Figure 10.29: Comparison of Combination of HRSs and 1,098 kg/day alkaline central electrolysers (LAE
Sc. 21) and 2,383 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 5)

Figure 10.30: Comparison of Combination of HRSs and 4,853 kg/day alkaline central electrolysers (LAE
Sc. 24) and 6,410 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 8)

Figure 10.31: Comparison of two options for adjusting the oil market in response to renewable energy
penetration in terms of CO2 reduction for alkaline electrolysis under 2015-Cost assumptions............... 346
Figure 10.32: Comparison of two options for adjusting the oil market in response to renewable energy
penetration in terms of CO2 reduction for alkaline electrolysis under the 2030-cost assumptions.......... 347
Figure 10.33: Comparison of two options for adjusting the oil market in response to high renewable energy
penetration in terms of CO2 reduction for PEM electrolysis under 2015-Cost assumptions................... 349
Figure 10.34: Comparison between the two options for adjusting the oil market in response to high
renewable energy penetration in terms of CO2 reduction for PEM electrolysis under 2030-Cost
assumptions350

XXV



List of Tables

List of Tables

Page
Table 2.1: SOME SIMES PrOJECES ....veueiuiiieieeeeeeeieseesestestesresseeseeseesae e srestesseeseeseeseseestestesneesesseenseseesseneenes 23
Table 2.2: Some SCES utility appliCatiONS .........c.coiiiiiiiciseeie e 23
Table 2.3: Advantages and disadvantages of different types of battery ..........cccocvevviiiiiiiv e 24
Table 3.1: Comparison between hydrogen and other traditional fUelS............ccoeveveviiiiiiin e 28
Table 3.2: Thermos physical properties of hydrogen (gas and liquid), NG and gasoline ............c.ccccc..... 28
Table 3.3: ITM power details for £4.19/kg of hydrogen Price ... 34
Table 3.4: Comparison between the storage Methods ..........coeeiiiiii i 38
Table 4.1: Advantages and disadvantages of bipolar and monopolar cell modules...........cc.ccooeiinennnnne 52
Table 4.2: The main characteristics of an alkaline electrolyser..........ccovvvviiveieicie s 54
Table 4.3: The main characteristics of the proton exchange membrane water electrolyser .............c......... 57

Table 4.4: Comparison between PEM and alkaline electrolysers Solid oxide electrolyte electrolysers ....58
Table 4.5: The main features of various commercial products of SOE...........cccccovevivieniniiesienieerceneies 60
Table 4.6: Current and future expected capital cost of alkaline and PEM Systems............ccccooeeeienennnne 65

Table 4.7: Current energy consumption and future expected consumption of alkaline and PEM (Bertuccioli

BE AL, 2004) et E e bR £ bR £ bR R bR bRt e bR e bRt ettt b ne s 65
Table 5.1: Income and losses for the year 2012 for international fuel prices...........cccocoviivininiciencnen 82
Table 5.2: Income and losses for the year 2012 for local fuel Prices ........ccoovvvviveieveiesie s 82
Table 5.3: Average wind speeds in various regions 0f LiDYa.......cccccocvveriiiieiiinininieie e 86
Table 6.1: Technical details for the M. Torres TWT 1.65-82 TUIDINE. ........coovvviiiriiinicinseeece 99
Table 6.2: Weibull parameters CalCUIAtION ............cooiiiiiiiic s 101
Table 6.3: Monthly average Solar ratiation............c.eoviiiiiiiii s 103
Table 6.4: Technical details of the PV panels used in this project...........ccccovreiiineiiiniiiinecee 104
Table 6.5: Annual fuel consumption (metric tons) in transportation sector between 1975 and 1996 ...... 111
Table 6.6: Libyan fuel prices (Libyan and UK CUITENCIES) ........ccviveveiierieiieniesesesesieeeeseesee e seeseeseenens 115
Table 6.7: Properties of fossil fuel and hydrogen eNgines .........cceveveieieiene s s 116

Table 7.1: Cost assumptions different scenarios of the hydrogen refuelling stations (Alkaline electrolyser)

Table 7.2: Cost assumptions different scenarios of the hydrogen refuelling stations (PEM electrolyser) 125

Table 7.3 : garage forecourts details when Standard Continuous scenario is applied (2015-Cost scenario)
Table 7.4: Hydrogen production cost details for each HRS when Standard Continuous scenario is applied

(0T a1 Aot o g o) SR 133

Table 7.5 : The garage forecourts details when 2-Tire Continuous scenario is applied (2015-Cost scenario)

XXVi



List of Tables

Table 7.6 : Hydrogen production cost details for each HRS when 2-Tire Continuous scenario is applied

(0N e T ot o g o) I USSR 138
Table 7.7 : The garage forecourts details when Off-peak Only is applied (2015-Cost scenario)............. 140
Table 7.8 : Hydrogen production cost details for each HRS when Off-peak Only is applied (2015-Cost
R0t 01 ) OSSN 142
Table 7.9 : Three scenarios average electricity and hydrogen price per kg for each HRS ...................... 143

Table 7.10 : Hydrogen production cost details for each HRS (Standard Continuous under 2030-cost
Lol g g o) TR ROURUTP 146

Table 7.11 : Hydrogen production cost details for each HRS (2-Tier Continuous under 2030-cost scenario)

.................................................................................................................................................................. 150
Table 7.12 : Garage forecourts cost details (Off-peak Only under 2030-Cost SCENArI0) .......cccvveververuenne. 153
Table 7.13 : Average hydrogen price cost in 2015- and 2030-Cost scenarios for PEME test.................. 154
Table 7.14 : Garage forecourts cost details for Standard continuous (2015-Cost scenario)..................... 155
Table 7.15 : Garage forecourt cost details for 2-Tire Continuous operation ((2015-Cost scenario) ....... 156
Table 7.16 : The garage forecourts details for Off-peak only operation (2015-Cost scenario)................ 156
Table 7.17 : Hydrogen cost details Standard continuous operation (2030-Cost scenario) ............ccccce..... 157
Table 7.18 : Hydrogen production cost details for 2-Tire Continuous operation (2030-Cost scenario) .. 157
Table 7.19 : Garage forecourts cost details Off-peak only operation (2030-Cost scenario)...........c......... 158
Table 7.20 : Average hydrogen price cost in 2015- and 2030-Cost scenarios for alkaline test................ 159
Table 8.1: The summary of the alkaline electrolyser scenarios under 2015-Cost SCenarios .................... 163

Table 8.2: Comparison between hydrogen production and hydrogen consumption during the year in all six

HRSs (LAE Sc. 1) (alkaline, 2015-COSt SCENAIIO) .....c.veuvrviieririiieiisiesieisie e 174
Table 8.3: Hydrogen production cost details when Onsite electrolysers at garage forecourts without external
hydrogen sources is used (LAE Sc. 1) (alkaline, 2015-C0St SCENATI0)........ccerveirrerieirienieeneriee e, 174
Table 8.4: Comparison between hydrogen production and hydrogen consumption in all six HRSs
throughoUut the YEAr (LAE SC. 2) .ociiiieeecieiee ettt te e te sttt s te st e tesneera et eaeseestenreereans 180
Table 8.5: Hydrogen production cost details per HRS for double-sized default electrolyser (alkaline, 2015-
COSt SCENAMO) (LAE SC. 2) oooveiieiiesie st sttt ettt st te e s e et e st st e s te s reeseeseentesaesbesbesneetaaneeneeseeneeneenrens 180

Table 8.6: Techno- economic assessments of the system under different size of electrolyser and different
storage SizeS (2015-COSt SCENAIIO) ... .cuiiueiuiaieeieie ettt ettt sttt et et e b sbesbesbeane e e et e sbeseeneas 183
Table 8.7 Assessments of the system under different central electrolyser sizes when alkaline central
electrolyser operates under a different electricity settlement price to the HRSs (2015-Cost scenario).... 192
Table 8.8: Assessments of the system under different sizes of central electrolyser when the central
electrolyser runs under the same settlement electricity price as the HRSs (2015-Cost scenario). ........... 196
Table 8.9: Imported Hydrogen by each HRS under different alkaline central electrolyser sizes and for two
different MOdes OF OPEIALION ..........eiiiiiieiee et be s reere e e eneeseeseesrenrens 197
Table 8.10: Economic assessment of the system when alkaline central electrolyser operates under a different
electricity settlement price to the HRSs (LAE Sc. 10) (2015-C0St SCENANI0)......ccuerververueriereeieieenerieniens 200

XXVii



List of Tables

Table 8.11: Economic assessment of the system when the central electrolyser operates under the same
settlement electricity price as the HRSs (LAE Sc. 15) (2015-CoSt SCENAII0) ......ccevvrvervrrerieeieieencieeeas 202
Table 8.12: The summary of the alkaline electrolyser scenarios under 2030-Cost scenarios .................. 204

Table 8.13: Comparison between hydrogen production and hydrogen consumption at HRSs throughout the

D= L I T I ) SRS 209
Table 8.14: Capex, Opex and average hydrogen production cost of only garage forecourt without central
electrolyser (LAE Sc. 16) under 2030-COSt SCENAIIOS .....c.ueeueererreereeiierierieaieseeeesiesee e seeseesiesneeeeneeseeseeas 209

Table 8.15: Comparison between hydrogen production and hydrogen consumption at HRSs throughout the

Table 8.16: Capex, Opex and average hydrogen production cost under Double-sized default electrolyser
TESE (LA SC. L17) ittt 212
Table 8.17: Techno- economic assessments of the system under different size of electrolyser and different
R (0] (0T =L J PSS 215
Table 8.18: Economic assessment of the system using different sizes (production side sizing) when alkaline

central electrolyser operates under a different electricity settlement price to the HRSs (2030-Cost scenario)

Table 8.19: Economic assessments of the system under different sizes of central electrolyser when the
central electrolyser runs under the same settlement electricity price as the HRSs (2030-Cost scenario). 222
Table 8.20: Imported hydrogen via HRSs under different alkaline central electrolyser sizes and for two
different Modes OF OPEIALION .......c.eviie ittt et e e r e tesreereeneeneesrens 223

Table 8.21: Economic assessment of the system when alkaline central electrolyser operates under a different

electricity settlement price to the HRSS (2030-C0St SCENAIIO). ......evevvrvirieiiiririeisienieesie s 226
Table 8.22: Economic assessment of the system when central electrolyser operates under the same
electricity settlement price as the HRSs (LAE Sc. 30) (2030-C0St SCENATIO) .....ccveveverrerieierierieierrereeienes 228
Table 8.23: The summary of the PEME scenarios under 2015-C0St SCENANIOS........cccoveververerereriereaneas 231
Table 8.24: Hydrogen cost calculation under 2015-Cost scenario (Only garage forecourts without central
L] LYo €] Y AT= A (o = T o ) TSRS 234
Table 8.25: Techno-economic assessments of each agree forecourts (doubled-sized, 2015-Cost scenario
(PEME SC. 2)) ottt sttt sttt et bbbtk bRtk b bt e bbbt et b e bt ek b e st bbb e n bt ne et 238

Table 8.26: Techno- economic assessments of the system under different size of electrolyser and different
SEOTAJE SIZES ...ttt ekttt ettt b bbbt b bt b e E et b e E R e e bt A b e b E ekt E R e bRt bR b r et re e 240
Table 8.27: Assessments of the system under different central electrolyser sizes when PEM central
electrolyser operates under a different electricity settlement price to the HRSs (2015-Cost scenario).... 244
Table 8.28: Assessments of the system under different sizes of central electrolyser when the central
electrolyser runs under the same settlement electricity price as the HRSs (2015-Cost scenario). ........... 247
Table 8.29: Hydrogen imported by each garage forecourt under different PEM central electrolyser sizes

and for two different modes OF OPErAtION ..........ciriiiiiiii e 248

XxXviii



List of Tables

Table 8.30: Economic assessment of the system when central electrolyser operates under a different

electricity settlement price to the HRSs (PEME Sc. 10) (2015-CoSt SCENAII0). .....cccceeruererieeieieeniciieneens 251
Table 8.31: Economic assessment of the system when PEM central electrolyser operates under the same
electricity settlement price as the (PEME SC. 15) HRSS ......ccooiiiii i se e 253
Table 8.32: The summary of the PEM electrolyser scenarios under 2030-Cost Scenarios..............ccv.... 254

Table 8.33: Comparison between hydrogen production and hydrogen demand in all HRSs throughout the
year under Only garage forecourts without central electrolyser scenario (PEME Sc. 16) .........ccccocenenee. 258
Table 8.34: Economic assessment summary of Only garage forecourts without central electrolyser scenario
(PEIMIE SC. 16) ...uteiteueiiteieseeteie sttt sttt etttk b e s ettt b bt bbbt e e bbb e b e bt ekt e bt e bttt e b st ebe et 258
Table 8.35: Cost summary for the scenario under double-sized PEME scenario (2030-Cost scenario) .. 261
Table 8.36: Techno- economic assessments of the system under different size of electrolyser and different
R (0] (o[- =L PSS 263
Table 8.37: Economic assessments of the system when PEM central electrolyser operates under a different
electricity settlement price to the HRSS (2030-C0OSt SCENAMO) ......cververuerierierieaieie et ee e 266
Table 8.38: Assessments of the system under different sizes of central electrolyser when the central
electrolyser runs under the same settlement electricity price as the HRSs (2030-Cost scenario). ........... 270

Table 8.39: Economic assessment of the system central electrolyser operates under a different electricity

settlement price to the HRSs (PEME Sc. 25) (2030-COSt SCENAIIO)........ccvivvareeeerieriesesiesieseeeeeeeseeseenees 273
Table 8.40: Imported hydrogen depending on operational mode of the central PEM electrolyser (PEME Sc.
25 and PEME Sc. 30) (2030-COSt SCENAIIO)......cuveveierieiteseateereeiesiestessesessessaessesaessessessessessessassesssessessens 276
Table 8.41: Economic assessment of the system when central electrolyser operates under the same s
electricity settlement price as the HRSs (PEME Sc. 30) (2030-Co0St SCENAII0)..........covrverreerrereienrenieneas 276
Table 9.1: Alkaline central electrolyser and HRSs components size (2015-Cost scenario)..........c.e...... 281
Table 9.2: Garage forecourt components size under 2015-C0St SCENAMO .....ccvveveieirierereieeeeeeie e 282

Table 9.3: Economic assessment of this scenario under different system component sizes (under 2015-Cost
Yot 0T g o) PSS 292
Table 9.4: Alkaline central electrolyser and HRSs size details under 2030-Cost scenario ............c......... 293

Table 9.5: Economic assessment of this scenario under different system component sizes (under 2030-Cost

EYot 0T g o) SRS 295
Table 9.6: PEM central electrolyser and HRSs size details under 2015-Cost SCenario.........c.ceevevennee. 296
Table 9.7: Economic assessment of this scenario under different system component sizes (for 2015-Cost
KoL T 1) OO OO TSSOSO T TSP PSP PP POPPTPEPPTPRTPRPPRTR 299
Table 9.8: PEM central electrolyser and HRSs size details under 2030-Cost SCENario..........c.cevevrerueenens 300

Table 9.9: Economic assessment of this scenario under different system component sizes under 2030-Cost
KoL) - o USSR PRSPPSO 308
Table 9.10: Summary of CO; reduction and monetary savings due to hydrogen fuel penetration for alkaline

electrolyser and under the 2015-COSt SCENAITO . .......ccueiuirieieeieeirie sttt ettt ne e seeseesbe e 313

XXiX



List of Tables

Table 9.11: Summary of CO, reduction and monetary savings due to hydrogen fuel penetration for alkaline
electrolyser and under the 2030-COSt SCENAITO . .......ccueiuirieieeieiiite ettt be st ee e e seesee e 313
Table 9.12: Summary of total cost reduction due to renewable energy and hydrogen fuel penetration of
alkaline electrolyser under the 2015-COSt SCENATIO ... ....cviveieriirieriesiese e eeereeiese e sre e e e e seesre e sreas 314
Table 9.13: Summary of total cost reduction due to renewable energy and hydrogen fuel penetration of
alkaline electrolyser under the 2030-COSt SCENATIO ........cviveieriirieriesteseseeeeeese e sbe e sre e eeeee e sre e sreas 314
Table 9.14: Summary of CO; reduction and monetary savings due to hydrogen fuel penetration for PEME
UNAEr the 2015-COSt SCENAITO .....cviteitieteeieeiie ettt sttt ee e ettt et e e et e e e sbesbesbesbeabeereeseaneeneeseenee e 315
Table 9.15: Summary of CO, reduction and monetary savings due to hydrogen fuel penetration for PEM
electrolyser under the 2030-COSt SCENAIIO .....c..evirtrrieriirieieeie e ete ettt see bt sbesbe e e eseeseesbesaen 315
Table 9.16: Summary of total cost reduction due to renewable energy and hydrogen fuel penetration of

PEM electrolyser under the 2015-COSt SCENAO .....cvvvvviveerieieieriesiesesteereseeie e see et e sre e eraeae e seeseesee e 316
Table 9.17: Summary of total cost reduction due to renewable energy and hydrogen fuel penetration of
PEM electrolyser under the 2030-COSt SCENAMO .......eeverueerereeieieesiesieeieeieeeeee e sre e ere e e e e e 316
Table 9.18: Summary of oil sale scenario for alkaline electrolyser under the 2015-Cost scenario.......... 318
Table 9.19: Summary of oil sale scenario for alkaline electrolyser under the 2030-Cost scenario.......... 319
Table 9.20: Summary of oil sale scenario for PEM electrolyser under the 2015-Cost scenario .............. 319
Table 9.21: Summary of oil sale scenario for PEM electrolyser under the 2030-Cost scenario .............. 320

XXX



List of Abbreviations

Notation

DSR
AC
BES
Bop
CH,
CH;0H
CAES
CF
Cco
CO2
CP
CSP

DC
DOE
DSR
DTC
EC
EP
ESS

FES
GDP
GECOL
HES
HHV
HTS

KOH

List of Abbreviations

Description

Demand Side Response
Alternating current

Battery energy storage

Balance of plant

Methane

Methanol

Compressed air energy storage
Capacity factor

Carbon monoxide

Carbon dioxide

Daily central electrolyser price

concentrating solar power

Direct current
Department of Energy
Demand Side Response
Daily total cost
Electricity cost

Daily energy price

Energy storage system

Flywheel energy storage

Gross Domestic Product

General Electricity Company of Libya

Hydrogen energy storage

Higher heating value

Higher temperature superconducting

potassium hydroxide

XXXi



List of Abbreviations

LHV Lower heating value

LiCo02 Lithium cobalt oxide

LiNiO2 Lithium nickel dioxide powder

LTS Lower temperature superconducting

LYD Libyan dinar

Ipc Total return of investment

NOC National Oil Corporation

NOX Nitrogen oxides

NREL National renewable energy laboratory
PEM Polymer electrolyte membrane electrolysis
PHES Pumped Hydroelectric Energy Storage

Pt — Mo platinum-molybdenum

PV photovoltaics

R&D Research and Development

RE Renewable energy

REAOL Renewable Energy Authority of Libya
RTP Real-time pricing

S2P Station 2 daily released price

S3P Station 3 daily released price

S5P Station 5 daily released price

SCC Social carbon cost

SCES Supercapacitor energy storage

SHC solar heating and cooling

SMES Superconducting magnetic energy storage
SOEC Solid oxide electrolyser cell

SPE Solid polymer electrolyte

T&D Transmission & Distribution

TES Thermal energy storage

TOU Time of use

UNFCCC United Nations Framework Convention on Climate Change

XXXii



List of Abbreviations

WwcC
WTO
ZnBr

Zr02-Y203

Water cost

World Trade Organization

Zinc bromine

Yttrium zirconium

standard deviation

gamma function

energy pattern factor

coefficients of straight line

Daily hydrogen production (kg/day)
Electrolyser size (kg/day)

Required power (Kw/day)

Total electrolyser cost (£)
Electrolyser cost (E/kW)

Total storage cost (£)

Storage cost (E/kW)

Storage size (kg)

Total compressor cost (£)
Compressor cost (E/compression system)

Compressor size (kg/day)

Electrolyser energy requirement (kwh/kg H2)

XxXxiii



List of Publications

List of Publications

1. Journal publications

A. Rahil and R. Gammon, "Dispatchable hydrogen production at the forecourt for

electricity demand shaping,” Sustainability, vol 9, no 10, pp. 1785, 2017, (Chapter 7).

RAHIL, A., GAMMON, R. and BROWN, N. (2018) Techno-economic assessment of
dispatchable hydrogen production by multiple electrolysers in Libya. Journal of Energy
Storage, 16, pp. 46-60, (Chapter 8).

Rahil, Abdulla, Rupert Gammon, and Neil Brown. "Flexible operation of electrolyser at
the garage forecourt to support grid balancing and exploitation of hydrogen as a clean

fuel.” Research in Transportation Economics (2018), (Chapter 7).

Madziga, Miriam, Abdulla Rahil, and Riyadh Mansoor. "Comparison between Three
Off-Grid Hybrid Systems (Solar Photovoltaic, Diesel Generator and Battery Storage
System) for Electrification for Gwakwani Village, South Africa." Environments 5
(2018): 57), (Different project).

2. Conferences publications

A. Rahil, R. Gammon, N. Brown. “Demand Side Management from Electrolytic
Hydrogen Production”, UK Energy Storage Conference, University of
Birmingham/November 25-27, 2015 (poster), (Chapter 4 and Chapter 5).

A. Rahil, R. Gammon, N. Brown. “Hydrogen fuel production from renewable sources
and its role in balancing the grid in Libya”, H2FC SUPERGEN 2015 Research
conference, University of Bath/December 14-16, 2015 (poster), (Chapter 4 and Chapter
7).

XXXIV


http://hydrogen-fuel-cell-supergen-researcher-conference-university-of-bath-14th-16th-december-2015-2/
http://hydrogen-fuel-cell-supergen-researcher-conference-university-of-bath-14th-16th-december-2015-2/

List of Publications

A. Rahil, R. Gammon, N. Brown. “Onsite Hydrogen Production at the Forecourt to
Support Grid Balancing”, The 1st Faculty of Technology PGR Students Conference, De
Montfort University, Leicester,UK/ June8, 2016 (oral presentation /paper), (Chapter 7).

A. Rahil, R. Gammon, N. Brown. “Dispatchable Hydrogen Production at the Forecourt
for Electricity Grid Balancing” TMREEL16 Int’l Conf. Fall Meeting, Paris-
France/November 16-18, 2016 (oral presentation /paper) , (Chapter 7).

A. Rahil, R. Gammon, N. Brown. “Dispatchable Hydrogen production by multiple
electrolysers to provide clean fuel and responsive demand that facilitates renewable
energy integration in Libya”, H2FC Researcher Conference, Ulster University, Belfast/
December 12-14, 2016 (oral presentation), (Chapter 8).

A. Rahil, R. Gammon, N. Brown. “Techno-economic Comparison between Multiple
Forecourt Electrolysers and Central Hydrogen Production”, Fuel Cell & Hydrogen
Technical Conference University of Birmingham/31% May- 1% June 2017, (oral
presentation), (Chapter 9 and Chapter 10).

A. Rahil, R. Gammon, N. Brown. “Dispatchable Hydrogen production by multiple
electrolysers to provide clean fuel and responsive demand in Libya” The 9th International
Renewable Energy congress, Hammamet, Tunisia /March 20-22, 2018, (poster
presentation /paper) (Chapter 8).

XXXV



Chapter 1: Introduction

Chapter 1: Introduction
1.1 Background

Energy production has offered a mixture of benefit and problems for society (Tezcakar,
2010). Starting with the fast growth and diffusion of electrification, the internal
combustion engine and the rapid R&D achieved in the development and exploitation of
fossil fuels, the energy industry has expanded and become the spine of countries’
economic activity. The first three quarters of the 20" century concentrated on the
exploiting and growth of energy whereas the final quarter focused on problems associated
with the industry such sustainability and pollution issues. The 1970s oil crisis and
increased awareness of environmental issues caused by fossil fuels acted as the catalysts
for the considerable changes in this field. The main effect of oil crises was that complete
and finite depends on fossil fuel as the engine of the economy is not tenable and cannot

be predicted for long-term reliability (Tezcakar, 2010).

Because of the above issues, exporting countries start looking for the ways to reduce the
dependency on fossil fuels to meet the 2030 climate & energy framework from one side
and to have sustainable economic from another side (European commission, 2017).
Moving away from fossil fuel is not an easy task since this action requires finding ideal
alternatives fuels to the electricity and transport sectors as one of the most polluting and
harmful to the environment. All these reasons led to rapid growth in the renewable energy
industry until reached nearly 19% of total world energy use (Bhattacharya et al., 2016;
Helm, 2016). The international Energy Agency (IEA) revealed that nearly 46% of global
electricity can be produced from renewable sources by 2050 (Gazey, 2014). British
petroleum (BP) forecasted that the fossil fuel industry growth is going to drop from 83%
in 2011 to 64% in 2050 of total energy share in favour of renewable sources (Ruehl and
Giljum, 2011).

Many countries start depending on the renewable energy as a main source of energy. For
example, Germany target is achieving 18% of total energy consumption and 30% of total
electricity consumption from renewable energy sources by 2030(Abdmouleh, Alammari
and Gastli, 2015). However, on Sunday, May 8, 2016 electricity prices became negative

for many hours, meaning commercial consumer were being paid to absorb electricity due
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two unexpected of high renewable energy generation(Geier, 2016). This is one of the
main drawbacks of renewable energy sources. Intermittency and variability are the main
issues of renewable energy sources (Ehteshami and Chan, 2014). Instalment a large size
of storage devices can solve these issues. Many types of energy storage can be used with
advantages and disadvantages for each technique. Hydrogen as an energy storage medium
has the ability to store excess energy for reuse as electricity. Electrolysis also has the
option to sell both oxygen and hydrogen as commaodities. Hydrogen has the ability to use
as a chemical gas for industry purpose or as fuel for transportation sector, thus hydrogen
could treat the main sources of CO, emissions by consuming surplus of renewable energy

and replace the fossil fuels (Gazey, 2014).

The oil prices has significantly dropped from $125/b to less than $55/b between 2012 and
2016 due to many reasons such as over-supply, economic stagnation and renewable
energy sources development (Yoshino and Taghizadeh-Hesary, 2016). These prices in
the long-term will affect oil rich countries which depend on the oil as a main source of

income.

Libya is one of the oil-rich countries in Africa which clearly affected by the oil price drop
since Central bank forex reserves were $76.6 billion at the end of 2014 in contrast with
$105.9 billion in 2010 (Bosalum and Laessing, 2015). This country should follow
importing oil countries steps to be renewable energy exporter rather than fossil fuel
exporter since all circumstances support the possibility of the country to be one of the
highest renewable energy producers. Country location and weather data are very
promising to produce and export renewable energy to Europe. Hydrogen also can be used
as a Demand side response tool, and can be used locally as a fuel or exporting via pipeline
(Elamari, 2011).

Much attention has been paid to renewable energy resources and current target is to
deliver the energy stably and cheaply. However, hydrogen applications as energy storage
or as fuel need to be investigated. Moving toward hydrogen economy requires studying
external factors which affect the options of decision-makers in energy, the interaction
between several subsystems of energy and hydrogen industry as well as the relation
between the other energy options and hydrogen choice (Tezcakar, 2010).
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Because of the advantages of hydrogen, which include the different energy sectors
applications such as electricity, transportation and heat. In addition, it can be produced
from many sources with high efficiency such as natural gas, fossil fuels renewable energy
as well as water. Finally less CO , emissions based on the source of hydrogen, the research
has been concentrated of hydrogen industry and the expectation was that research and
development (R&D) efforts will reduce the hydrogen cost (Dincer and Acar, 2015;
Nicoletti et al., 2015). High efficiency of hydrogen energy (as a fuel or as electricity
applications) and its ability of reduce the GHG could compensate the high price in
contrast with other energy sources (Dutta, 2014).

1.2 Thesis aim and objectives

The main aim of this thesis to investigate the ability of hydrogen to work as grid balancing
tool with high penetration of renewable energy and as a clean fuel instead of fossil fuels
in Libya. In other words, to shift away from traditional economy (carbon based economy)
to hydrogen economy. The electrolysis will operate as demand side Response tool,
consuming electricity at off-peak times and produce hydrogen for transportation sector.
The main engine of this work is the economic aspect. Hydrogen should be produced with
reasonable price to be competitive with traditional fuel. However, some particular
objectives were determined at the beginning of the research to avoid the risk of such a
large undertaking lacking focus and becoming unmanageable. These objectives were to:

1- Data collection. In a country such as Libya, collection of data requires time and
effort since there is no trust of sources except in the official government
Institutions. Some Institutions have their websites but not all information can be
found. For example, the electricity demand cannot be found except in the general
electricity company and a lot of procedure you have to follow to gain these
resources.

2- Analysis of weather data and build a software model to analyse the wind and solar
data characteristics

3- Develop a software model to calculate the potential wind and solar power based
on the weather data for the research location (Darnah city, Green Mountain,
Libya). Weather data also collected by different ways such as commercial

websites, NASA or airports.
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4- Sizing the renewable energy sources based on the research area demand and
extract the surplus energy during the year. After the renewable energy
investigation in Step 3, renewable energy will be sized based on the Green
Mountain demand. This renewable energy should meet demand most days, after
which any excess energy will assumed and used by the electrolyser to produce
hydrogen. Any deficiency in hydrogen supply can be met via conventional fuel
(this point is outside the scope of this research).

5- Wide discussion about the fuel consumption in Libya and specially focus on
Darnah fuel consumption and then simulate the hydrogen fuel consumption based
on some characteristics of hydrogen and fossil fuel and engines such as lower
heating values , higher heating values and engines efficiencies.

6- Build a software model based on optimisation tools to test the effect of electricity
price on the hydrogen price before start focusing on the main electricity type in
the research which is off-peak electricity. All these calculation will be done under
two cost scenarios, 2015 and 2030, and two common types of electrolysers will
be investigated technically and economically.

7- Create a new way of electricity price, which depend on the participation between
the supply (energy availability side) and demand (hydrogen demand side).

8- Build the main model of the work, which will focus on the techno-economic
assessment of hydrogen. Different mode of operations under different cost
scenarios with different types of electrolyser will be tested.

9- General comparison between all the operation models will be given at the end of

the work.

While many of these cases have been investigated in several studies and field test
previously, this aims to be the first electricity mechanism technique, which considers the
price decision between supply and demand sides at the same time. This research
completely new in terms of the locations. Most previous study focus on the analysis study
based on the surveys or interviews with the expert on this field without modelling or
calculations. Some studies focused on the potential renewable energy in many regions in

the country but without integration or even off-grid systems.
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1.3 Methodology

This section discusses the various techniques used in this study. There are different
techniques such as a questionnaire, interviews, and practical or software work to answer
the research question, realise the main aim and evaluate the result of the research subject.

The methodology includes data collection and the method used.

1.3.1 Data collection

The collection of data in this research include the electricity demand data, fuel
consumption data and weather data. Weather data (wind and solar) were collected from
commercial websites, NASA and as well as airports (Nasa, 2016; weatherspark team,
2014). Electricity demand was extracted from general electricity company of Libya in
daily pattern and this is the reason for using daily calculation for the work (GECOL,
2012). Some history background about renewable energy projects and the future planned
project information is taken from renewable energy authority in Libya (Mohamed
Ramadan Zaroug, 2012). Finally, fuel consumption data is extracted from daily record of
stations consumption since our work focus in small city. Regarding oil prices and
government subsides, bank loans, interest: they are extracted from Libyan central bank
and national oil corporation (Central Bank of Libya, 2014; The National Oil Corporation
(NOC), 2017).

1.3.2 Research technique and tools

Matlab software has been used to formulate all parts of the research model but with
different tools. Matlab code has been designed to analysis the weather data. Some Matlab
tools was used such as probability distribution, Weibull parameters with many different
commands. Then the system sizing model was created to extract the surplus power after
comparing the demand and supply. Linear programming was used in Chapter 7 to
optimise the hydrogen cost based on the time and price of energy. Some economic
equations were used to assess the system economically such as retune of investment and
payback period formulas. Finally, the long code with different operation modes has been
build using Matlab to test different mode of operations with different cost scenarios and
with different types of electrolyser. Generally, the main model is flexible and can deal

with any region and any mode of time like day or hours. The input of the model are the
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electricity and fuel demand and weather data and the output are average price of hydrogen
per refuelling station, the energy consumption and the satisfaction of hydrogen demand.
The model consists of numerous steps, with the main input being the weather data (wind
speed and solar irradiance) and the fuel and electricity demand. A number of steps had to
be taken before running the main model, which would produce the hydrogen and suggest
the average hydrogen price; these were the main outcomes of the model. Other results
can be extracted, such as the surplus power absorption, the deficiency in meeting
hydrogen demand and the cost of hydrogen. Based on the weather data, the wind turbine
and PV system were chosen. This process requires various calculations; for example, the
wind speed had to be converted into a daily pattern, then a suitable wind turbine based on
the wind speed data had to be selected, and finally the capacity factor had to be computed
to determine how many turbines would need to be installed to meet the demand. The last
process, the sizing system, mainly depends on the PV system sizing, the wind turbine
sizing and average demand. Due to the absence, to date, of an extensive hydrogen market,
the hydrogen demand calculation cannot be computed with any great degree of accuracy.
The widespread uptake of hydrogen markets will rely initially on the availability of a
hydrogen-based infrastructure, particularly a hydrogen station infrastructure and
hydrogen-fuelled cars. The data for petrol stations is not available from any official
source; only annual fuel consumption can be extracted from the National Oil Corporation
or Central Bank of Libya. However, after the introduction of the new system, which
would the manager or owner the power to control their own station, unofficial daily
reports would be performed to determine costs and revenues, as well as any shortage of
oil components. As a result, fuel consumption data were obtained from the station owners’
daily records. The rest of the model was written using the Matlab software suite, using
many of the toolboxes and equations therein. For example, when analysing the input data
of the model, Weibull disruption was used to analyse wind speed. Some tools were used
to remove outlier values from solar radiation and wind speed, others were used to convert
the hourly data to daily data, and additional code was written to estimate the hydrogen
demand based on conventional fuel demand, and the system sizing model was designed.
All these steps were taken to determine the excess power that might be available for
electrolysis, which was the main goal of the previous work. Then, a large section of code,

which made use of a considerable number of tools and commands, was written to simulate
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all hydrogen production scenarios. Different scenarios were posited under two different
cost assumptions using the two main types of electrolysis currently available. All these

steps are presented in detail in appendices.

1.4 Thesis structure
The remainder of this thesis is organised as follows:

Chapter 1, this chapter, presents the global energy history and introduces the fossil fuel
problems and then move to the taken steps by countries to reduce the reliance on the fossil
fuel and the issues that could face this transition for importing and exporting oil countries.
Hydrogen has been given as asolution with some techno-economic issues. Second part of
this chapter was the main aims and objectives of the research. Finally the research

methodology including the data collection and research method was briefly disused.

Chapter 2 introduces general overview of current energy storage with explanation of the
construction, the operation way and the limitation then current applications of energy
storage and future installation plan of some energy storage has been presented. Finally,
general comparison between all energy storage based on different aspects has been

presented.

Chapter 3 focuses on hydrogen storage method. First comparison between hydrogen and
conventional fuels was presented followed by hydrogen production methods which
widely discussed with explanation about the production process and the advantages and
disadvantages of each production way. Then hydrogen storage methods was presented
with intensive discussion in terms of requirements, positive and negative points for each
storage method. Last part of this chapter explained the applications of electrolytic
hydrogen as a demand side response. Electrolyser had been tested for different purposes
such as end-user energy management, transmission and distribution and wholesale market

services.

Chapter 4 introduces electrolysis technology staring with history of this technique, the
operation mechanism and the main components of the electrolysis. Second part covers
electrolyser cell arrangements including the type of arrangements and advantages and

disadvantages for each type. The electrolyser types is presented and discussed in details.
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Electrolysis benefits and challenges which could face this industry. Last part was the

electrolysers cost which presented with intensive discussion and some examples.

Chapter 5 presents the general idea about energy production and consumption in Libya,
which includes information about the oil and natural gas reserves in the country, current
situation of oil and natural gas industry and current local consumption of energy. Then
electricity production and consumption in Libya is discussed which covers the different
aspects such as current and forested demand, consumption per sector and production
based on energy source. Furthermore, Libyan environments situation had been presented
in this chapter followed by the Libyan electrify prices issues, finally current renewable

energy projects, and future prospective are disused in details.

Chapter 6 discussed the project region from different angles, starting with the region
location then the electricity demand of the region followed by potential wind production
of the region based on the weather data. After that, the project calculation had been started
by calculating the potential renewable energy then sizing the system and finally extracted
the surplus energy during the year. Then fuel consumption history had been presented
with more information about the fuel station in Libya, fuel prices and at the end, fuel
consumption of the project area was presented.

Chapter 7 tests different price of energy under optimisation method to reduce the
hydrogen cost. The main goal of this chapter to see whether the change of electricity price
depend on the time of operation could make a considerable change in hydrogen price.
Two cost scenarios had been applied 2015 and 2030 cost scenarios and two different types

of electrolysers was used.

Chapter 8 investigates the possibility of on-site hydrogen production to work as a grid-
balancing tool and replace a fossil fuel in research region. On-site hydrogen production
could include some scenarios such as increase the size of the system and adding central
electrolyser to deal with the rest of surplus and meet any hydrogen meet shortage. All
operation scenarios had been tested under two cost assumptions 2015 and 2030 and for
two common types of electrolysers: PEM and alkaline. Techno-economic assessment of

each scenario is presented in details with general comparison between all scenarios.
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Chapter 9 investigates the possibility of central hydrogen production to operate as a
demand side response tool and produce a clean fuel could be used as an alternative fuel.
Two different types of electrolysers (PEM and alkaline) will be tested under two cost
assumptions 2015 and 2030.

Chapter 10 shows the comparison between the onsite hydrogen production scenarios and
central production scenario in terms of energy absorption, hydrogen required meet and
the average hydrogen price under two cost assumptions 2015 and 2030. Comparison
between two options of renewable energy integration based on the fossil fuel usage when
renewable resources satisfy the same amount of energy. Like in first one, this comparison

will be under two cost assumptions 2015 and 2030.

Chapter 11 then summarises the work done in this research, together with further work
recommendations, which can enhance the development of hydrogen industry as a suitable

way for renewable generation constraints.
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2.1 Introduction

There are many reasons for installing energy storage such as mitigating the imbalance
between power demand and supply due to high penetration of renewable sources,
deferring the upgrade of distribution and transmission systems, power quality, efficiency,
and improvement of conventional sources like coal, nuclear and off-grid system
applications. Power produced from renewable sources has many advantages, which
include it being clean, sustainable, and the sources having a long lifetime (e.g., wind
turbines and PV panels may last 20-25 years) (Singh et al., 2017), and low operating and
maintenance costs (Martin et al., 2016). Furthermore, the time for construction is very
short compared with other kinds of power station. On the other hand, the main
disadvantage of most renewable energy sources is that their output is completely
dependent on the weather (e.g., wind and sun), which creates two problems:
unpredictability and intermittency of output. To increase the penetration of the power
generated from such sources, an energy storage system (ESS) can be applied to
accommodate temporary surpluses and deficits in generated power. In addition to solving
the practical problems of intermittency and variability, ESSs can be economically
attractive (Sahay and Dwivedi, 2009). There are many types of energy storage, such as
batteries, super-capacitors, flywheels, flow cells, pumped hydro and compressed air. This
chapter provides a general review of ESS techniques based on their various different
aspects including cost, efficiency, advantages and disadvantages, and applications. Some
energy stores are not suitable for systems with a high penetration of renewable power
because of their relatively short life cycle such as capacitors and lead-acid batteries
(Carmo et al., 2013). The variability of wind power output, for example, can leads to the
accelerated degradation of the energy storage device, of which the clearest example is
batteries. Different kinds of energy storage can utilise the excess energy from renewable
energy systems to store energy in different forms such as hydrogen, pressure, mechanical,
and electrostatic storage (Hebner, Beno and Walls, 2002). For example, some methods of
energy storage, such as the flywheel, have excellent characteristics for short storage
cycles, but by contrast face numerous issues regarding long storage cycles due to self-

charge losses (Chen et al., 2009). Most means of energy storage can deal with short
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storage cycles with few or no disadvantages. However, the requirements of long storage
are complex, and not all energy storage methods are efficient in this manner (Schoenung,
2001). For instance, few energy storage methods are suitable for when up to seven days’
worth of storage is required, such as batteries, CAES, and hydrogen. The first two storage
methods are restricted by degradation of the battery and the requirements regarding the
location at which CAES can be constructed (Luo et al., 2015), respectively. Hydrogen
storage has received considerable attention over the last few years due to its excellent
properties regarding long energy storage and the multiple applications of hydrogen, such

as in transportation and electricity (Sevilla and Mokaya, 2014).

2.2 Energy storage methods

A number of factors are taken into consideration when choosing the ideal size for energy
storage such as power density, life cycle, cost, efficiency and, most importantly, storage
time. Figure 2.1 below shows the relation between the annual cost and the time of storage
of different types of storage devices; here, it is clear that increased storage time will lead

to an increased annual cost of energy (Schoenung and Hassenzahl, 2007).

1400

—a— Lead-acid battery (flooded cell)
1200 J —a— Lead-acid battery (VRLA)
Na/s

ZniBr

1000 4 —pe— Regenesys
—a— Ni'Cd

—p— CAES

—a— Pumped Hydro

800 J

—s— Pumped Hydro with Variable Speed Drive

A
600 -

Annual cost, $/kW-yr

400 4

200 4

hours of storage

Figure 2.1: Annual cost versus hours of storage for different energy storage techniques
Generally, the longer the storage time, the greater the challenge and therefore the more
expensive the solution. Furthermore, choosing a suitable storage device will depend on
the application for which it will be used, including power stabilization of the grid, time-

shifting of the load, arbitrage and frequency regulation.
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2.2.1 Pumped hydroelectric energy storage (PHES)

In Pumped Hydroelectric Energy Storage (PHES), water is pumped from a lower
reservoir to a higher one during the charging stage and released from the higher reservoir
to the lower one through a generator in the discharging stage (Rehman, Al-Hadhrami and
Alam, 2015; Yang, 2014). Figure 2.2 below shows the PHES process, which tends to
involve the use of natural resources such as rivers or lakes. More recently, a number of
new methods have been introduced; in Japan, for example, the sea has been used as the
lower reservoir and it has been suggested that a surface reservoir could be used as the
upper reservoir in conjunction with an underground reservoir, possibly directly
underneath it, as the lower reservoir. PHES is a well-established, highly durable
technology that is used worldwide. It is usually of between 100 MW and 3000 MW power
capacity with nearly 70-85% cycle efficiency and a lifetime of 40 years. Suitable storage
time for large PHES installations can be hours, months or even much longer-term storage
(Luo et al., 2015). Around 200 units and nearly 100 GW of PHES are distributed across
Europe (which accounts for 32 GW), Japan (21 GW) and the USA (19.5 GW) as well as
in Asia and Latin America (van der Linden, 2003; Bruninx et al., 2015). The largest such
facility in Europe is Dinorwig in the UK, which has an 1800 MW capacity, generating
more than 5,885 GWh/year and achieving maximum output from zero within only 16
seconds. Some components of older systems, particularly the turbines, can be retrofitted
to improve their efficiency. There are some disadvantages to PHES, however, including
restrictions regarding where they can be located, lengthy lead times for their build,
environmental issues such as the alteration of normal water flow disrupting the aquatic

ecosystem, and high start-up costs (Inage, 2009; Taczi and Szorenyi, 2016).

\ Upper basin 7

Accumulation
{oftf-peald) hours

Altermator
— Motor Restitution
\ Lower basin 7 (peals hours)

Turbine
Pumyp

Figure 2.2: lllustration of the PHES process
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2.2.2 Compressed air energy storage (CAES)

Compressed air energy storage (CAES) is a means of storing energy as compressed air in
an underground cavern. Its operating pressure fluctuates between 40-70 bars at ambient
temperature. The efficiency of commercial-scale systems of this nature is limited as heat
is radiated into the atmosphere during the compression stage. The first CAES system,
which had a 220 MW capacity, was installed in 1978 in Huntorf, Germany (Ferreira et
al., 2013; van der Linden, 2003). There are five main components in a CAES system: the
compressor train; the motor, or generator; the turbine expander train; the recuperator; and
the cavern. To absorb surplus power, the motor drives the compressor to compress the
air, which must be cooled down and then stored in the cavern. When there is a need for
power to be generated, it is necessary to pre-heat the air in the recuperator before mixing
it with a small amount of oil or gas; this is then burned in the combustor. Electricity is
generated by expanding the hot gas in the turbine. The entire process takes only a few
minutes, so the start-up time of 10 to 12 minutes is one of the main advantages of this
system as it has relatively long storage times (Fertig and Apt, 2011; Guney and Tepe,
2017). Figure 2.3 summarizes the construction and operation of CAES:

CT Module

Air Compressor Moator

4

Heat Rate
Energy Ratio

3810
0.70

Source: EPRI &2 |
(€ 2008 Electnc Power Research Institude, Inc. AN righis reserved.

Figure 2.3: Main sections of a CAES plant
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Both PHES and CAES are preferable for storing large amounts of energy for long periods.
CAES has lower efficiency than PHES (the round-trip efficiency is about 42-54%). The
usage of CAES is still limited for conventional applications and has a similar limitation
to PHES in terms of location (Luo et al., 2015).

2.2.3 Hydrogen energy storage (HES)

Long-term storage requires a stable storage medium that can be scaled up but which is
not reliant on specific locations, as in the case of PHS and CAES. In addition, the rate of
self-charge and the degradation of the storage equipment should be low. Hydrogen meets
all these conditions. The electricity can be stored as hydrogen for a long period without
any degradation, and hydrogen can be stored in different forms such as the gaseous or
liquid states, or in some cases in the solid form, in the case of the metal hydride storage
technique (Gahleitner, 2013). Hydrogen has many applications, for example for long-
term energy storage, as an energy carrier that can be converted repeatedly to electricity
using fuel cells, or as an industrial feedstock in many areas such as fertilizer production
or food processing. One suggested usage of hydrogen is as a fuel since it creates no
greenhouse gas emissions (Mansilla et al., 2013; Johansson, Franck and Berntsson, 2012;
Preuster, Alekseev and Wasserscheid, 2017). An electrolytic hydrogen system can be
operated as a controllable or deferrable load with smart grid systems. Generally, large
industrial and commercial systems can effectively participate in the balancing of the grid
through the intelligent use of their loads during the production process. There are many
hydrogen production systems in the world; Tessenderlo, for instance, uses one of the
largest hydrogen electrolytic systems (Maisonnier et al., 2007) to maintain grid balance,
operating at a low price per kWh to allow the distribution network operator to change its
production (hydrogen and oxygen). The distribution network operator makes these
adjustments based on changing demand within the electrical grid using the DSR method.
In other words, Tessenderlo will reduce the hydrogen production in the case of high
demand and low energy production and increase hydrogen production in the case of low
demand and high energy production (Crockett, Newborough and Highgate, 1997).
Further explanation regarding hydrogen storage will be presented in the following

chapters.
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2.2.4 Thermal energy storage (TES)

A thermal energy storage system comprises a reservoir as the storage medium, a packaged
chiller system, piping, pumps and a controller. Regarding temperature operation, there
are two types of TES, low temperature and high temperature (Chen et al., 2009; Ferreira
etal., 2013). The former is most appropriate for peak shaving and industrial cooling loads
and normally uses the water/ice and reheating process, whereas the latter exploits the
change of a material from one state to another and uses energy absorption or emission in
a liquid-solid at a constant temperature. The TES stores a large amount of energy with
very small daily self-charge loss (~0.05-1 %). It is commercially available with a low
capital cost ($3-60/kWh). However, the TES has a low cycle efficiency of only ~ 30-60%
(Demirbas, 2006; Sharma et al., 2009). Figure 2.4 shows the TES system integrated with

wind power generation.

Charging phase Generating phase
(Off-peak demand) (Peak demand)

Generator

ﬂ Condenser
@ Pump

Figure 2.4: TES system integrated with wind power generation

2.2.5 Battery energy storage (BES)

Nowadays, rechargeable batteries are one of the most commonly used EES’s in both
industry and in daily life (Luo et al., 2015; Akinyele and Rayudu, 2014). The main
components of battery storage systems are a DC/AC converter, charger, transformer and
AC switch gear. The battery stores the energy in chemical form. Figure 2.5 presents a

typical battery operation scheme.
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Figure 2.5: Battery energy storage system operation

Batteries are made up of parallel or in-series cells, each having an anode and a cathode
and a solid, liquid or viscous electrolyte material. (Waghorne, 2001; Song, Wang and
Wan, 1999). There are many kinds of batteries, which can operate in a variety of
situations, such as lead-acid, nickel-metal hydride, lithium-ion, sodium-sulphur, alkaline
and nickel-cadmium (Willis, 2000). A number of new types of batteries currently are
attracting a considerable amount of interest in terms of research. These include high
temperature, metal-air, and flow batteries (\Van den Bossche et al., 2006; Luo et al., 2015;
Dong et al., 2016). The battery most commonly used commercially worldwide is the
lithium-ion battery. The zinc-bromine (ZnBr) flow battery will also be considered below

in terms of its use as a future battery technology.
a) Zinc Bromine flow battery (ZnBr)

This is a hybrid flow battery system which has two electrolytes in two external tanks
based on zinc and bromine. The two electrolytes flow through the cell stack consisting of
carbon-plastic composite electrodes with compartments during the charge and discharge
modes (Chen et al., 2009; Rajarathnam and Vassallo, 2016).

The main advantages of the ZnBr flow battery are that its energy density (~ 30-65 Wh/I)
and cell voltage (1.8 V) are both relatively high, in addition to which it offers deep
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discharge and good reversibility. The module size ranges from 3 kW to 500 kW with a
10-20 year lifetime, and the discharge period is up to almost 10 hours (Schoenung, 2001;
Arai et al., 2008). Its drawbacks are corrosion of materials and a low cycle efficiency
(about 65%-75%) in contrast with other batteries, which reduces its use in many
applications, and, finally, the ZnBr can normally only operate within a narrow

temperature range (Tong, 2010).
b) Lithium-ion battery

The lithium-ion battery has been around for almost 40 years and is widely used in
electronics and transport, in particular for plug-in hybrid electric vehicles (PHEVs), and
power grid applications (Whittingham, 2012; Akinyele and Rayudu, 2014). The main

advantages of this battery are:

1- Higher efficiency (up to 97 %) compared with other BESS,

2- low self-charge,

3- Life cycle of nearly 10000 cycles,

4- Higher energy density (75-2000 kwWh/kg) compared to lead—acid, Ni-Cd and Ni-
MH batteries,

5- Cell voltage of 3.6 V compared to ~1. 2V and 2.0 V for nickel and lead-acid
technologies, respectively,

6- No memory effects.

The positive electrode of the lithium-ion battery is made from a ‘lithiated” metal oxide
such as lithium cobalt oxide (LiCo0,), lithium nickel dioxide powder (LiNiO,) or lithium
manganese dioxide (LiMnO,), etc., with graphite used in the negative electrode (Chen et
al., 2009; Abbas et al., 2013).

A lithium salt such as lithium hexafluorophosphate (LiPF¢) or lithium perchlorate
(LiClOy,), etc., is used as the electrolyte. The lithium cations move to the node during the
charging mode and to the cathode during discharging — a form of ‘intercalation’ of
chemical reactions. Figure 2.6 shows a schematic of a Li-ion battery (Kebede et al., 2014;
Yang et al., 2010).
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Figure 2.6: Schematic diagram of a Li-ion battery
2.2.6 Supercapacitor energy storage (SCES)

Supercapacitor energy storage (SCES) is relatively new and is considered one of the best
ways to deal with voltage regulation (Sevilla and Mokaya, 2014). In SCES, the energy is
stored as an electrical field between two electrodes.

Due to the limitations of electronic circuits, (they cannot meet the requirement of energy
storage regarding volume and weight), new research should focus on the development of
high energy density supercapacitors (Burke, 2000; Dong et al., 2016).

Figure 2.7 shows a supercapacitor with double layers. The main advantages of
supercapacitors are that they provide high efficiency (approximately 95%), operate at low
temperatures, maintenance cost is zero, and they offer a quick response and good
durability. However, supercapacitors are still expensive and under development for large
systems and are not yet available for commercial applications, in addition to having low
energy densities and a high self-discharge rate (nearly 5% per day) (Sevilla and Mokaya,
2014).
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Figure 2.7: Double layer supercapacitors

Supercapacitors are faster than batteries in terms of charge rate, and can be used for power
quality systems similar to the flywheel (Huang, Liang and Chen, 2012; Ibrahim, llinca
and Perron, 2008).

2.2.7 Superconducting magnetic energy storage (SMES)

The ideal SMES consists of three components: a superconducting coil unit, a power-
conditioning subsystem and a vacuum refrigeration subsystem (Diaz-Gonzalez et al.,
2012; Ali, Wu and Dougal, 2010).

The electrical energy in the SMES system is stored in the magnetic field produced by the
direct current in the superconducting coil. It is essential to cool the superconducting coil
to below superconducting critical temperature. The resistance of the coil would usually

cause the power to dissipate as heat when it passes through it.

Power can be stored when coils are produced from materials such as mercury or vanadium
and operated in a superconducting state at very low temperature. Niobium-titanium, with
a 2.9 K superconducting critical temperature, is commonly used for this purpose. When
discharging, the SMES returns the stored energy to the electricity network via an inverter,
which converts its DC output to AC (Chen et al., 2009). The components of an SMES are

shown in Figure 2.8.
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Figure 2.8: Superconducting magnetic energy storage

There are two types of superconducting material: low temperature superconductors
(LTC), which can work at nearly 5 K, and high temperature superconductors (HTC),
which work at about 70 K. Nowadays, LTCs are commercially available, whereas HTCs
are still in the development stage (Diaz-Gonzélez et al., 2012). On the one hand, SMESs
tend to be relatively high in power density (up to p4000 W/L), as well as having a fast
response time (millisecond level), together with a rapid full discharge time (less than 1
min), higher cycle efficiency (95-98%) and long lifetime (up to 30 years). However, they
can have negative effects on the environment because of the strong magnetic fields
inherent to the process, the cost of capital can reach $10,000 /kWh, $7,200/kW, and their
self-discharge can extend to 10-15% per day. Currently, research into such units is
focussed on two areas: reducing the high cost of the coils and other systems, and
developing the HTC material (Schainker, 2004; Smith, Sen Sr and Kroposki Sr, 2008;
Schoenung, 2001; Liu, Zhang and Zhang, 2016).

2.2.8 Flywheel energy storage (FES)
Kinetic energy is stored in a Flywheel Energy Storage (FES) system, with the absorbed

electricity driving the motor to boost the flywheel’s velocity. Then, by running the motor
as a generator, electricity is generated and, as a result, the flywheel slows down (Dell and
Rand, 2001). Flywheels can be classified into low-speed and high-speed types. The price,
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and other features of the flywheel, relate to their speed, which means that low-speed
flywheels are cheaper, but have limited energy storage capacity in comparison with high-
speed flywheels. Their main application is in remote electrical systems, allowing
additional renewable energy penetration, while their main advantages are that they offer
good high-speed dynamics, have long life cycles and are highly efficient (Ferreira et al.,

2013). A systematic description of FES is presented in Figure 2.9.
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Figure 2.9: Flywheel energy storage system

The energy storage in the flywheel can be determined using Equation (2.1).

E= llwz (2.1)
2

Where E is the energy, I is the moment of inertia, and w is the rotational velocity
(Fleming, 1999). For an electrical power system, a large flywheel is required. The tensile
strength of the flywheel material determines the maximum energy which can be stored,
Steel is used for low-speed FES units and can be rotated to 6 x 103 rpm, while for a
high-speed FES, advanced composite materials such as carbon-fibre can be used, which
can reach 10°rpm. Low-speed FES are normally suitable for short-term and
medium/high power applications. The energy capacity of a low-speed FES is in the
region of 5Wh/kg, whilst for a high-speed FES this figure is nearer 100 Wh/kg. The
need for composite materials in the latter case could lead to a higher price compared with
conventional FES systems. The main advantages of flywheels are that they offer

relatively high power densities, have high cycle efficiency (= 95% at rated power), no
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depth-of-charge limit, and they are easy to maintain. Nowadays, research and
development in this regard is centred on the materials used for flywheels so as to increase

rotational speed, the power density and the bearing capacity (Luo et al., 2015).

2.3 Energy storage applications

Energy storage has been applied in many areas throughout the world and for different

purposes, mostly to achieve two main targets:

1- Increase the penetration of renewable energy sources by storing excess energy,
2- Satisfy demand at any given time using power that is already stored

Applications of flywheel storage systems can be found in various areas of the world.
Beacon Power began the commercial operation of a 20 MW modular power plant in New
York in June 2011, it is considered to be the most advanced ESS in North America. Its
main purpose is to regulate voltages by providing nearly 10% of the total frequency
regulation of the state (Sebastian and Alzola, 2012; Luo et al., 2015). Active Power
Company established a 100/150 kW unit, 20 MW/5 MW h plant to satisfy targets in
frequency regulation, power quality, and voltage support. Another application was 100
kW/5 kW h, HT magnetic bearings built by Boeing Phantom Works to achieve power
quality and peak shaving. There are other applications of FES managed by Japan Atomic
Energy Centre, Piller Power Systems Ltd., and the NASA Glenn Research Centre for
various purposes (Long and Zhiping, 2008; Pena-Alzola et al., 2011; Hadjipaschalis,
Poullikkas and Efthimiou, 2009; Mulcahy et al., 2001).

The first CAES was installed in Germany in 1978 at a rated power of 290 MW. The main
aims of this plant were to provide black start power to nuclear plants, back-up to local
power systems and to produce more electricity to meet demand as necessary. Another two
110 MW CAES have been built in MclIntosh, United States, and a 25 MW in Sesta, Italy
(Eckroad and Gyuk, 2003; Greenblatt et al., 2007). SMESs are in the development stage
with many studies and research still ongoing, and thus they have not yet been widely used
in commercial energy storage applications. Table 2.1 shows various SMES projects
(ZHANG, Qiu and LAI, 2008; Ali, Wu and Dougal, 2010; Yuan, 2011; Hassenzahl et al.,
2004).
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Country Data Details
Proof principle tested ina grid in | 5 KJ, 2 sto max 100 A at 25 World first significant HTS-SMES,
Germany K by ASC
Korea Electric Power 3 MJ, 750 kV A Improving power supply quality for
Corporation, Hyundai sensitive loads
Superpower & others, University | 20 kW, up to 2 MJ class UHF-SMES, voltage distribution
of Houston
Upper Wisconsin by American 3 MW/0.83 kW h, each 8 Power quality application reactive
Transmission MVA power support
Nosoo power station in Japan 10 MW Improving stability and efficiency
Improve of the system
Germany, Bruker EST 2MJ High-temperature superconductors
Japan, Chubu Electric Power Co. | 7.3 MJ/5 MW and 1 MJ Provide comparison to transient

voltage

Table 2.1: Some SMES projects

There are many SCES projects including an EPSRC-funded project in the UK. The target

of this project is to develop a high-performance supercapacitor, some results from which
were published in 2013 (Markoulidis, Lei and Lekakou, 2013). Table 2.2 presents some
SCES utility applications (Sharma and Bhatti, 2010; ZHANG, Qiu and LAI, 2008)

Organization Location Details

CAPXX, Supercapacitor Australia Single cell 2.3-2.9 V, up to ~2.4 F, 233- 358 K

Maxwell, Ultracapacitor/ Boostcap USA Single cell 2.2-2.7 V, 1-3000 F, UPS, pulse,
transportation

Gold capacitor, Panasonic Japan Single cell 2.3-5.5V, 0.1-2000 F

TVA company, Supercapacitor, USA 200 kW, supporting the start of high power dc
machines

Supercapacitor, Siemens Germany 21 MJ/5.7 W h, 2600 F, metro distribution net
application

Supercapacitor, Japan NEC 3.5-12 V, 0.01-6.5 F, power quality

Table 2.2: Some SCES utility applications

Thermal energy storage has been used in the UK since 2010 at Scottish and Southern

Energy’s 80 MW biomass plant, built by Highview Power in 2014 with £8 million having
been paid to fund the 5 MW/ 15 MWh LAES project (Gent, 2013). Some TES projects
have been installed in offices in the US and Beijing, which could decrease the peak
electric consumption of 6100 kWh per month (Sharma et al., 2009). Another 15 MW
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plant has been built in Spain to store heat energy. Due to the diversity of battery design

and uses, it is difficult to note all the associated advantages, disadvantages and

applications in just a few pages, so our comparison in this regard will be limited to the

most commonly used batteries. Table 2.3 shows the advantages and disadvantages, and

some applications, of four types of battery (Chen et al., 2009; Diaz-Gonzalez et al., 2012;
ZHANG, Qiu and LAI, 2008; Hodson, 2013; Semadeni, 2003; Walawalkar, 2008;
Kothari, Buddhi and Sawhney, 2004; Luo et al., 2015).

4-Very high energy density
(200-600 Wh/L).

5-Energy capacity could reach
30 MWh.

2- Deep discharging has a
detrimental effect on

lifetime.

Properties | Advantages disadvantages Applications
Battery
1-Established technology. 1-Lead-acid batteries show | Automobile and
Lead Acid 2. Recognised. poor performance at low UPS/ Telecom/
3. Economical. temperatures. Substation
4. Readily available. 2-Durability issues. reserve power
3-Environmental concerns.
1-High efficiency (85-90%), 1-For medium and large Phones/
2-Good reliability, applications, these Computers /
3-Low self-discharge rate batteries are still Cameras/ Medical
o (0.12-5h) expensive. purposes/ electric
Lithium-ion

cars/ storage in

grid

Sodium Sulphur

1-Very fast adverse action
between charge and discharge
modes.

2-High operational efficiency
(75-90%).

3-The cost of maintenance is

low, and they are long lasting.

1-The high temperature of
operation (300°C).
2- Safety issues.

3- Expensive.

Peak shaving/
upgrade
deferral and
levelling

load applications

Nickel-Metal Hydride

1-Has a higher energy density
(140-435 Wh/L)
2- mature

3- has long life cycle

1-The construction of the
battery requires use of
scarce materials.

2-High self-discharge rate.

Utility / Telecom
backup and
consumer

electronics

Table 2.3: Advantages and disadvantages of different types of battery

Electrolytic hydrogen storage systems are currently receiving a great deal of attention due

to their many advantages. US companies made 80% of the total of such investment in
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2012 (Department of Energy, 2016). The first state unit of hydrogen was built in Norway,

which produced power with high efficiency (Nakken et al., 2006). One of the largest
hydrogen stations was established in California (2.8 MW) ( DFC3000 (2.8 Megawatts
MW)) to convert biogas into electricity. Currently, there are a number of projects at the
testing stage such as IdealHy (the Netherlands), REACELL (Spain), Sapphire (Norway),
SmartCat (France), etc. Figure 2.10 and Figure 2.11 compare different properties of a

number of ESSs.
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Figure 2.10: Comparison of discharge time vs. system power rating for ESSs (Luo et al., 2015).

1GW

100MW

TOMW

1MW S

100KW -

TORW

TkW

15eC 1min Thr m
- - P

0.1kWh

r.a
1kWh

10kWh  100kWh  TMWh  10MWh  100MWh  1GWh  10GWh  100GWh

Energy

Figure 2.11: Comparison of capacity of rated energy vs. rated power with period of discharge for ESSs.
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2.4 Summary of the chapter

This chapter has provided an overview of recent technological developments in EESs,
both in academia and in industry. Relevant technical and economic data were used in
order to carry out a comprehensive comparison of different aspects of these technologies,
with the aid of tables and figures. The potential applications of energy storage systems
were discussed in detail in terms of current EES features and through the specifications
of each application. The overview has provided an up-to-date view of significant EES
technologies which could be used as a basis for further research and development in this
area and to assess EES technologies in terms of implementation. The review showed that
PHS plants have been utilised globally as a result of being an established technology.
Their main use is as stationary, large-scale energy storage units because of their relatively
low power/energy densities whereas the Li-ion battery, on the other hand, with its
relatively high power/ energy densities and specific power/energy, is used mainly in
small-scale EES applications. In terms of cycle efficiency, continuous improvements
have been made to EES technologies. This has led to technological breakthroughs and, as
a result, most commercialized techniques tend to have medium-to-high cycle efficiencies.
The main factors in choosing a suitable storage duration are energy capacity and the self-
discharge of the energy storage system. The overview indicated that, at least currently,
no suitable commercial-scale technology exists for seasonal energy storage, although a
number of EES technologies could potentially be applied in this manner, including
Pumped Hydroelectric Energy Storage, fuel cells, and thermal energy storage. Various
factors need to be considered when choosing which EES to implement. The main priority
for the national regulator would be the level of technological maturity, reliability and
potential environmental impacts (such as the toxic chemical materials used in batteries)
whereas cost-effectiveness may not be particularly important; these factors would also be
important to end-users (customers) or local (private) networks, but the investment cost
and the economic gain would be additional concerns. Hydrogen energy is more suitable
for large-scale, long-term storage than other mature storage methods and has the
advantage of being environmentally friendly. It is used for seasonal energy storage,
despite being very low in efficiency as hydrogen is able to store energy for several months
with little loss. It can be released by either a combustion engine or a fuel cell, is the latter

26



Chapter 2: General Review of Energy Storage

being the more efficient but more expensive of the two. It is also much more suitable for
demand side response applications. Due to the advantages discussed above, hydrogen was

selected for further investigation in this thesis.
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Chapter 3: Overview of Hydrogen Storage

Method

3.1 Introduction

Hydrogen is extremely light when compared with various traditional types of fuel (such

as diesel, petrol, methane (CH,) and methanol (CH;0H)), having zero emissions (when

renewable energy is used) and a high energy density. In addition, hydrogen is available

in vast quantities in nature, as mixed with other elements. Hydrogen can be produced in

various different ways such as electrolysis and steam reforming, etc. Table 3.1 below

gives a comparison between hydrogen and various other fuels (Kuang et al., 2005;
Nicoletti et al., 2015; Lee, Speight and Loyalka, 2014).

Type of fuel Methane Methanol ]
] Hydrogen (H,) Gasoline
Properties (CHY) (CH3;0H)
Molar mass (g/Mol) 2 16 32 100~105
Carbon percent (%) 0 75 37.5 85~88
Energy Density (MJ/kg) 143 (electrolytic hydrogen) 50 19.9 44 .4

Table 3.1: Comparison between hydrogen and other traditional fuels

All these comparisons are made under standard conditions, where the operating

temperature and pressure are 25°C and 1 bar, respectively. The thermal physical properties

of hydrogen in its liquid and gas states are compared with natural gas and petrol in Table
3.2 (Najjar, 2013a; Suleman, Dincer and Agelin-Chaab, 2015).

Fuel Hydrogen Natural gas | Gasoline
properties Gas Liguid
Intensity(g/ cm?) 0.84x107* | 0.71x 1071 | 0.78x 1073 0.73
Point of boiling (°C) -235 -156 30~204
Energy density gravimetric (KJ/kg) 12.5 x 10* 4.8 x 10* 4.45 x 10*
Limits of flammable (% in air) 4-75 5-16 1.4-7.6
Speed of blaze (m/s) 3.45 0.41 0.4
Temperature of blaze (°C) in air 2045 1875 2197
Temperature of ignition (°C) 585 540 257
Blaze shines Low Medium High
Volume of energy density (KJ/m?) 10.4 x 103 | 852 x 10° 37.3 x 103 32 x10°

Table 3.2: Thermos physical properties of hydrogen (gas and liquid), NG and gasoline
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From the properties in the table above, hydrogen’s weight for a given energy is nearly
one-third that of gasoline and it has a higher limit of flammability, and higher flame speed,
which is inherent to its use as a fuel for internal combustion engines, gas turbines and jet
engines. Hydrogen is a ‘safe’ fuel in terms of it’s the higher ignition temperature and low
flame luminosity. Moreover, it is also a non-toxic and recyclable gas (Sharma and
Ghoshal, 2015; Lowry, 2017). It is not possible to call hydrogen a primary energy source
because it is, rather, an energy carrier, and thus would more correctly be called a
secondary energy source. An additional comparison between hydrogen and other

traditional fuels is shown in Figure 3.1.

| H», 120 MJIkg

| Methane, 50 MJiky

] Ethane, 47.5 MJikg

| Propane, 46.4 MJikg

| Gasoline, 44.4 MJikg

| Ethanol, 26.8 MJikg

Methanol, 129 MJikg
T T T

0 20 40 60 80 100 120 140
Figure 3.1: Content of heating energy by mass of many types of fuel
From Figure 3.1, it is clear that hydrogen has the highest energy density at 120 MJ/kg
(nearly three times that of fossil fuels), with a very low energy density volume of about
0.01006 MJ/L. Nowadays, hydrogen represents a promising means of energy storage and
a future environmentally-friendly fuel. Hydrogen can be used in various applications such
as transportation, electricity generation and energy storage (Kuang et al., 2005; Pudukudy
et al., 2014). The main drawbacks of hydrogen as a fuel are its low energy density, which
means that a huge volume is required for any practical purposes. The intensive application
of hydrogen in mobile applications, however, will almost certainly lead to further research
to solve this problem. To clearly demonstrate this issue, Figure 3.2 shows the comparison
between hydrogen and certain other fuels (petrol, liquid hydrogen, compressed hydrogen,
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and metal hydrides) based on the volume of these fuels required to generate 1 GJ of energy
(Salvi and Subramanian, 2015; Ball and Weeda, 2015).
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Figure 3.2: Volume of different fuels occupies for producing 1 GJ of energy
From Figure 3.2, it may be noted that all forms of hydrogen need a significantly greater
volume than gasoline to produce the same amount of energy. Hydrogen fuel can be
applied in three main kinds of energy conversion system: steam turbines to generate
electricity, the production of electricity via fuel cells, and finally in the internal

combustion engine (ICE) for mechanical and electrical power (mobile applications).

3.2 Hydrogen production methods

Hydrogen is available in vast quantities; whilst it is the most abundant element in nature,
it cannot be found as a “pure’ element. Its extraction or production process requires a
prodigious amount of energy (Kothari, Buddhi and Sawhney, 2004; Dincer and Acar,
2015). Nearly half of the total production of hydrogen is used in the subsequent
production of ammonia, whilst the remainder is used in the petrol industry (about 37%),
and in the production of methanol (around 8%) (Ramachandran and Menon, 1998; Salvi
and Subramanian, 2015). Hydrogen can be produced from three different sources, namely
water, biomass and fossil fuels. Around 90% of hydrogen is produced from fossil fuels
using the steam reforming technique (Hassmann and Kihne, 1993; Nikolaidis and
Poullikkas, 2017). This is achieved by mixing light oil or natural gas with steam at high

temperature. The production of hydrogen through the electrolysis of water and the
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gasification of coal are the two other principal means used to produce hydrogen. Figure
3.3 illustrates the percentage of hydrogen produced by each energy source.

M Natural Gas
m Oil

Water

coal

Figure 3.3: Hydrogen production based on energy sources(Hassmann and Kiihne, 1993; Nikolaidis and
Poullikkas, 2017)

Natural gas has the highest associated percentage, which is nearly half of total hydrogen
production. Only 4% of global hydrogen produced is derived from water, allowing for
significant reductions in CO, emissions if electricity is derived from renewable or nuclear
sources. The reason for this percentage is due to the economic competitiveness between

renewable and fossil fuel sources.

3.2.1 Hydrogen production from fossil fuels

a) Steam reforming

Currently, hydrogen production worldwide is predominantly achieved via steam
reforming. This method generates hydrogen from CH, and other hydrocarbons, releasing
carbon monoxide in addition to hydrogen, using a catalyst with steam. The process
temperature is in the range 700-850°C at a pressure of 35 bar (Abanades, Rubbia and
Salmieri, 2013; Kothari, Buddhi and Sawhney, 2008). The catalyst in this reaction is
usually made from nickel. This reforming process of methane (CH,) can be summarised
as per Equation (3.1).

H,0 (g) + CH, (g) » 191.7 k] /mol + 3H, (g) + (3.1)
The energy absorbed by this reaction is 191.7 kJ /mol, which is gained from the ambient

environment. More hydrogen can be produced by adding water at low temperature
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(around 130°C). 40.4 kJ /mol of heat will be released during this process. Equation (3.2)

shows this reaction.

H,0 (g) +CO (g) —» H,(g)—40.4kJ/mol + CO, (g) (3.2)
This method can be divided into several steps: first, produce hydrogen from methane by
separating the hydrogen from the carbon by passing it through high-temperature steam;
this reaction produces carbon monoxide. In the second stage, the reaction between the
carbon monoxide and steam generates hydrogen and carbon dioxide. In economic terms,
steam reforming is highly efficient, but unfortunately releases a huge amount of CO,,

which is not in line with modern environmental standards.
b) Partial oxidation of hydrocarbons

The reaction in this process is exothermic, and hence there is no for an external source of
energy. At moderately high temperature and speed, oxygen (incomplete combustion state)
is used. The reaction occurs with a blaze temperature of 1300-1500°C (Ramachandran
and Menon, 1998; Villa et al., 2015). The process can be summarized as per Equation
(3.3).

H,0 (9) + 2CgH 15(1) +23/20;,(9) (3-3)
- 19H,(g)+8C0(g9) + 8C0,(9)
The by-product in this reaction is methane (CH,). The amount of CH, can be controlled
via the temperature and pressure used for the reaction. If the operating pressure is limited,

increasing the temperature can lead to a reduction in methane production.
c) Thermal cracking of natural gas

Thermal cracking is an advanced method for producing hydrogen from natural gas. It is
a very old technique with the simplicity of a petroleum refinery process. In thermal
cracking, a firebrick is heated to 1400°C using a methane-air blaze. The methane will
decompose to hydrogen and carbon, and the air is then turned off until the temperature of
the firebrick has dropped to around 800°C. The hydrogen and methane are isolated, and
then transferred to a hydrogen purification process (Abanades, Rubbia and Salmieri,
2013).
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d) Coal gasification

Coal gasification is one of the more popular ways by which to produce hydrogen. It also
requires extensive energy consumption. This method proceeds via various chemical
reactions, and is rather complex compared to the previous methods discussed above. The
main advantages of this method are high efficiency and reliability and low cost (Stiegel
and Ramezan, 2006). Coal gasification was stopped for a time due to the advantages of
other methods (natural gas and oil) from an environmental perspective. Steam or oxygen
with a temperature of more than 700°C and pressure of 30 bar is passed over coal to
generate a gaseous mixture of H,, CO, and CO,. Increasing the pressure leads to increased
methane production. By adding the CO, acceptor, the CO, can be removed; this is
achieved by adding the mixture to lime or calcium oxide (CaO), where the reaction
between CaO and CO, produces CaCO3z, which is then heated to evolve CO,. The
hydrogen released can be purified to around 99.5% using pressure swing adsorption (Pant,
Gupta and Gupta, 2009; Verma, Olateju and Kumar, 2015).

3.2.2 Hydrogen production using biological methods

There are many different biological methods for hydrogen production. Biological
components, a bioreactor, and sunlight can all be used. Currently, an algal strain is the
biological element used in many such applications. Biological components can be divided

into two types: biomass and microbial (Bridgwater, 2002).
a) Biomass

Hydrogen can be generated from biomass using the biophotolysis method, which is
abundant, renewable and clean. There is a diversity in the biomass resources such as
animal waste, sewage, trees, crops and certain kind of industrial waste. This process is
based on heating the biomass in water to a temperature of 700°C to decompose it into CO,
and H,, followed by a purification stage to obtain pure hydrogen (Parthasarathy and
Narayanan, 2014; Abuadala and Dincer, 2012).

b) Microbe

This technique was first investigated by (Weaver, Lien and Seibert, 1980) through the

production of hydrogen from the photosynthesis of bacteria, and which can be undertaken
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in the dark. Hydrogen can be produced from microorganisms through photosynthesis
(Gest and Kamen, 1949). The metabolic processes of these micro-organisms produce
hydrogen. Generally, there are two methods: anaerobic, and photosynthetic. The
production of hydrogen from microbes uses fermentation via anaerobic organisms
(Schlapbach and Ziittel, 2001; Han, 2007).

3.2.3 Hydrogen production from water

Hydrogen can be produced from water in large quantities since water is almost always
easily available (lakes, rivers, and oceans). Oxygen is generated as a by-product in
addition to hydrogen. Hydrogen production from water is an abundant and promising
option due to its environmental advantages. Regarding the study of (Markillie, 2013), the
cost of hydrogen was projected to be £4.19/kg in 2013, a reduction of 32.7% compared
with the value of £6.23/kg from previous years under identical operating conditions.

Table 3.3 shows the conditions required to produce reasonably priced hydrogen.

Electrolyser capacity 446 kg/day
Period of Amortisation 10 years

The price of Electricity £0.035/kWh
Price of water 0.13 p/litre
Conversion rate 55 kWhr/kg
Yearly Service 5% of sale price
Capacity factor 70%

Table 3.3: ITM power details for £4.19/kg of hydrogen price

a) Direct thermolysis

This is also called the steam process or high-temperature electrolysis. Hydrogen and
oxygen can be generated by the direct decomposition of water at a temperature of
2200°C (Balta, Dincer and Hepbasli, 2010; Yilmaz and Balta, 2016). At the industrial
level, this temperature is not feasible. Electricity and heat can be employed in the same
process (hybrid) to decompose water into hydrogen and oxygen and, as a result, the
temperature required for the process can be decreased to 800°C (Brisse, Schefold and
Zahid, 2008). Because the energy for high-temperature electrolysis is derived from a

hybrid system (heat and electricity), it is considered more efficient than room temperature
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electrolysis since the energy for the latter system must be generated electrically (Yu,
2013). Furthermore, the reaction in high-temperature electrolysis is more active than
normal electrolysis temperature, and the average number of steam molecules being

splitting is also increased. This process can be demonstrated as per Equation (3.4), below:

H,0 () + Heat —» a H,0 (g) + bH, (g) + CO, (9) (3.4)
Where a, b and ¢ are mole fractions. The temperature required to split the water into
hydrogen and oxygen can be produced using a solar oven. This technique reduces the
usage of electricity in contrast to normal-temperature electrolysis, and leads to a greater
reduction in the overall cost of the method. There is the further advantage that a catalyst
is not required, the method is environmentally friendly, and the amount of hydrogen
produced from this process is very high (Arashi, Naito and Miura, 1991).

b) Thermo-chemical process

In the thermochemical method, the dissociation of water into hydrogen and oxygen is
achieved through the use of a catalyst. Water is heated to a moderate temperature. The
process efficiency fluctuates from 17.5% to 75.5% (Kothari, Buddhi and Sawhney, 2004;
Dincer and Acar, 2015), and the associated chemical reactions are presented as per
formula (3.5) below, in which AB is catalyst:
AB+ H, 0 (1) + heat - AH, (g)+ BO (3.5)
AH,+ heat - A+ H,(g)

2BO + heat - 2B + 0, (g)
A + B + heat — AB

c) Solar energy

Energy from the sun is, obviously, free. There is no need for more fuel, there is no
immediate cost, and there are no associated emissions. Solar energy is abundant, clean
and free, and can be exploited to decompose water into hydrogen and oxygen. There are
many different solar energy methods that can be used, such as photochemical,
photoelectrochemical, photolysis and photovoltaic-electrolysis (Momirlan and
Veziroglu, 1999). Under normal conditions, 285.57 KJ is required to split a mole of
water into oxygen and hydrogen (Ohta, 2013). A photocatalyst is needed for the
photolysis method. The ideal catalyst is titanium dioxide (Ti0,)(Zheng et al., 2009). As

mentioned earlier, this method is simple, direct and clean, but has a very low efficiency.
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The photolysis process can be summarized as per Equation (3.6), X is standard for

photocatalyst (Thomas, 2000):

H, O (1) + X + Light > Reduced X + 2H_ + 1/20,(g) (3.6)
Reduced X + 2H_ - X + H, (g)
H, 0 (1) + X + Light > H, () + 1/20,(g) + X

Photovoltaic-electrolysis is a combination of a photovoltaic device and an electrolyser
used in the generation of hydrogen. Sunlight is converted directly into electricity, which
is then used to drive the electrolysis of water; the associated reaction will be disused in
the water electrolysis method section later in this study (Sun et al., 2013; Bak et al., 2002).

d) Direct electrolysis

William Nicholson and Anthony Carlisle first apply this method in 1800. Water is directly
split into hydrogen and oxygen using electricity. The energy source is connected to two
electrodes, the anode and the cathode. Both are placed in a sink of water. During the
reaction, the hydrogen molecules accumulate at the cathode, whereas the oxygen
accumulates at the anode. An electrolyser is a direct current-low voltage device (Kumar,
2015; Fingersh, 2003). Figure 3.4 shows a water electrolysis device.
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Figure 3.4: Water Electrolysis device

The amount of hydrogen produced is proportional to the injected current. The nominal

voltage of an electrolyser is 1.23 V, but in real operation, the voltage is higher than the
nominal value, around 1.65 V - 2.20 V (Bossel, Eliasson and Taylor, 2003; Gutiérrez-
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Martin and Guerrero-Hernandez, 2012). The hydrogen produced from electrolysis can be

extremely pure. The reaction for this process is presented in Equation (3.7.

Reaction of anode: H, O (1) + 4e~ - 2 H, (g) + 40H™
Overall formula: 4 H, O (I) + Electricity - 2 H, (g) + 0, (g) + heat

Reaction of cathode: H, O (1) + 4e~ —» 2 H, (g) + 40H~ } (3.7

The reduction reaction occurs at the cathode. Hydrogen ions will accept the electrons at
the anode (oxidation reaction). The electrode material affects the general efficiency of the
electrolyser. Reducing the energy consumption leads to increased system efficiency.
Energy consumption depends on the ionic activators; in other words, hydrogen evolution
could be improved by developing the physical characteristics of the cathode material. The
cathode can be manufactured from various different elements. Platinum-molybdenum
(Pt — Mo) alloys have been tested as good candidates for the cathode material.
Molybdenum-platinum (MoPt,) and titanium-platinum (TiPt) have also been
investigated as cathode materials. The cost of alkaline, proton exchange membrane and
solid oxide methods range from US$ 400-600/kW, US$ 2000/kW and US$ 1000-
1500/kW, respectively (Padr6 and Putsche, 1999). If pure water is used, the electrolysis
reaction becomes very slow because of the low conductivity of the medium. Seawater can
be used for this technique at high efficiency and low cost. Indeed, the efficiency can reach
75% and might be further improved at higher pressures and temperatures. This efficiency
drops to around 30-45% if the process of converting heat into hydrogen is taken into
consideration (Kato et al., 2005). This method consumes a large amount of energy (energy
intensive process), where 53.4-70.1 kWh is required to produce 1 kg of hydrogen
(Haryanto et al., 2005; ITM Power, 2013).

3.3 Hydrogen storage methods

Although hydrogen has many advantages, such as its abundance, cleanliness and high
energy density, it is still the lightest substance. Hydrogen storage remains a huge
challenge in contrast with other conventional fuels. The hydrogen phase diagram is

presented in Figure 3.5.
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Figure 3.5: Diagram of hydrogen phase

The hydrogen molecule, H,, can be seen in different forms as reliant on pressure and

temperature, as given in the figure above. Hydrogen is a solid at extremely low

temperature with a density of 70.6 kg.m™3 at —262°C, and in the gas state at higher

temperatures, with a density of 0.089886 kg.m™3 at 0°C and a pressure of 1 bar. A small

area starting at the triple point and finishing at the critical point shows the formation of

liquid hydrogen with a density of 70.8 kg.m~3 at —253°C. Hydrogen can be stored via

different methods such as compression, liquefication using cooling processes, storage in

insulated tanks, using complex compounds and by absorption on interstitial sites in a host

metal, or physisorbed in carbon. A comparison of these storage methods is given in Table
3.4 (All data in this table is under standard conditions 25°C or 298K, and 1 bar):

Methods of | Gravimetric | Volumetric Operation Pressure
storage density (%0) density(kg “_23) temperature (bar)
m OC
Complex Less than 18 150 More than 100 1
compounds
Gas (high 12 Less than 4 Room temperature
800
compressed)
hydrogen Nearly 2 20 -80 100
Adsorbed
Liquid Depend on size 70.8 -252 1

Table 3.4: Comparison between the storage methods
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3.3.1 Hydrogen compression storage

Hydrogen’s density is 70.6 kg/m3 at a temperature of -262°C in the solid phase, whilst in
the liquid phase the density is 70.8 kg/m3 at 253°C, whilst at a pressure of 1 bar in the
gas state. However, the problem of the lowest energy density creates an additional burden
for hydrogen storage (Trevisani et al., 2007; Parks et al., 2014). The most popular method
of hydrogen storage for many years was in a high-pressure gas state. Compressed
hydrogen can be stored in a container and delivered to a consumption area using pipelines,
which requires the diffusion of hydrogen. This technique is a simple method of storage
with a high efficiency of about 90% (Niaz, Manzoor and Pandith, 2015). High pressure
is needed for this method, which can create safety problems. For standard applications of
hydrogen, steel tanks are preferable since weight is important. At less than 3,000 psi (200
bar), a high pressure compressed gas cylinder at a density of 14.5 kg /m3 is considered
a commercially viable means of storing hydrogen. Increasing the pressure leads to
increased capacity, and currently the highest pressure that can be obtained is around 800
bar (12000 psi) and with a density of nearly 36 kg/m3(Zuttel, 2004; Trevisani et al.,
2007). The losses in the compression process mainly arise from operational and

permeation losses (Takeichi et al., 2003).

3.3.2 Liquid hydrogen storage

This technique is a highly energy-intensive process. The energy required for liquefying
is equal to nearly one-third of the energy stored in the liquefied hydrogen (Zdttel, 2007,
Lai et al., 2015). The liquefying process principle is similar to the hydrogen compression
method. The liquid state of hydrogen can only be obtained at very extremely low
temperatures of about -252°C (-423.17°F or 20.27 K) at standard pressure. After the
liquefying process, hydrogen can be stored as a liquid in a pressurized and cooled
container, which needs to be extremely large because of the relatively low energy density
of the liquid state of hydrogen. The energy utilization efficiency of this method is low;
even though it has a high storage capacity due to losses during the liquefication process.
The volume occupied is relatively small in contrast with the gas compression process.
Liquid hydrogen’s volume capacity is 0.070 kg /1, in contrast with 0.03kg /! for gas tanks
at 700 bar. The purity of the hydrogen available from this technique is very high (Niaz,

Manzoor and Pandith, 2015). There is a small but continuous leakage of hydrogen due to
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evaporation (Schlapbach and Zuttel, 2001; Peschka, 1983; Scott, Denton and Nicholls,
2013). This method is extremely expensive in contrast with other methods due to its
temperature and pressure requirements. Combining cryogenic storage and high-pressure
gas requires a hybrid tank, as investigated by (Han, 2007). These hybrid tanks are lighter
than hydrides and are more compact than the high-pressure vessels required for room
temperature storage. The temperature required is not as low as for liquid hydrogen, there

is less energy loss (less paid penalty) and less leakage in hybrid tanks.

3.3.3 Physisorption in carbon

Physical adsorption, or physisorption, occurs on the surface of solid elements. The
concept underlying this method is one of boosting the density of hydrogen at the solid
interface. Carbon is a good candidate material for hydrogen storage because of its non-
polar surface properties (Mudassir et al., 2011; Sevilla and Mokaya, 2014; Noh, Agarwal
and Schwarz, 1987). Carbon can be found in different forms such as active graphite,
meso-carbon and nanotube. Hydrogen is concentrated in tubes, pores and internal layers
of carbon. The nanotube method was first investigated in 1997 (Jones and Bekkedahl,
1997; Dalebrook et al., 2013). The storage capacity relies on many factors, such as the
surface area, pore size distribution, and pore geometry of the nanotubes, and the storage
temperature and pressure (Zuttel, 2003). The main advantages of this method are low
cost, low operating pressures and straightforward operation. However, the hydrogen
energy density relatively is low, and the reaction can only occur at room temperature
(25°C). Another disadvantage of this method is the difficulty one encounters in its control
and optimization. Numerous pore volumes and the large surface area of the activated
carbon make it one of the best absorbents of gaseous species (Darkrim, Malbrunot and
Tartaglia, 2002). Carbon nanofibres and nanotubes storage capacities, which are below
0.7 wt% at 25°C and a pressure of 100 bars, is less than the capacity of activated carbon
(Takagi et al., 2004). However, herringbone-type graphite nanofibers were investigated
and it was shown that such a structure can absorb hydrogen until 0.67 wt% at a
temperature of 27°C and high pressure (about 101 bar) (Chambers et al., 1998). These
results cannot be recreated in recent studies since most published research showed that

the maximum storage of hydrogen by non- carbon materials fluctuated between 0.1-
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0.2 wt% (Barbir and Gomez, 1997; Kirubakaran, Jain and Nema, 2009)(Hirscher and
Panella, 2005; Rouquerol et al., 2013; Liu et al., 2016).

3.3.4 Complex hydrides

Obviously, AlH;, NH; and BH; are constituted of very light elements and are covalently
bonded hydrides. They are difficult to handle safely and will decompose to stable
forms, namely Al, N, and B, which are very challenging to refuel with hydrogen when on
board a vehicle. All three compounds readily react with ionic hydrides, e.g., alkaline MH,
forming LiBH,, NaAlH, and LiNH, (David etal., 2007; Friedrichs et al., 2009). This class
of material contains stable solids which are more convenient to handle, and consist of an
electropositive counterion and a coordination complex where hydrogen is covalently
bonded, i.e., [BH,] ~, [AlH,] “"and[NH,]~. A significant paradigm shift occurred in the
mid-nineties when (Bogdanovi¢ and Schwickardi, 1997) observed hydrogen release and
uptake for titanium-catalysed sodium tetrahydridoalanate, NaAlHs (often denoted
sodium alanate), under ‘reasonable’ physical conditions. Reversible nitrogen-based
complex hydrides, e.g., as based on LiNH,-Li, NH-LiH, were discovered by (Chen et al.,
2002), while (Zttel et al., 2003; Soulié et al., 2002) were the first to test metal
tetrahydridoboranates, e.g., LiBH, . This class of materials is known as metal

borohydrides.

3.3.5 Metal hydrides

Hydrogen can be reacted with various alloys and metals spontaneously. The most reactive
elements are electropositive elements such as the lanthanides, the actinides, Sc, Yt and
members of the groups containing Ti and Va. Metal hydrides have the ability to repeatedly
store and release the hydrogen at low pressures and temperatures. This property can be
exploited in many applications such as laptops, boats and vehicles (Zittel, 2003) (David,
2005). Over 50 metals can absorb hydrogen. These experimental observations were
achieved by placing solid materials with condensed hydrogen inside into containers
(Holladay et al., 2009). In contrast with other storage methods, metal hydrides have
several advantages such as high storage capacity, it is a reversible storage method with
no self-discharge, and a high purity of the gas does not require a complex container.

However, the majority of metal hydrides are easily oxidised, difficult to activate and are
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expensive (Liu et al., 2013; Shang et al., 2004). Figure 3.6 compares the principal
properties of a number of complex hydrides, carbon nanotubes and metal hydrides. The

comparison depends on volume density, p,,, and the mass density of hydrogen, p,,.
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Figure 3.6: Capacities of hydride hydrogen

There are two main applications of hydrogen: transportation and stationary. Both
applications have different requirements and constraints. The transportation field is
expected to be the first use of hydrogen in the future hydrogen energy market. The storage
requirements for the hydrogen transportation sector are more complex and rigorous than
those for stationary hydrogen applications. The requirements for hydrogen storage for the
transportation sector can be summarised by the following points:

1- Multicycle reversibility of release and absorbed hydrogen (nearly 500 cycles)

2- Operating pressure should be low, less than 4 bars

3- Absorption/release of hydrogen kinetic energy should be rapid

4- Volumetric densities and gravimetric of hydrogen should be relatively high
(greater than or equal to 70 g/I for system storage and up to 9 wt%)

5- Hydrogen cost should be less than £1/kg
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3.4 Hydrogen safety issues

Hydrogen is a promising clean fuel with a number of advantages such as versatility,
efficiency, less pollution and renewability. It has a quality as an energy carrier, which can
be used with great efficiency with zero emissions at the point of use (Grigoriev et al.,
2009; Dagdougui et al., 2018). Hydrogen cannot be found alone so it requires energy to
extract it and then deliver it to the p-point of use. The main issue related to the acceptance
of hydrogen as a fuel for public use is its safety, both in the production, storage and
transportation stages and in its applications stage (for example, vehicle fuel or in-home
use) (Allston and Press, 2016). There are three classifications of hazard relating to the use
of hydrogen:

1- Physiological
2- Physical
3- Chemical

For more than a century, the safety record for the production and use of hydrogen for
many applications in industrial and commercial purposes such as refinery, rocket
propulsion and chemical process has been good. However, hydrogen is not as popular as
other fuels mainly due to its history of serious accidents which have caused significant
economic and societal cost. These include the Hindenburg disaster in New Jersey in 1937,
hydrogen released during maintenance in Houston in 1989, and a pressurized hydrogen
tank rupture in Frankfurt in 1991 (Najjar, 2013b). The main causes of hydrogen accidents

can be classified as follows:

1- Material or mechanical failure
2- Corrosion

3
4- Enhanced embrittlement of storage tanks at low temperatures
5
6- Rupture due to impact by shock waves and missiles from adjacent explosions
7

Over pressurisation

Boiling liquid expanding vapour explosion

Human error.

Hydrogen is a good choice of clean fuel and energy storage, however some issues related
to its safety have to be considered and some steps have to be taken to deal with hydrogen
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in a safe environment (Pasman and Rogers, 2010). The summary of this section is

presented in the following points

1- Hydrogen has physical hazards such as causing embrittlement of metals which
leads to degradation and failure.

2- Chemical hazards are related to wide flammability and detonability ranges, low
ignition energy, high flame velocity. However, it is relatively safe in terms of
having highe buoyancy and diffusion rates

3- Physiological hazards are related to asphyxiation, overpressure injury, thermal
and cryogenic burns (hypothermia)

4- There are hazards with storage, especially leaking and ventilation which result in
mixing hydrogen with air hence, burning

5- Hydrogen has problems with transmission. It requires relatively more power to
transmit. High-pressure output electrolysers have been recently used

6- Reliable and economic sensors are needed for for early detection of leaks

7- Hydrogen safety is extremely important in vehicular applications especially fire,
explosion and toxicity. It is safer than gasoline in open fires

8

It is essential to achieve a high degree of safety before any progress in

applications toward hydrogen economy.

3.5 Demand Side Response using electrolysis

Since the aim of this research is to use the electrolyser as a Demand-Side Response (DSR)
mechanism to absorb surplus power during off-peak times, the rest of this chapter will
focus on the application of the electrolyser as a DSR technique. Most types of
electrolysers being developed and improved involve the use of a solid alkaline electrolyte
(SAE), liquid alkaline electrolyte (LAE), solid oxides (SOEC) and proton exchange
membrane (PEM) electrolysers. Currently, PEM and alkaline electrolysers are being
produced in different capacities, ranging from the low kilowatts to megawatts. Solid oxide
(SOES) electrolysers have a promising future due to their higher efficiency, even if their
technology is less mature in contrast with liquid alkaline electrolyte and proton exchange
membrane technologies (Bhandari, Trudewind and Zapp, 2014). Hydrogen can be used
in many applications such as petroleum hydrocracking, removal of sulphur via the

hydrodesulphurisation process, hydrogenation of oil, ammonia production, cryogenics,
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the generation of power in a fuel cell mobile, combustion devices, and stationary
applications. The transport sector is currently paying particular attention to this area since
it has highly promising environmental advantages. In addition to hydrogen production,
an electrolyser can contribute in many electrical sectors, such as end-user management,
transmission and distribution (T&D), renewable energy integration, and wholesale
electricity market services. There are very few studies in the literature on the operational
flexibility of electrolyser methods. The use of electrolysers comes with the possibility of
being able to provide considerable value to a number of related parties including facility
owners, transmission and distribution system operators. Furthermore, increasing the
integration of renewable energy into the grid leads to further challenges in terms of
controlling the grid and gaining the flexibility necessary to do so. For short storage
applications, many methods can be used and with less prices than hydrogen. However,

the issue will be critical when the long energy storage is needed.

3.6 Large-scale and long-term storage options

For short storage applications, there are various methods that can be implemented that
cost less than hydrogen. However, this has to be considered in light of the need for longer
term energy storage. As it is mentioned in Chapter 2, CAES and PHES are preferable for
storing large amounts of energy for long periods, so in this section, the practicalities of
hydrogen storage will be contrasted in a technical and economic sense with these other

long-term storage methods.

One of the most difficult challenges that the energy industry is dealing with is the
requirement of storing huge amounts of energy for long periods as well as seasonal times
in an attempt to bridge the gap between the actual demands and the non dispatchable and
fluctuating power generation by means of solar and wind resources which is not likely to
be achieved through conventional technologies. In the current fossil- based energy
production industry, the fossil fuels storage is used for the compensation in shut downs
and shortages, strategic reserves and seasonal fluctuations, e.g. both France and Germany

have reserves that can cover demands for approximately two months.

Meeting the storage capacity requirements by fossil fuels is highly unlikely due to the

fact that the most dominant supply in the future industry is electricity which means an
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electrical energy long term storage capacity will necessarily be much longer than an hour.
In the last few years, for levelling out the fluctuation inherent to wind and Photovoltaics
(PV) feeds into the transmission grids, compressed air energy storage (CAES) and hydro
pumps systems (PHES) were exclusively the only two suitable methods. However, the
most recent investigations, specifically, the comprehensive research study by
(Energiespeicher, 2009) pointed out some significant drawbacks and limitations to the
previously mentioned storage techniques, in respect to the total storage capacities in
particular. It is only hydrogen that can solve the issue of the storage of huge amount of
energy to balance long time of poor wind power supply and its longer-term, seasonal

fluctuations.

Large-scale of hydrogen storage, at least currently, appears to be the only long-term
means to provide electrical energy in quantity and with a quality that consumers are
accustomed to, in parallel to the downscaling of major capacities from fossil power plants
and nuclear power stations. However, the large volumes of hydrogen which will need to
be stored can most likely only be accommodated underground in large geological

formations, primarily in man-made salt caverns.

In the case of hydrogen, storage is based on chemical principles, which are associated
with much higher volumetric storage densities. The disadvantage to date is the lower
conversion efficiency (electricity-to-electricity,) less than 40%, for converting electricity
into hydrogen by electrolysis, and its subsequent storage and conversion back to
electricity when used to drive a gas turbine. However, even despite these efficiency
restrictions, hydrogen is the only storage option, which allows for the storage of large
amount of electrical power. In addition, there are a considerable number of suitable
geological salt formations that can be used as hydrogen caverns in comparison to
Compressed air energy storage caverns because hydrogen caverns can be installed at
much more depths (Schindler et al., 2006). Figure 3.7 shows the potential timescales for

the storage of energy using different long-term storage options.
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Figure 3.7: Most suitable timescales for large-scale storage options

3.7 Economic aspects of large-scale storage options

The VDE ETG study (Energiespeicher, 2009) further calculated the storage costs for the
three large-scale storage alternatives. The results shown in Figure 3.8 demonstrates the
load levelling needed in the two set-ups to balance short-term oscillations while the
amount of energy for long-term storage are determined over a long period of time.
However, the parameters taken into consideration are power plants output and storage
capacities. In terms of short-term energy storage, pumped hydro and CAES power plants
have similar low costs than hydrogen storage. This is basically dependent on the high
investment costs on the aboveground systems and the ineffective operating cost is linked
to the overall lower efficiency in the hydrogen storage case. The circumstances are
reversed when long-term storage is considered. Hydrogen storage becomes more
attractive when long-term storage is associated with the number of storage caverns
needed. In effect, lower storage cost for hydrogen depends on its higher storage density,
which reduces the required cavern volume by about 60 (Diaz-Gonzalez et al., 2012). In
conclusion, a crucial advantage associated with hydrogen as energy storage model for
large energy volumes required to balance power usage over a long period do not depend
solely on technical aspects. Underground hydrogen storage also allows for much large
volume energy storage at lower costs.
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Figure 3.8: Costs (range) for storing one kWh electric power

3.8 Summary of the chapter

In contrast with conventional fuels, such as methane (CH,), methanol (CH;0H) and
gasoline, hydrogen has the lightest weight, no carbon content and the highest mass of
energy density. These features make it a good candidate for storing energy. Hydrogen can
be produced from different sources such as fossil fuels, biological components, and water.
Different hydrogen production and storage methods were studied in this chapter. Since
this research will deal with applications of an electrolyser as a DSR, the rest of this chapter
focuses on the use of electrolyser in electricity market applications. It shows that
electrolysers working as demand response device can respond sufficiently rapid and for
long enough periods to contribute in the management of energy on the utility scale and at
end-user facilities. Therefore, the next chapter will cover the cost of the electrolyser in

details and present the effect of the electricity price on the hydrogen price.
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Chapter 4: Water Electrolysis Technology

4.1 Introduction

Electrolysis has been applied for nearly 100 years for producing hydrogen. A large
electrolyser was built in 1927 by Norsk-Hydro in Norway for this purpose. Many
electrolysers have been established in 1940, and, since 1945, some plants, with capacities
of more than 33,000 Nm?/h of hydrogen, have been erected in different areas (Koponen,
2015).

Only approximately 4% of the world’s current hydrogen need is produced from
electrolysis. The remainder is extracted from hydrocarbon sources, predominately using
steam reforming and partial oxidation of natural gas (nearly 80% of total hydrogen
production), followed by extraction from coal and naphtha.

Even the use of coal and naphtha is likely to change in the coming years due to both
increases in costs and a reduced availability of natural gas and oil, as well as other
environmental issues. The principle behind the electrolysis process is to apply a DC

current through two electrodes submerged in an electrolyte.

Oxygen is separated at the anode and Hydrogen is collected at the cathode. There is a
directly proportional relationship between the amount of current flowing between
electrodes and the rate of hydrogen production (Paidar, Fateev and Bouzek, 2016). The
general formula for the chemical reaction within a water electrolysis system can be given
as per Equation (4.1), below.

H,0(D) = Hy(g) + 1/5 02(9) (4.1

Where [ refers to the liquid state and g the gas state. A commercial electrolysis system

consists of three main components, as shown in Figure 4.1.
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Figure 4.1: Water electrolysis diagram(Gandia, Arzamend and Diegnez, 2013)

1- The stack: this is the main element of the electrolysis system, where the water-
splitting process occurs. A single electrolyser can be composed of one or several
stacks. Stacks are made up of a group of cells in stacked configuration.
(Mohandas, Sanil and Rodriguez, 2002).

2- The system control: this is an electric system supplying power and controlling the
electrolysis process. In terms of the system control, many different architectures
are available but, for many electrolysis systems, there is a master control and
individual controls for each stack (Godula-Jopek, 2015).

3- The balance of plant (BOP): this term refers to the rest of the parts of the
electrolysis system. These elements include gas-liquid separation units, the

cooling system, water pumps, etc.

4.2 Electrolyser cell arrangements

There are two main cell arrangements for an electrolysis device: bipolar and unipolar.
Figure 4.2 andFigure 4.3 show these configurations. Electrolysis cells in a monopolar
arrangement are connected in parallel to build large cell stacks. Uy, and I, are the voltage
and the current of electrolysis module, respectively. Since the cells in a monopolar
arrangement are connected in parallel, the voltages between individual pairs are equal to
the total voltage of the cell. Hence the name monopolar; each electrode has a single

polarity. The current of the module (Iy) is the sum of the currents in each cell.
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Figure 4.2: Monopolar cell arrangement(Carmo et al., 2013)
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Figure 4.3: Bipolar cell arrangement(Carmo et al., 2013)

In a bipolar arrangement, the direct current connects only to the end two electrodes as the
cells are placed back-to-back in direct contact with each other. In fact, the cathode of each

cell is the anode of the next, so they are just 2 sides of a single bipolar plate.

The voltage (Uy; ) is the sum of the individual cell voltages in the bipolar module. Cells
in a bipolar module are characterised by their low cell voltages, which is because of the

shorter current paths in the electrodes (Tilak et al., 1981).

Many companies have upgraded their electrolysis systems to bipolar modules since these
are considered more efficient than monopolar modules for the production of hydrogen

due to their significantly lower losses (especially ohmic losses) (Lehner et al., 2014;
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Albert et al., 2015). Additionally, parallel, series, and mixed connections of modules can
be added to basic bipolar and monopolar module configurations to meet required
production levels. The production of hydrogen by an electrolysis plant also needs other

components for purification, gas cooling, storage and compression.

An electrolyser also requires power sources, suitable power conditioning, and control and
safety systems (Ursua, Gandia and Sanchis, 2012). Table 4.1 below gives the advantages
and dis advantages of bipolar and monopolar cell modules (Tilak et al., 1981; Carmo et
al., 2013).

Advantages
Monopolar Bipolar
Design is simple and tough Voltage of cells is low
Relatively cheap parts Current density is high
Fabrication method is simple Optimisation of rectifier cost is straightforward
Checking individual cells is easy Easily works at high temperature and pressure

Maintenance is easier due to simplicity of | Easy to control the whole system

isolating cells
Filters and pumps are not required Requirements for spare parts are few
Circulation of internal gas lift is simple Frame of each cell can be very thin, leading to a

huge gas output from each part of the machine

and Possible to work at high current density

Disadvantages

Achieving small inter-electrode gaps is difficult | Complex design and manufacturing methods are

needed

Inter-cell bus bar is heavy Parasitic currents lower overall current efficiency

Temperatures and pressures of cell are limited | External equipment (cooling, filtering pumping and

by mechanical design filtration) are needed

Observe the temperature, electrolytic rate, | Electrolyser stack must dismantled to fix a single unit

purity of gas must be monitored for each cell cell

Table 4.1: Advantages and disadvantages of bipolar and monopolar cell modules

A crucial drawback of monopolar electrolysers is their large surface area which means

they require more space, are unable to operate at high temperatures because of heat losses
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and there is an increased risk of potential drops in cell hardware. Bipolar electrolysers are
more compact and generally more efficient, which makes them more common in
industrial applications. They can work at higher current densities and at higher pressures
and temperatures. This nevertheless introduces more challenging design issues for
preventing electrolyte and gas leakage between cells (Yakdehige, Sanath Kumara De
Silva, 2017).

4.3 Electrolyser types

4.3.1 Alkaline electrolyser

Alkaline electrolysers are the most technology means of water electrolysis. Anthony
Carlisle and William Nicholson performed the first separation of hydrogen from oxygen
using electricity in 1800. Alkaline electrolysers represent the majority of electrolysers
installed worldwide. The size of a commercial alkaline water electrolyser system is
between 1.8 and 5300 kW. The rate of production of hydrogen for commercial
applications is 0.25 - 760 Nm®h (Bhandari, Trudewind and Zapp, 2014; Briguglio and
Antonucci, 2015). Presently, alkaline water electrolysis is the most appropriate choice for
large-scale hydrogen production applications. The principle of operation of an alkaline

electrolyser cell is shown in Figure 4.4.

H H o H

H

Hil Ll SHIMEE o I H H.' LN
electrolyte - electrolyte

anode cathode

Figure 4.4: Principle operation of alkaline electrolyser(Godula-Jopek, 2015)

The principle behind the electrolysis process is to apply a DC current through two
electrodes submerged in an electrolyte. Oxygen is separated at the anode and Hydrogen
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is collected at the cathode. The electrolysis cell consists of two electrodes (cathode and

anode) isolated by a gas-tight diaphragm.

These are immersed in the electrolyte, which is normally a high concentrate aqueous
solution. The electrolyte is wusually a 20-40 wt% solution of potassium
hydroxide (KOH). Ignoring physical losses, the electrolyte is not consumed. Since water
is consumed in the water electrolysis process, it has to be added regularly (Lehner et al.
2014). The chemical processes in alkaline electrolysis at the anode and the cathode,

respectively, are as follows (Ursua, Gandia and Sanchis, 2012).

2H,0 + 2e~ — H,(g) + 20H™ (4.2)
20H~(aq) — 1/20,(g) + H,0() + 2e — (4.3)

Hydrogen is accumulated at the cathode where water is consumed, as per Equation (4.2).
Hydroxide anions pass through the diaphragm to the anode. The purity of hydrogen
typically reaches 99.5-99.9 % (Bhandari, Trudewind and Zapp, 2014).

The main characteristics of an alkaline electrolyser are listed in Table 4.2 below (Lehner
etal., 2014; Carmo et al., 2013).

Maturity Commercial
Density of current 0.2-0.4 A/cm2
Area of each cell < 4m?
Pressure of output hydrogen 0.05 - 30 bar
Operating temperature 60 - 80°C
Minimum load 20 - 40%

Overload

< 150 % of nominal load)

Minimum load to maximum(full) load ramp-up

0.13-10 % full load

Starting up time from cold to maximum load

20 min - hours

Purity of hydrogen 99.5 % without dioxo and driver
99.9% without dioxo and driver
Efficiency (HHV) 68-77%
Indicative cost of the system 1.0-1.2€/W
Size range of the system 0.25 - 760 Nm?h
1.8 -5300 kW

Stack lifetime

60000 — 90000 h

Table 4.2: The main characteristics of an alkaline electrolyser
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In terms of cost, alkaline electrolysis is considered the cheapest of all electrolysis

techniques to produce hydrogen. The cost ranges between 1200 - 1300 € kW ™1 with
efforts being made towards achieving 800 € kW ~1(Godula-Jopek, 2015). The main

advantages of an alkaline electrolyser in contrast with other water electrolysis methods

are as follows:

Comparatively lower capital cost due to the use of cheap cell materials (anode,
cathode and diaphragm);

Proven method with well-established operational costs;

Large capacity units;

Raw water can be consumed directly during operation without the need for a

specific purification process.

There are some disadvantages, however, which include:

1-

4.3.2

The diaphragm does not completely prevent the product gases from cross
diffusing through it. The diffusion of oxygen into the cathode chamber reduces
the efficiency of the electrolyser, since oxygen will be catalysed back to water
with the hydrogen present on the cathode side;

Low maximum achievable current density, due to the high ohmic losses across
the liquid electrolyte and diaphragm. (Rosa, Santos and Da Silva, 1995; Carmo
etal., 2013).

A high purity of hydrogen product requires additional purification steps such as
deoxo and drying. This leads to an increase in general cost of hydrogen (Rosa,
Santos and Da Silva, 1995; Carmo et al., 2013).

Proton exchange membrane water electrolysis (PEM electrolyser)

The current density of a PEM electrolyser is higher than that of the alkaline. Therefore,

the effects of overvoltage concentration could be more significant. Hydrogen overvoltage

may be defined as the difference of potential that exists between a reversible hydrogen

electrode, and an electrode, in the same solution, at which hydrogen, Hz, is being formed

from hydrogen ions.

The Nernst Equation below can be applied to calculate the overvoltage concentration.
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RT i 4.4
Um=__1n(1__ ) (4.4)

Where i, is the current density diffusion, and i;;,, 4 is the current density diffusion limit,
which is directly proportional to reagent concentration. The overvoltage concentration
can be ignored once the current density is less than 14/cm? (Nieminen, Dincer and
Naterer, 2010). Generally, the overvoltage concentration is only significant at high
current densities. Hence, the possibility of observing this phenomenon in commercial
applications is actually relatively high (Garcia-Valverde, Espinosa and Urbina, 2012).
The operational current density of a PEM electrolyser normally fluctuates from
0.6 to 2.0 A/cm?.The operational principle of a PEM electrolyser is explained in Figure
4.5.
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Figure 4.5: Principle operation of PEM (Godula-Jopek, 2015)
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Rather than using a liquid electrolyte as in an alkaline electrolyser, a solid polymer
(proton conducting membrane of 50 — 250um thickness) is used in a PEM electrolyser.
This polymer has a strong acidic character and is strong mechanically (Lehner et al.,
2014). It is common to use sulphonated fluoropolymers, generally fluoroethylene, for this
purpose; the most commonly used polymer is Nafion™. Polyethylene is adjusted by
replacing a hydrogen atom with a fluorine atom in the molecule and then sulfonating by

mixing with a side chain group ending with sulphonic acid (HSO3). Thus, a polymeric
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electrolyte is created. An important property of sulphonic acid is that it can attract water,
which is important because the polymer electrolyte membrane conductivity is reliant on
hydration - decreasing water content decreases conductivity. The blending of water and
the ionic bonding of the sulphonic acid group enable the movements of the H" protons
through the molecule’s structure (Larminie, Dicks and McDonald, 2003).The first water
electrolysis based on a PEM electrolyser was performed in 1966, with commercialisation
beginning in 1978 (Ursua, Gandia and Sanchis, 2012). Nowadays, PEM systems are used
as a commercial method of electrolysis only at small and medium scale (Briguglio and
Antonucci, 2015). There is only one exception to this, which is that of Siemens AG, who
are establishing a huge-scale PEM electrolyser system in Germany with a capacity rating
of 6MW which is officially lunched on July 2015(Martini, 2015). The chemical reactions
taking place at the anode and cathode, respectively, in this system can be summarised in
the Equations (4.5) and (4.6) below.

H,0() - %Oz(g) +2e~ 4+ 2H*(aq) (4.5)

2H*(aq) + 2e~ > Hy(9) (4.6)
The main characteristics of the PEM electrolyser are listed in Table 4.3 below (Lehner et
al., 2014; Carmo et al., 2013; Godula-Jopek, 2015):

Maturity Commercially available at the small and medium scale
size

Current density 0.6 —2.0 A/cm?

Area of the cell <0.3m?

Pressure of hydrogen output 10 — 30 bar

Temperature of operation 50-80°C

Minimum load 5-10%

Overload < 200% of nominal load

Minimum load to full load ramp-up 10 — 100% of full load/second

Start-up time (from cold to minimum load) 5 —15min

Purity of hydrogen 99.9 — 99.99999% with drier

Efficiency of the system 62 —-77%

Indicative cost of the system 1.9 -23€/W

Size range of the system 0.01 — 240 Nm3/h 0.2 — 1150 KW

lifetime > 25,000h

Table 4.3: The main characteristics of the proton exchange membrane water electrolyser
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From an economic viewpoint, the cost of low-capacity electrolysers (less than 100

Nm3hr~1) is close to 2000 € kW~1. Now, the research and development (R&D) target

is to develop large-scale electrolysers up to megawatt capacities with a cost in the range
of 1200-1400 € kW~1. By 2020, the target is 700-800 € kW~ (Godula-Jopek, 2015).

The main advantages of the PEM electrolysis system are as follows:

4-

The possible operation of the cells at high current densities;

The usage of de-ionized water as the sole reactant; leads to high-purity of
hydrogen production;

High efficiencies can be achieved (even at high current densities); due to the thin
zero-gap cells used in the PEM electrolyser, onmic losses are reduced and system
efficiency is increased due to reduced screening of the electrodes by gas bubbles;
Dynamic range is high (from zero to 100% hydrogen production rate can be
achieved within less than 50 ms) (Tsiplakides, 2012).

The main disadvantages are:

The capital cost is high due to the membrane electrode assembly and the
requirement for other expensive cell materials such as titanium;

Higher purity of water is required leading to additional cost;

Limitations for large-scale applications (> 100Nm3/h H,) (Grigoriev,
Porembsky and Fateev, 2006).

A comparison between PEM and alkaline electrolysers is presented in Table 4.4 below
(Stoji¢ et al., 2008; Kordesch and Cifrain, 2010; Godula-Jopek, 2015).

Alkaline water electrolysis | PEM water electrolysis
Electrolyte Caustic solution Polymer
Normal current density 0.45 A/cm? 1.0 A/cm?
Consumption of energy 4.35KWh/Nm3® @ 0.45 A/cm? 4.35KWh/Nm?® @ 14/cm?
Max. current density 0.8 A/cm? 10 A/cm?
Pressure of H delivery up to 30 bar up to 700 bar
Purity of H, (dry state) > 99.5% > 99.9%
Stack lifetime > 60000h > 25000h
Dynamic range 10 — 100% 0—100%

Table 4.4: Comparison between PEM and alkaline electrolysers Solid oxide electrolyte electrolysers
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4.3.3 Solid oxide electrolyte electrolysis (SOE)

SOE is the third important electrolysis technique currently in use besides PEM and
alkaline methods. SOE electrolysis is the latest version of the three main electrolysis
technologies, and is still in the research and development phase (Gandia, Arzamend and
Diegnez, 2013). It is not really a modern technology because pioneering work on such
systems was actually finished in the late1960s. Solid oxide electrolyte technology is
attracting increased interest due to its potential for improving the efficiency of water
electrolysis through operation at high temperatures, e.g. in the range of 700 - 1000°C
(Ursua, Gandia and Sanchis, 2012). Figure 4.6. Shows the principle operation of SOE.
Due to the high temperatures, this water electrolysis technology is, effectively, steam
electrolysis. However, fast degradation of cell components occurs due to the high
operating temperatures, and this explains why such devices are currently still at the
development stage. The reasons behind this degradation are still not well understood
(Mocoteguy and Brisse, 2013). To obtain thermal stability of the materials, research is
concentrating on SOE systems working at around 500 - 700°C. For the same reasons,

0.3- 0.6 A/cm? current densities are being used.
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Figure 4.6: Principle operation of solid oxide electrolyte electrolysers (SOE)(Godula-Jopek, 2015)
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The chemical reactions taking place at the cathode and anode, respectively, can be

summarised as per the Equations below:

H,0(g) + 2e™ = Hy(g)+07? (4.7)
2072 —2e” > 0, (4.8)

Water vapour is injected at the cathode where it is separated into hydrogen and oxygen
according to Equation (4.7). Oxide ions move out of the electrolyte to the anode, where
they interact to produce oxygen molecules, as per Equation (4.8). The main disadvantages
of this technology is the severe corrosion that takes place at both anode and cathode
during oxygen evolution due to the high operating temperatures required. More research
is needed to overcome these issues; for example (Ohmori, Mametsuka and Suzuki, 2000)
and (Arai et al., 2006) have used different materials to improve the efficiency and
characteristics of the electrolysis technology. Commercial applications of SOE are
relatively few as the technique is still at the development stage. The main features of a
number of commercial applications under development, as of 2016, are summarised in
Table 4.5 below.

Manufacturer region Power Pressure Energy consumed
company rating (kW) | (barg) | kWhNm=3 AH efficiency

Ceramatec US.A 20-100 10 ~3.0 (~60)

SunFire Germany 200 <30 ~3.0 (~60)

Table 4.5: The main features of various commercial products of SOE
4.4 Electrolysis benefits and challenges

Electrolysis is a technology by which clean hydrogen could be generated from renewable
energy resources. Other technologies require the use of conventional fuels, like natural
gas and coal. These technologies also have the disadvantages of releasing a diversity of
greenhouse gases such as C0,, CO, NOX and other pollutants, which, from the standpoint
of climate change scientists, represent a significant problem and need subsequent filtering
steps and usage of carbon sequestration methods to clean up (Utgikar and Thiesen, 2006;
Ball and Wietschel, 2009). The decomposing of water via electrolysers, particularly when

connected with renewable resources, has very little environmental impact compared to
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fossil fuel sources of hydrogen production. Electricity is required for the electrolysis
process, so it is effectively the electricity source that determines the cleanliness level of
the operation and the hydrogen fuel thus produced (dos Santos et al., 2017). The hydrogen
cost is a crucial factor for its diffusion and adoption as a promising energy carrier
(Eichman, Townsend and Melaina, 2016; Olateju, Kumar and Secanell, 2016). In
conjunction with the increasing penetration of renewable energy supplies in to the gird,
hydrogen might represent a clean fuel that also could support the deployment of variable
energy sources such as solar and wind power, but only if the price is reasonable. Hydrogen
is a secondary energy source, or a so-called “energy carrier’, but it is not a primary energy
source as it is extracted from other energy sources via various techniques. It has
characteristices that span those of an energy carrier, a conventional fuel, and electricity.
unlike electricity, hydrogen can be compressed and stored in large quantities and
dispatched as needed, which must be exploited as it is produced as difficult to store at
large-scale. Hydrogen, as an energy carrier, poses some unique problems in its use. 1
kilogram of hydrogen has an energy content equivalent to that of 1 gallon of petrol. This
means that storage with high-density choices is required in some applications such as
transport (Gupta, 1982). There are several important factors might accelerate the
transition towards hydrogen fuel. First, the potential for greater local production of
energy, thereby increasing the export or reducing the import of oil depending on the
country resources . A further reason is the growing attention regarding the impact of man-
made CO,, in the air and climate change. Hydrogen as a fuel has the possibility to be used
relatively cleanly, either by thermochemical reaction in fuel cells or by combustion,
where in both cases water is the main by-product. Hydrogen could be used particularly in
fuel cells, for electricity generation and for transport applications or a fuel for heating
purposes. For these features, it can be called a sustainable and clean fuel. Water
electrolysis is a method by which electricity is injected to decompose water into hydrogen
and oxygen. Under typical conditions, nearly 39.4 kWh of electricity and around 8.9
liters of water are required to produce 1 kilogram of hydrogen (under normal
conditions at 25°C and 1 atm). This explains the hydrogen higher heating value (HHV),
which involves the total amount of energy (electrical and thermal) to split water under
normal conditions. Some studies and equipment have used the lower heating value of

hydrogen (LHV) to compare efficiency in which the value value of the equivalent energy
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input is about 33.3 kWh/kg of hydrogen under normal conditions. The efficiency of the
system is the ratio between the heating value (LHV or HHV) and the actual input energy
in kWh/kg. Based upon the LHV, the maximum efficiency is nearly 82%, while the
efficiency of the system has a theoretical maximum of 100% based upon the HHV
(Hosseini and Wahid, 2016). The maximum system efficiency can never be satisfied
because the process is never completely perfect due to thermodynamics and the physical
limitations of materials. Electrolyser efficiencies currently range between 52% and 82%
(HHV) (Chen, 2011). As mentioned earlier, the main obstacle facing hydrogen
deployment is cost, since it is expensive to produce in contrast to fossil fuels (Nistor et
al., 2016), which is the main point of this research. The next part of this chapter will

discuss the cost of electrolytic hydrogen production in detail.

4.5 Electrolytic hydrogen cost

The price of hydrogen is affected by two main factors: capital cost and the operational
cost (mainly the price of electricity), which are mostly affected by the size of the
electrolyser. In other words, for a small electrolysis plant, the capital cost is the greatest

factor, whereas for a large plant it is the price of electricity (lvy, 2004).

4.5.1 Capital cost of electrolyser

Decreased cost and improved efficiency will lead to greater deployment of hydrogen
production in the energy market. For a small-sized electrolyser system, the capital cost
represents nearly 60% of the cost (Melaina and Penev, 2013). In general, an electrolyser
system consists of the following parts:
1
2- Power electronics
3
4
5
6

Electrolyser stack

Control unit

Water and gas conditioning units

Water circulation unit

Cooling system.

It is not easy to determine real costs of electrolysers from manufacturers due to
commercial sensitivity. Most research tries to use various examination methods to

estimate the investment cost based on historical data or company surveys. The estimates,
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therefore, include some scale-up to commercial electrolysis units and extrapolation.
Estimating the cost of the electrolyser cell stack depends on limited experience and
normally on smaller cells and a fewer cells per stack. Experience of pricing for the
purchase of components is based on laboratory or pilot-scale procurement, thus requiring
electrolyser manufacturers to negotiate with sellers to determine prices for greater
volumes. One formulation, based on the nonlinearity relationship between the production

capacity of plant and its cost, was presented by (Genovese et al., 2009) as follows:
cC=wnm (4.9)

Where C the plant capital cost, W the plant capacity (e.g., kg per day), and n is a constant
value that fluctuates between 0.6-0.8 depending on the plant type. For a greater total
capacity, units must be installed in parallel and the cost relationship in such an instance
could be linear, or at least nearly so (n approaches 1). The capital cost at each size level
was scaled via Equation (4.10) from the National Renewable Energy Laboratory (NREL)
Milestone Report (lvy, 2004), where y, the plant capital cost in thousands of dollars, and
X is in kgH,/h. The authors of this report found a good match between capital cost of
electrolyser and the collected cost data from the literature and seller surveys, and it is
precise for sizes from 0.1 kg/hr to 100 kg/hr, which fall into the size ranges being
tested here.

y = 224.49x0-6156 (4.10)

The H2A model from the NREL explains the total hydrogen cost per kg in detail. The
capital cost in H2A is divided into direct and indirect capital cost. The direct capital cost
includes the stack cost (41%) and the balance of the plant cost (BOP) (59%). The BOP
itself consists of these parts(Saur et al., 2013):

1- Hydrogen gas management system (anode system side) (9%)

2- Oxygen gas management system (cathode system side) (3%)

3- Power electronics (21%)

4- Control and sensors (2%)

5- Mechanical balance of plants (plumbing/copper cabling/dryer valves (5%))

6- Item breakdown-assembly labour (2%)
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7- Water reactant delivery management system (6%)
8- Water delivery system (5%)

9- thermal management system (5%)

10- Other items (1%).

The indirect capital cost consists of site preparation; engineering and design; project
contingency; process contingency; on-time licensing fees and up-front permitting costs.
In addition, there are non-depreciable capital costs that could add to the capital cost, such
as land cost. Most studies rely on company and vendor guestionnaires and use the cost of
the power required to produce 1 kg of hydrogen to determine the capital cost of
electrolyser (Saur et al., 2013). The estimate of the cost of the alkaline electrolyser system
is in the region of 1000-1200 €/Kw for alklaine, and 1860-2320 €/kW for PEM
electrolysers. To sum up, the real cost of electrolysers is difficult to estimate, so this
research, like other studies before it, will depend on recent capital cost estimation, which
will be presented in the coming chapters. E4tech and Element Energy have published an
important report which discusses electrolysis theory from many perspectives (Bertuccioli
et al., 2014). The capital cost of alkaline and PEM electrolysers was discussed in this
report, as were expected costs from 2015 to 2030. These costs are very close the values
presented in many recent studies (Bertuccioli et al., 2014). Figure 4.7 and Table 4.6 below
show the current and future cost details of PEM and alkaline. Table 4.7 and Figure 4.8

shows the current and future energy consumption of PEM and alkaline (central and range

size)
Capital cost for Alkaline systems Capital cost for PEM systems
[EUR/kW] [EUR/kW]
3,000 3,000
2,500 2,500
Gy
2,000 2,000 D( ==
Q 1\ .
1,500 1,500 S T - &
1,000—%6%- - e 1,000 9-._0‘
500 = . 500 N _____8
0 0
2010 2015 2020 2025 2030 2010 2015 2020 2025 2030
O Alkaline (all data) O PEM (all data)
Central case — Central case
= = Range = = Range

Figure 4.7: Current and future expected capital cost of alkaline and PEM systems (Bertuccioli et al., 2014)
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Electrolyser cost Today 2015 2020 2025 2030
EUR Central 1100 930 630 610 580
/KW Alkaline | Range 1000-1200 | 760-1100 370-900 370-850 370-800

Central 2090 1570 1000 870 760
PEM Range | 1860-2320 | 1200-1940 | 700-1300 480-1270 | 250-1270

Table 4.6: Current and future expected capital cost of alkaline and PEM systems

Electrolyser cost Today 2015 2020 2025 2030
EUR Central 54 53 52 51 50
/KW Alkaline | Range 50-78 50-73 49-67 48-65 48-63

Central 57 52 48 48 47
PEM
Range 50-83 47-73 44-61 44-57 44-53
Table 4.7: Current energy consumption and future expected consumption of alkaline and PEM (Bertuccioli et
al., 2014)
Electrical energy input Electrical energy input
Alkaline electrolysis system PEM electrolysis system

[kWh/kg] (System)

[kWh/kg] (System)

2010 2015 2020 2025 2030 2010 2015 2020 2025 2030
O Alkaline (all data) O PEM (all data)
= Central case = Central case
- - Range - - Range

Figure 4.8: Current energy consumption and future expected consumption of alkaline and PEM systems
(Bertuccioli et al., 2014)

4.5.2 Operational cost of electrolysers:

Operational costs can be classified as either variable or fixed costs. Fixed operating cost
includes maintenance and repair costs (materials and production), salaries of workers,
property taxes and insurance (Saur et al., 2013). Generally, fixed costs are, relatively
speaking, small. Thus they are neglected in many studies. The main expense arises from
the variable costs, which include electricity and water. Between 9 and 11 litres of water
are needed to make 1 kg of hydrogen, so how much water and the cost per litre can be
straightforwardly determined based on the size of electrolyser and the price of water. As
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in fixed costs, the price of water is not so high that it can be ignored (Ebaid, Hammad and
Alghamdi, 2015; Gutiérrez-Martin, Ochoa-Mendoza and Rodriguez-Anton, 2015). The
main part of the variable cost is the feedstock price (electricity price), which represents
the highest cost of the whole system in large-scale electrolysis (Saur, 2008). In addition
to its importance in terms of cost, electricity plays a key role in determining the
‘cleanliness’ of the hydrogen produced, and is based on the source of electricity. Recently,
most hydrogen studies have focused on two main topics: the role of hydrogen in balancing
the grid (demand-side management) using hydrogen production (Guinot et al., 2015;
Bennoua et al., 2015; Kaldellis, Kavadias and Zafirakis, 2015) and the applications of
hydrogen as a fuel (Singh et al., 2015; Yan and Hino, 2016). The cost of hydrogen in
large-scale electrolysis depends only minimally on the price of electricity. To investigate
the impact of price of electricity on the total cost of hydrogen produced in normal
operation, the Equations below have been determined on the basis of production capacity

and current density rating as follows(Gutiérrez-Martin et al., 2009):

0.21
¢, =836/ux|fot My, |7 jos (4.12)
C, = 26.8 X py(E, +K]) (4.12)

Where u is the utilization factor, p; is the electricity price(£/kwh), J is the current
density(A/mz), P,, is the rated power of the electrolyser(MW), E, is the voltage (1.5V),

k is the resistance(7.5 x 1073 mQ m?), C is the total cost (E/kg), C; is the annual capital
cost (£/kg), and C, is the energy cost (£E/kWh). MATLAB code has been prepared to
calculate the total cost with different energy prices to show the importance of this factor,
especially for large electrolysis systems. The total hydrogen cost will be tested under three
different prices at peak time (£0.12/kWh), off-peak (£0.05/kWh), and between on- and
off-peak (£0.07/kWh) with the same capacity factor (40%). Figure 4.9, Figure 4.10 and
Figure 4.11 show the impact of changing the energy price on the total hydrogen cost.
Changing the energy cost from £0.12 /kWh to £0.07/kWh reduces the hydrogen cost from
nearly £6/kg to nearly £4/kg and to £3/kg in the case of £0.05 / kWh. Further explanation
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about the Equations (4.11), (4.12) and (4.13)above can be found in (Gutiérrez-Martin et
al., 2009).
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Figure 4.9: Hydrogen price cost (£/kg) at on-peak (£0.12/kWh)
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Figure 4.10: Hydrogen price cost (£/kg) at £0.07/kWh
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Figure 4.11: Hydrogen price cost (£/kg) at off-peak (£0.05/k\Wh)
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Regardless the other cost components, the cost of electricity could allow for a significant
reduction in the cost of hydrogen, especially if production is concentrated during off-peak
periods. In this research, only power surpluses times of off-peak demand will be used to
produce hydrogen. Few studies concentrate on flexible operation of the electrolyser in
order to increase the benefits of lower electricity prices (Levene, 2005; Gutiérrez-Martin,
Ochoa-Mendoza and Rodriguez-Anton, 2015; Mansilla et al., 2013). Instead, all these
studies focus only on the hydrogen production stage, and do not consider the hydrogen
application stages. The different applications of hydrogen require different physical
conditions such as pressure, storage, and delivery; however, the main point, as ever, is
the price. For example, the operating conditions of hydrogen as a fuel differ from those
required in the food industry, and this will lead to a change in cost, based on the storage
type and pressures required. Other studies focus on hydrogen production from renewable

energy, such as wind and solar, as a main aim either on-grid or off-grid.

4.6 Summary of the chapter:

This chapter has explained the electrolysis process from different perspectives. First, it
has considered the history of the electrolysis industry, followed by a detailed examination
of the main components of various types of electrolyser. The second part concentrated on
electrolysis cell arrangements and presented the advantages and disadvantages of each
type. The most commonly used types of electrolyser have been discussed in terms of their
operational processes, construction, their advantages and disadvantages, and comparison
has been made between them. Some description has been given of the benefits and
challenges that face the electrolysis industry, in particular the control of cost. The cost of
electrolysis was focused on at the end of this chapter, in which the most significant costs
of each part of electrolysis was discussed. This will be considered further in this study

to investigate whether research techniques can overcome these issues.
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Chapter 5: Energy Production and
Consumption, the Electricity Network and the
Renewable Energy Situation in Libya

5.1 Introduction

Libya has a small population of nearly 6.5 million (as of 2010) and does not have a heavy
agricultural potential or a wide industrial base like its neighbouring countries such as
Algeria, Morocco, Tunisia and Egypt. On the other hand, Libya has abundant energy
resources with large reserves of oil and gas. For instance, Libya leads the African
countries in terms of proven reserves of crude oil (U.S. Department of Energy, 2014), as

shown in Figure 5.1 below:
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Figure 5.1: Top African countries by proven reserves of crude oil, 2014
In terms of natural gas, Libya’s proven reserves were measured at 55 trillion cubic feet in
2014, which is one of the highest reserves in Africa, as we can see in Figure 5.2 below
(U.S. Department of Energy, 2014). Nearly 70% of Libyan Gross Domestic Product
(GDP) comes from the oil-exporting sector, having increased from nearly 50% in 2002
in line with the increasing price of oil (Mbendi, 2016). Oil and gas production and energy

consumption in Libya will presented in detail in the following sections.
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Figure 5.2: Top African countries by proven reserves of natural gas, 2014

5.2 The current situation regarding Libyan energy

Libya relies completely on fossil fuel to produce its energy. Natural gas and oil are the
main sources of energy. Libyan power plants currently rely on oil, though there has been
an increasing move towards natural gas power plants over recent years. The status of oil

and natural gas is summarised in the next two subsections.

5.2.1 The current situation regarding oil production in Libya

Libyan oil production is one of the largest across the North Africa countries and is
currently at about 1 million barrel/day, in contrast with 1.68 million barrel/day before the
‘Arab Spring’ revolution in February 2011. Proven reserves of crude oil in Libya are
measured at nearly 47.1 billion barrels (Kuuskraa, Stevens and Moodhe, 2013). The last

five years of oil production are shown in Figure 5.3.

Oil production was dropped due to the war that started in February 2011 and continued
for eight months (Kuuskraa, Stevens and Moodhe, 2013). Oil production has
subsequently improved between 2012 and 2013 and reached 1.4 million barrel/day due to
the country becoming more internally stable. Oil production was suspended again in mid-
2013 because certain military groups took control of the main oil harbours and refinery

regions in the country.
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Source: U'S. Energy Information Administration, Short-Term Energy Outlook, November 2014
Figure 5.3: Libyan crude oil production, Jan/2011-Nov/2014.

Before the war in February 2011, the main controller of the oil industry was the National
Oil Corporation (NOC), which was entirely state-owned. The NOC had a production goal
of 2.5 million barrel/day by 2015, but this goal cannot now be reached until oil production
rates return to their 2011 pre-war levels. This recovery requires a stable and secure
political environment in order to encourage international companies to return to work in

the Libyan oil industry. The eastern part of the country has the largest quantity of oil (75%

of the total), in a region called the Sirte Basin; the remaining 25% of the country’s

reserves are in the southern region, the Murzuk Basin (Asheibe and Khalil, 2013), as
presented in Figure 5.4.
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Figure 5.4: Libyan oil reserve distribution.
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Net production of oil in Libya is around 1.65 million barrel/day, with around 330,000
barrel/day consumed locally for electricity production (as of 2010). Due to the
dramatically surging demand for energy in Libya due to an inefficient use of energy, this
number is expected to increase in the coming years. Figure 5.5 below shows oil
production and consumption in Libya between 1980 and 2013 (U.S. Department of
Energy, 2014).
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Figure 5.5: Libyan oil production and consumption (1980-2013) (U.S. Department of Energy,
2014).

5.2.2 The current situation regarding natural gas in Libya

The second-most important source of energy in Libya is that of natural gas. The proven
natural gas reserves are 52.8 trillion cubic feet (as of 2012). Figure 5.6 shows the

production and consumption of natural gas in Libya between 2000 and 2013.
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Figure 5.6: Production and consumption of natural gas in Libya (2000-2013) (U.S. Department of Energy, 2014).
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As shown, most of the natural gas produced goes into exports. The large-scale growth of
the gas industry in Libya began with the construction of the ‘Greenstream’ gas pipeline
between Libya and Italy, with most of Libya’s natural gas being exported to Italy via this
pipeline (U.S. Department of Energy, 2014). The increase in consumption of gas in Libya
in recent years is due to the replacement of many oil-fired electricity stations by ones

fired by natural gas (Kuuskraa, Stevens and Moodhe, 2013).

A discussion of the oil and gas industry will help the reader to understand the advantages
and disadvantages of these resources, such as instability of the price and demand variation
from the importer countries after investment in the renewable energy industry has begun.
Libyan oil reserve distribution is presented to show the effect of ceasing to produce oil
from the Sirte Basin on the total production of the country, as happened in 2013 when

military groups took control of the main oil harbours and refinery regions in the country.

5.3 Electricity production and consumption in Libya

The power generation capacity in 2010 was 5759 MW with 32 TWh of energy generated.
Currently, Libyan power stations are generally oil-fired, though many have been changed
in recent years to natural gas (GECOL, 2010). Electricity demand in Libya is increasing

rapidly (6-8% annually) and is expected to be around 8 GW in 2020.

Figure 5.7 and Figure 5.8 below show the actual annual demand and the growth rate over
recent years (2003-2012), and further gives the expected load growth rate between 2013
and 2020 (GECOL, 2012) respectively.

The electricity consumption is very high in contrast with the population of this country
due to climate change and inefficient use of energy. In addition to the higher growth rate,
the war in 2011 led to the destruction of many power stations in different cities across
Libya. For these reasons, the Libyan government is now strongly motivated to move

towards a greater use of renewable energy sources.
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Figure 5.7: Libyan energy load growth rate (2003-2012) (GECOL, 2012)

Mega Watts

14000 [~ Growth Rate of 11.4% per year
12000

10000

8000
6000
4000
2000

0

2020

™ < wn (o] M~ oo (o))
T h ot e e b T A
o o o o o o o
N N N N N N N

M Peak Load M Mega Projects

Figure 5.8: Forecasting Libyan load growth rate (2013-2020) (GECOL, 2012)

Where: peak load is the annual peak load of the general grid and mega project is the
expected increase in the load based on the yearly growth rate. The residential sector
represents the largest area of electricity consumption followed by the commercial and

industrial sectors, as can be seen in Figure 5.9 below.
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Figure 5.9: Electricity consumption in percent by sector in Libya (2010) (GECOL, 2010).

The general electricity company of Libya (GECOL) manages all electricity power
departments (production, distribution, and transmission). The high voltage transmission
of Libya about 12,000 km spreads across the country.

This long distance power transmission causes significant efficiency losses (13.5% in
2007) (IEA Statistics, 2014). The energy sector depends on heavy fuel oil, natural gas and
light fuel oil. To reduce CO2 emissions, GECOL has moved toward the use of natural gas
stations rather than oil-fired stations. Figure 5.10 below shows the percentage share of

conventional energy sources of the Libyan electricity grid (Asheibe and Khalil, 2013).
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Figure 5.10: Libyan Electricity generation (MWh) in 2010(GECOL, 2010).
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As mentioned earlier, the recent use of natural gas as a fuel has increased rapidly, as
motivated by a number of advantages in contrast with other traditional fuels, as shown in
Figure 5.11 below.

m Heavy fuel oil mNatural gas ®Light fuel oil

Figure 5.11: Electricity generation by fuel type in Libya 2010(GECOL, 2010).

5.4 Transmision network and constraints in Libya

High voltage power transmission lines in Libya extend to almost all places where industry
exists and is expanding and where people live.

Prior to 2006 the highest voltage used in Libya was 220 kV, but in Sept. 2006 the General
Electrical Company of Libya (GECOL) commissioned the first 400kV, which extends
over 460km from Gumas to Benwaild and Gamra 1 system, with single, and double
circuits with triple bundled conductors. Figure 5.12 below shows the new Libyan 400-kv
network (Khalil et al., 2009).
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Figure 5.12: The new Libyan transmission system and outlines what is existing and under construction
(Daloub, 2017)

As a result of Libya’s ongoing civil war, which began in July 2014, various events have
caused damage to numerous 400-kV, 220-kV and 66-kV transmission lines and
substations, resulting in the transmission system now operating as four islanded systems.
The current separate transmission systems have reduced generation capacity in the most
populated area in the northwest (Tripoli), which now has an electricity demand that is
higher than the installed generating capacity. (Daloub, 2017). Conversely, there is now
excess generating capacity connected to the remaining three islanded transmission
systems that supply the large cities of Benghazi, Adjdabia and Ghadams.
A geographically large state, Libya shares borders with six neighbouring countries, four
Arab states (Egypt, Sudan, Algeria and Tunisia) and two African states (Chad and Niger)
(GECOL, 2012). Currently, Currently, Libya is only electrically interconnected with
Egypt and Tunisia on its eastern and western borders, respectively. Since the circuits were
first commissioned, more than 600 MW of energy have been exchanged commercially
through the tie lines in each direction. The 220-kV double-circuit interconnection with
Egypt connects the Tobruk substation in Libya — approximately 165 km (103 miles)

from the border — with the Salum substation in western Egypt, close to the city of
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Alamin. This transmission line extends across the Egyptian desert before reaching the
areas of high-energy consumption and load centres, namely the Mediterranean city of
Alexandria. The transmission systems of GECOL and the Tunisian National Company of
Electricity and Gas (STEG) are interconnected by two 220-kV transmission lines. The
first cross-border link, known as the coastal line, is a double-circuit 220-kV transmission
line that interconnects the Abukamash substation in Libya with the Madneen and
Abushama substations in Tunisia (Faraj, 2009). The overall length of this circuit is 380
km (236 miles), with 26 km (16 miles) in Libya and 354 km (220 miles) in Tunisia. The
second 220-kV circuit, known as the Sahara line, is a single circuit connecting the Rouais
substation in Libya with the Tataween substation in Tunisia. This circuit is 298 km (185
miles) long, with 37 km (23 miles) in Libya and 261 km (162 miles) in Tunisia. . Figure
5.13 below The existing Libyan transmission system comprises both 400-kV, 220-kV

overhead lines and interconnected with Egypt and Tunisia(Daloub, 2017).

Tazerbo

f//\‘\‘\ Pl
Niger 400-kV Transmission Systemn Sudant
220-kV Transmission System |
—

Figure 5.13: Exsisting 200-kv and 400-kv in Libya and the interconnection with neighbour countries
(Daloub, 2017)
Electrolysers play a vital role in this regard as they can respond within minutes for a set
point or full shut down. This rapid response allows for Transmission and distribution
(T&D) planners to utilize electrolysers located on congested lines to reduce transmission

line congestion by lowering the electric demand from the electrolysers. Responsive

78


http://www.steg.com.tn/
http://www.steg.com.tn/

Chapter 5: Energy Production and Consumption, The Electricity Network and The Renewable Energy Situation in Libya

devices on a line can possibly delay or even remove the need for additional transmission
lines if the devices have sufficient capacity to alleviate congestion. Alternatively,
electrolysers can be applied to encourage the authorities to work on a smart grid system
under high penetration of renewable energy, by solving the issue of energy storage.
However, in this research because of the lack of data, transmission and distribution issues
are not covered since the research focuses on small city as smart grid system. In addition,
the idea of this research is to solve the issue of long-term (days) and large-scale energy
storage. For the T&A, the required response time fluctuates between minutes to hours for

several hours.

5,5 Libyan environmental issues

A significant current global trend is towards reducing greenhouse gas emissions, both in
terms of current and future energy generation (UNFCCC, 1997). Current scientific
assertions are that the effects of a rapidly-changing climate will put considerable strain
on environmental, social and economic sustainability. Experts currently warn of the risk
of worldwide climate change in this regard as a result of increasing greenhouse gas
emissions into the atmosphere, mainly from fossil fuel use. The United Nations
Framework Convention on Climate Change (UNFCCC) adopted the Kyoto Protocol in
1997 (see www.unfccc.int), as signed by 84 states, under which all major industrialised
countries must ultimately limit their greenhouse gas emissions to 1990 levels, or lower
(UNFCCC, 2014). The Human Development Report (HDR) 2007/2008 indicates that the
annual increase in CO2 emissions was around 4.2% between 1999 and 2004. Furthermore,
this same report indicated that Libya was responsible for 0.2% of international emissions,
which equates to around 9.3 tonnes of CO: per person (Watkins, 2007). In terms of the
various international environmental conventions, Libya has signed and ratified numerous
agreements such as the Vienna Convention in 1990, the United Nations Framework
Convention on Climate Change in 1999 and the Kyoto Protocol in 2006 as a Non-Annex
| party (Watkins, 2007; UNFCCC, 2014). Thus, Libya has the opportunity to implement
emissions reduction policies such as the Emissions Trading Mechanism. Well-defined
emissions reduction policies and environmental regulations are key mechanisms by which
to address the issue of climate change. Libya is the world’s 11th largest oil producer

(Pratten and Abdulhamid Mashat, 2009) and ,as a consequence of rising petroleum
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production and the associated revenues (accounting for about 95% of export earnings and
contributing more than 54% of its GDP), Libya has seen a significant increase in
greenhouse gas emissions, particularly those of CO, (Elhage et al., 2005). Oil and cement
manufacture are the principle culprits for greenhouse emissions in Libya. As with most
other countries that have seen significant increases in their greenhouse emissions, this can
be related to both economic and industrial growth. High levels of urbanisation also
contribute in this regard in the larger urban centres of Northern Africa. Libya, however,
has seen the highest per capita increase in CO> emissions in comparison to its
neighbouring countries, including CO2 produced from the consumption of solid, liquid,
and gaseous fuels and gas flaring (Mohammed, 2010). The main sources of air pollution
in Libya are related to the use of petroleum derivatives as fuels in many manufacturing,
industrial and transport fields (Abdul-Hakim, 2006), with CO2 mostly originating from
the burning of various fuels by the power production sector (38%), fuel for the transport
sector (20%) and industry (8%), with other sectors representing the remaining 34%
(R.Zaroug, 2012; Lawgali, 2008). Oil factories are a major atmospheric polluter because
of the emission of various harmful or hazardous gases. Primarily, these are carbon
compounds, hydrocarbons, sulphurs and nitrogen oxides, which are released from
refineries and oil fields. As well as the air, however, these gases will also have an adverse
effect on the surrounding residential and maritime areas. In 2003, petroleum was
responsible for more than 60% of Libya’s CO2 emissions, with natural gas accounting for
the remaining 40% (Ramelli et al., 2006; R.Zaroug, 2012). In 2010, two thirds of
electricity in the world was produced from burning fossil fuels; in the same year, Libya
produced about 60 million tons (Mt) of CO2, in comparison with 50 Mt in 2002. Libya’s
energy-related CO2 emissions rose by more than 78%, from less than 18.7 million tonnes
of oil equivalent (Mtoe) in 1980 to about 50 Mtoe in 2003, mostly because of increasing
demand for power (Ekhlat, Salah and Kreama, 2007). The amount of emissions per unit
energy varies depending on fuel type (i.e., coal, oil or natural gas), and therefore the move
towards the increased use of natural gas should ultimately help to lower CO2 emissions
(Mohammed, 2010). Because of rising energy demand, CO, emissions are expected to
more than double in the coming years, reaching around 104 Mt in 2030. The annual
average growth in emissions has been estimated to be 3.3% over the outlook period,

although one piece of good news is that this is lower than the original forecast (3.6%
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growth in demand) due to the move towards gas-fired power stations. The daily data
recorded for CO2 emissions includes fuel intake and energy production from different
producing units, particularly combined cycle units, which account for about 37% of the
total energy produced in the Libyan network. (Khalil et al., 2009; Mohamed, 2016).

5.6 Libyan electricity tariff and governments subsidies

One of the critical issues in the Libyan power system is government subsidies, which
have currently allowed for lower electricity price tariffs nation-wide and reduced the
efficiency of consumption. To understand this point, we consider that 1 Dinar = 1000
Dirham; the current exchange rate between the Pound and Dinar is 1 Pound = 2 LYD. A
higher tariff is paid for commercial consumption in Libya, which is set at 0.068
LYD/KWh (£0.04/KWh) (GECOL, 2010). Even with these prices, GECOL is struggling

to persuade people or companies to pay for their usage.

GECOL has prepared a report to explain the difference between the real cost of electricity
based on international fuel prices and local fuel prices, which reveals that the real cost of
one-kilowatt hour is around 0.467 LY D /kWh (£0.25/ kWh) in terms of international fuel
prices, whereas the current electricity prices are around 0.02 LYD/kWh (£0.01/ kwh),
which means that the local price represents only 4% of the unit cost. If the system works
with the local fuel price, the unit cost is 97 Dirham/kWh with the same price of electricty
(20 Dirham/kWh) (Agha and Zaed, 2013).

Furthermore, the Libyan government does not give any incentive to encourage people to
regulate or decrease consumption, yet frequent “rolling blackouts” occur at many times
of the year, and can last for several hours (reaching 12 hours at peak summer and winter
consumption) (EI-Werfelli et al., 2008). These could be mitigated by such price

incentives.

Table 5.1 and Table 5.2 below show the profit and losses for the year 2012 in terms of
international fuel prices and local fuel prices (Agha and Zaed, 2013).
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Category Total |Expenditure| Unit Unit | Income| Different
Sales of ) )
Cost | Price (subsides)
energy
MWh (M.LD) (Dirham\KwWh) M.LD)
Residential 7,441,077 3,476 467 20 148.8 -3,3275
Agriculture (small) 1,039,526 462 444 30 31.2 -430.5
Agriculture (Large) 1,393,150 410 294 32 44.6 -365.3
Light Industrial 910,450 345 379 42 38.2 -307.2
Heavy Industrial 900,274 261 290 31 27.9 -233.4
Commercial 2,507,157 1,089 434 68 170.5 -918.8
State Offices 3,695,736 1,367 370 68 251.3 -1,115.8
Street Lighting 3,075,149 906 295 68 209.1 -696.6
Total 20,962,519 8,317 397 44.0 | 921.6 -7,395.1
Different -89%
Table 5.1: Income and losses for the year 2012 for international fuel prices
Category Total |Expenditure| Unit Unit | Income| Different
Sales of ) )
Cost | Price (subsides)
energy
MWh (M.LD) (Dirham\KwWh) (M.LD)
Residential 7,441,077 718 97 20 148.8 -569.3
Agriculture (small) 1,039,526 86 83 30 31.2 -54.7
Agriculture (Large) 1,393,150 68 49 32 44.6 -23.5
Light Industrial 910,450 64 70 42 38.2 -25.4
Heavy Industrial 900,274 42 47 31 27.9 -14.3
Commercial 2,507,157 201 80 68 170.5 -30.2
State Offices 3,695,736 238 64 68 251.3 13.3
Street Lighting 3,075,149 183 59 68 209.1 26.2
Total 20,962,519 1,599 76 44.0 | 921.6 -677.8
Different -42%

Table 5.2: Income and losses for the year 2012 for local fuel prices

In the current oil price scenario (less than $50/barrel) and the slump in demand (nearly
300,000 barrel/day compared with 1.400,000 before 2011 and $120/barrel), the Libyan
government has to take serious steps to reduce subsidies. This action will be applied in
stages over a 1-5 years periods until a zero rate of subsidy is achieved, which will lead to
increased electricity tariffs and open the door to investment in renewable energy
companies within the Libyan electricity market. (Agha and Zaed, 2013). GECOL have

published some important recommendations that could improve and develop the electrical

grid in Libya. These recommendations include:
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1. The higher electricity consumption per capita is an obvious sign of poorly
considered use of electricity and low efficiency; the low efficiency can be due to
two main reasons:

a. Low price (tariff) for electricity.

b. Low efficiency of devices and equipment used in the Libyan electricity
market due to a failure to enforce standards in the supply of these
appliances.

2. Investment in electricity projects is an important element for development.
However, the ability of the country to continue to bear the costs of these
investments comes with some considerable risk due to fluctuations in oil prices.
It is noticeable that the state spends on all investments in the electricity sector
and has funded the expense of overhauling large production plants, covering
financial differences between selling prices, the power unit, and the actual cost
to the general electricity company and its investors. The government should
develop policies to reduce the financial burden on public finances.

3. Continuing to provide the company with fuel and natural gas prices below
international prices leads to inefficient allocation of resources in the industry and
does not encourage good performance or rationalisation of energy consumption.

4. The government should follow recommendations to replace subsides of goods
and oil by cash support to the citizen, which will lead to relief of the state’s
consumption and customer’s inefficient use of energy.

5. Allow for investment in renewable energy sources, increased energy efficiency
and demand-side management through the development of new standards for
electrical goods, street lighting and industrial sites.

6. Work on the rationalization in spending and improve the efficiency of the sector
workers by distributing tasks and employees in an appropriate manner and
reducing expenses, since in recent years it has been observed that the number of
employees in the company has steadily increased in a manner inconsistent with
the number of customers. This will result in an increased burden on the company,
poor productivity underuse of the workers. For example, there is an average of

34 consumers per employee of the company, and if we compare this with
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electricity production facilities in Saudi Arabia, we find an average of about 173

consumers per employee.

5.7 Renewable energy resources in Libya (current utilisation and

future prospective)

Many Middle East countries, especially oil-rich countries like Libya, try to diversify their
economies and their decrease the reliance on oil as their main source of energy and
income in order to achieve more sustainable economies. Finding alternative and secure
sources of income and energy is becoming particularly important for these countries if
they wish to maintain their living standards for coming generations and reduce the
negative environmental impacts of pollution and carbon emissions from fossil fuels
(Ramli, Alarefi and Walker, 2015; Mohamed, Al-Habaibeh and Abdo, 2013). Libya has
a high potential for the use of renewable energy from wind and solar sources according
to currently-available information. Libya has a massive land area of around 1,759,540
km?, with a very long coastline of nearly 2000 km, and 88% of the country is desert.
Figure 3.1 a map of Libya. This high potential for renewable energy can be realised
concentrating solar power (CSP), solar heating and cooling (SHC) and via photovoltaics
(PV). Furthermore, it has been calculated that, every year, one square kilometre of the

desert in the Middle East and North Africa area receives energy equal to 1.5 million

barrels of oil.
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Figure 5.14: Libyan location on the map
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This high potential for renewable energy can be realised through the deployment of 300
concentrating solar power (CSP), solar heating and cooling (SHC) and via photovoltaics
(PV). Furthermore, it has been calculated that, every year, one square kilometre of the
desert in the Middle East and North Africa area receives energy equal to 1.5 million
barrels of oil. Figure 5.15 below shows the annual normal direct solar radiation
in kWh,/m?y; this information was derived from data collected by the German Aerospace
Centre (DLR) in 2007 (Faraj, 2009; El-Osta and Kalifa, 2003; Mohamed, Al-Habaibeh
and Abdo, 2013).

KWh/m?27y
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Figure 5.15: Annual average solar irradiance estimates for Libya

In terms of wind power sources, the data provided by Wind Atlas of Libya (version 1.0
3/2008) is shown in Table 5.3.

The mean wind speed in different regions of Libya is given. Generally, average wind
speeds fluctuate between 5 and 10 m/sec in the majority of regions in Libya (Abohedma
and Alshebani, 2010).

In addition, Libya’s neighbouring countries have launched a considerable number of
projects aimed at exploiting wind resources through various demonstration and

commercial-scale projects (Khalifa, 1998).
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5.8

Region Average speed
Chat 5-5.5 m/sec
Sabah 6-6.5 m/sec
Tarakin 6.5-7 m/sec
Tubrug 7-7.5 m/sec
Al magrun 7-7.5 m/sec
Tukra 7-7.5 m/sec
Jbalzaltan 7.5-8 m/sec
Al-Fattaih-Darnah 8-8.5 m/sec

Table 5.3: Average wind speeds in various regions of Libya

Motivation toward adoption of renewable energy in Libya

There are many reasons for pushing a country towards starting large-scale investment into

renewable energy resources, which include:

1.

Based on data from U.S. Energy Information Administration, nearly 34% of oil
production was going into local consumption in 2010. By moving to renewable
energy resources, additional amounts of oil can be exported rather than locally
consumed in Libya, thereby contributing further to the country’s economic growth
(U.S Energy Information Administration, 2015).

It could reduce Libya’s dependence on fossil fuels and help it transition from
being an oil exporter to an RE exporter — much of this potentially via hydrogen
pipelines.

Reducing CO2 emissions via renewables could support Libya’s approach to the
issue of global warming.

Since 88% of the country is a desert, this is potentially a good candidate area for
solar energy production. At the same time, these areas might be considered
remote, with the majority of the population concentrated on the coast. Therefore,
solving the energy problem in remote areas could limit emigration to the more
crowded city areas. Power to gas techniques could save money, and time since the
hydrogen can be used as a fuel.

The strategic location of the country gives it primacy in exporting power to Europe

since there are a number of such projects that have already been established, such
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as the natural gas pipeline that runs from Libya to Italy. This trade will support
the penetration of renewable energy since it has a very strong connection with

European countries, which can accommodate vast amounts of energy.

5.9 Applications of renewable energy resources as a power supply in
Libya

The first renewable energy project as a power supply was developed in 1976. This used
a photovoltaic power system to fed a cathodic protection station for an oil pipeline in the
Dahra field with the port of Sedra; these projects are still running today (Mohamed, 2016).
In 1979, PV panles used four experimental telecommunication stations as energy sources
during the day and times of power shortage. A water-pumping system was started at Al-
Agailat in 1983 for the purposes of irrigation, and a PV pumping system was used for this
purpose. According to data produced by the Planning and Studies Depatrment of
Renewable Energy Authority ofLibya (REAOL) in February 2011, the target for the share
of renewable power should be up to 30% by 2030. This energy will be derived in the main
from wind power, photovoltaic systems (PV), solar water heating (SWH) and
concentrating solar energy systems (CSP), as shown in Figure 5.16. However, this target
is very unlikely to be achieved because of the current security issues in Libya, and it could

well be significantly postponed or even suspended.

2025 2030

25% RE Share 30% RE Share

2020 2000 MW Wind
1200 MW CSP
500 MW PV
10% RE Share 600 MW SWH
2015 1500 MW Wind
800 MW C5P
150 MW PV
6% RE Share 300 MW SWH
750 MW Wind
100 MW C5P
50 MW PV
150 MW SWH

2010

0% RE Share

Figure 5.16: Deployment of renewable energy sources as planned by the Renewable Energy Authority in Libya.
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The wind speed is acceptable in many areas for wind power generation. At around 5 m/sec
average speed in most cases, this wind speed can potentailly be exploited economically.
Wind energy can play a significant role in coming years in contributing to energy supply
and to meeting total demand of electrical energy. Recent data regarding wind speed has
been collected from 4 stations out of sixteen meteorological stations over a time of three
months; these stations have been in operation since 2010. Figure 5.17 presents the
average wind speed over time between 30/11/2010 and 20/01/2011, as recorded every
10 seconds (Mohamed, 2016).

7
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Figure 5.17: Average wind speed in four cities.

Solar energy could be the most important source of renewable energy in Libya. The
annual average solar irradiance in various regions in the country is shown in Figure 5.18.
Solar power can be seen to be one of the important renewable resources because of
Libya’s location on the Tropic of Cancer, so the the sun is always available throughout
the year for at least several hours a day. 7.1 kWh/m?day has been found as the mean
daily solar irrdiance in the coastal region in the north, and 8.1 kWh/m?day in the
southern region, with the annual average amount of sunshine at more than
3500 h/year (Mohamed, 2016).

REAOL argued that the average number of hours of sun is about 3200h/year with an

average daily solar irradiance is 6 kWh/m?/day. This is approximately equal to 106 x

1'5/365 ~ 4110 barrels/day of oil. Therefore, if just 0.1% of the country’s area could be
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used for solar power, this could lead to 0.001 x 1.7 x 10° barrel and this would be the
equalto 1.7 x 10° km? x 0.001 X 4110 = 6.986 x 10° barrels/day of oil in terms of
collected energy.

This is six times higher than current Libyan oil production. Therefore, solar and wind
energy could be considered excellent candidates to satisfy peak energy demands. And
this, in turn, couild be considered an excellent motivation for encouraging renewable
energy projects within the country.

2500
2216
2076 2111 2129
15997 2032 2015
5000 1962
1831 179 1840 1752 1822
— 1629
o
£ 1500
=
=
=
& 1000 -
=
[}
2
h
&S 500 -
f=]
tn
0
) N ) W W o ) o o % AN o
e C & h 0{\ o T ‘l:zf‘ P {*_'Zu \;.\'b £ b
< o B 2 o e s S = &
& d‘?Q b,aai‘ & s S EC RSP
@ G‘,\("’} Q“\" ks

Cities and Locations

Figure 5.18: Mean annual solar irradiance in various regions in Libya.

5.10 Current and potential future renewable energy projects in Libya

Libya, like other oil-rich countries, has created a diversity of means of income instead of
completely relying on the oil industry. Such steps will result in many advantages such as
saving money, reducing emissions and increasing the durability of the country’s
economy. Libya has started many renewable energy projects, which differ in the size and
purpose of application (Mohamed et al., 2013). These projects can be summarised as
follows (Zaroug, 2013):
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5.10.1 Wind farm projects

1.

2.

3.

Darnah wind farm (60 M) should have been completed in the period between
2008-2012, with another 60 MW capacity due to be installed in the near future.
However, the war in 2011 postponed this project.

Al-Magrun wind farm (120 MW) was founded by the Libyan government, and
there is an additional privately-funded 120 MW capacity in the development
stage.

There isa 250MW project under development in the western part of the country.

5.10.2 PV power plants in operation

N oo ok~ w0 DpoRE

725 kWp for rural electrification

15 systems of 75 kWp capacity for street lighting
1,859 kWp for mobile phone antennae

67.2 kWp Wadi-Marsit Centralised PV system
120kWp for water pumping

950kWp for communication stations

42 kWp connected to the grid

5.10.3 PV power plants under construction

1.

14 MW PV power plant in Hun city

5.10.4 PV power plants in feasibility and negotiation stages

1
2
3.
4
5}

40 MW PV in Sabha city
15 MW in Ghat

40 MW in Shahat

PV rooftop systems (3 M)

Electrification in rural areas (2 MW).

5.11 Solutions to obstacles to renewable energy penetration in Libya

As mentioned above, Libya has the target of reaching 30% of its total energy production

from renewable sources by 2030. In the first stage, this integration requires serious steps

to change government policies and regulations. These changes include removing or

significantly reducing government subsidies and creating appropriate incentives to attract
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renewable energy investors to the country. Currently, most economic policies and
regulations in Libya are motivated by two main issues: the oil price crisis (with the price
of oil dropping from $120 to less than $50) and World Bank recommendations (The
elimination of food and energy subsidies) (Araar, Choueiri and Verme, 2015). Changing
the country’s regulations will open the door to investment for companies to start studying
and searching for renewable energy resources in Libya. The second issue is completely
technical in terms of the main obstacles that will face the integration of renewable energy
systems into the grid. These issues include intermittency and variability of renewable
energy resources, difficulties in forecasting energy loads in the short or long term, and,
finally, grid department problems (generation, transmission, and distribution). Demand-
Side Response (DSR) is one of the most promising solutions to address all these issues.
For example, DSR can overcome the energy resource problem by consuming the power
in off-peak demand periods and release it during on-peak periods. As a result of this
technique, it would be possible to deal with load-forecasting issues and maintain the
balance between supply and demand (Warren, 2014). As discussed earlier, DSR can be
achieved through the use of many tools and techniques. Hydrogen production from
electrolysis during off-peak periods is one of these methods, which will be investigated
in detail over the coming chapters. The location of Libya and the weather characteristics,
such as high wind speed and high solar radition in many regions in the country, are the
main reasons for selecting this technique. For instance, hydrogen can be used as a fuel
which can solve oil supply problems in remote areas by using onsite hydrogen production
(e.g. at the garage forecourt) and also can be used as a means of electricity production (by
fuel cell). Producing hydrogen in large quantities could provide an opportunity for Libya
to export hydrogen to Europe via pipeline as the distances involved are not too great. The
use of hydrogen as a clean fuel is a concept that receiving considerable attention at the
moment and might soon become economically available (Firak and Puki¢, 2016), which

enhances its chances of Libya making a serious investment in its production.

5.12 Summary of the chapter

Libyan electricity demand is dramatically increasing at a rate of 6.5-8% per annum.
Meeting this demand from fossil fuels will eat into Libya’s export revenue because the

income of the country greatly depends on the export of oil and natural gas. Now, nearly
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30% of fossil fuel production goes to meeting internal energy demand, and this wappears
to be growing each year. The solution to increasing export revenue is for Libya to move
towards the use of renewable energy sources to satisfy increases in internal demand and
create new, alternative sources of income. Ideal weather and a large land mass makes
Libya a candidate to become one of the most important countries worldwide in terms of
renewable energy generation. Wind and solar could very well be the main sources of
renewable energy in Libya. Demand side Response can be applied to overcome the
disadvantages associated with integrating renewable energy into the current electricity
grid. Hydrogen is one of the best options for DSR techniques. Bold policy measures are
needed to reduce emissions and to provide a sustainable economic future for oil-
producing nations such as Libya in a post-fossil fuel era. In particular, this means strong
support for renewable energy and hydrogen markets. Libya should make signiciatn steps
towards use of renewable energy resources by following various recommendations from

different studies, which include:

1. Focusing the populace’s attention on the short- and long-term negative effects
of ineffecient energy use. The media could be used effectively to these ends.

2. Enforce the use of low-power appliances, which can be achieved by establishing
new legislation and laws for use of electricity, leading to more efficient power
consumption.

3. The taxation system must be changed to limit wasteful power consumption

4. Attract renewable energy investors into the Libyan electricity market. This aim
relies on political stability within the country.

5. Start training and education programs to increase the number of individuals with
expert knowledge in the area of renewable energy.

6. One of the challenges of developing renewable electricity project is the difficulty
in obtaining data such as solar irradiance, wind speed, and other weather data.
Establishing small projects with data logging could be useful at this time.

7. R&D issues: despite such a huge area of the country avilable, there is only one
centre of research, which is located in the western part of the country. Libya

requires many more centres of research to enhance renewable energy penetration.
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Chapter 6: System Design for Green Mountain
Region
6.1 Introduction

The Libyan electrical grid is completely owned by the government through the general
electricity company of Libya (GECOL). All power plants in Libya have been installed by
GECOL since its establishment in 1984 (GECOL, 2007). Most Libyan power plants were
established at this time with very few maintenance programmes in place. All other
information about the Libyan electricity system is discussed in detail in Chapter 5. Libyan
researchers inside or outside the country trying to investigate and add improvements to
the Libyan electricity systems face many associated issues, most of which are due to a
lack of information. The General Electric Company of Libya has attempted to explain the
situation regarding the Libyan electrical system through its annual reports (GECOL,
2007; GECOL, 2012). However, these reports only contain general information, and the
latest was published in as long ago as 2012. Based on the above, this research will
consider only a small area of the country, which we will investigate in part to allow for
further research that covers the rest of the country. The area of our investigation, however,
will be restricted to a region called Green Mountain. Green Mountain is located on the
eastern Libyan coast, with an area of 7800 km?and a population of 206,108 as of 2006.
The general electricity company divided the country into various areas depending on the
number of customers, number of stations, and number of its employees. The consumption
of the Green Mountain region represented nearly 6% of the total consumption of Libya
during the period 2000-2007 (Zaroug, 2013), as shown in Figure 6.1.
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Figure 6.1: Libyan load density (2000-2007)
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The Green Mountain area, as with other regions, suffers from a lack of associated data.
However, there are some advantages to choosing this region as the subject of this
research. For example, as there have been a number of renewable energy projects started
in this area, especially in the city of Darnah, and there are some useful generation and
consumption data available (Elansari, Musa and Alssnousi, 2012; Ahwide, Spena and EI-
Kafrawy, 2013).

6.2 Power demand in Green Mountain

Data on the Libyan demand for power is only available as daily or monthly data; in some
reports, hourly data can only be found for one day of the year (GECOL, 2010). These
data are not sufficient to calculate, or to at least even gain an accurate forecast of hourly
demand, which is one of the main factors used in this research to analyse the Libyan
electrical grid. The options for calculating the hourly demand are very limited in this case,
due to this lack of availability of data. One option to overcome this issue is to use data on
other countries’ loads after performing appropriate sizing and scaling processes.
However, the neighbouring countries’ demands, especially those of Tunisia and Egypt,
are not available for research purposes (at least, not for overseas students) (Madziga,
Rahil and Mansoor, 2018). Another option is to use estimation and forecasting tools even
though this will result in a considerable degree of error because of the limited data
available. With all these options, the results will be of variable accuracy, which could
affect the cost calculations subsequently determined by this research. Figure 6.2 below
shows the daily demand of Green Mountain in 2012 after scaling.
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Figure 6.2: Green Mountain daily demand
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6.3 Energy generation from renewable resources in Darnah

Currently available information suggests that Libya has a high potential for renewable
energy generation through wind and solar power. Libya has a massive land area of
around 1,759,540 (km?) of which 88% is dessert and nearly 2000 km of coastline (Faraj,
2009; El-Osta and Kalifa, 2003; Mohamed, Al-Habaibeh and Abdo, 2013). In this
research, renewable energy generation is based on wind and solar radiation data for
Darnah city. Darnah is a small city in the east coastal region of the country (32°46’ N,
22°38" E). It has a unique environment amongst Libyan cities, as it is located between
three different weather areas, the Mediterranean Sea, the Green Mountains and the desert.
The city’s population was between 100,000 and 150,000 in 2011 (Wetterdienst, 2014).
As a potential renewable energy producer, the city used as a case study sees favourable
wind speeds of 8-8.5 m/s based on the data taken from the Renewable Energy Authority
of Libya (REAOL). Furthermore, solar radiation levels are also very promising at
around 5.03 kWh/m? /day. Some wind energy projects have already been established
(generating nearly 60 MW), although due to the recent civil war, testing in the area had

to be stopped. Figure 6.3 shows the location of Darnah within Libya.
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Figure 6.3: Darnah’s location in Libya
This area is relevant to the main issues targeted by this research, namely those related to
renewable energy resources. In other words, the wind speed and solar irradiance levels at
Darnah will be used as the weather data for this research, but the production of energy

and consumption details considered will be those applicable to the Green Mountain area.
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Since the surplus power will be converted into hydrogen that can be used as a fuel instead
of fossil fuels, the fuel details will be extracted from this area and hydrogen consumption
levels will then be formulated based on the fossil fuel consumption of Darnah. This
process is more illustrated in Figure 6.4:
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Energy (KWl
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Figure 6.4: General overview of the concept

The process shown in Figure 6.4 is run as part of the Libyan grid rather than as an off-
grid system, as can be seen in Figure 6.5.

Figure 6.5: Research system as a part of the Libyan electricity grid
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6.4 Wind speed and power potential in Darnah

Darnah has a higher wind speed than other regions of the country at around 8 m/s,
according to data collected and investigated in many previous studies (Tjahjana,
Dominicus Danardono Dwi Prija et al., 2016; Al-Behadili and El-Osta, 2015). This
research agrees on the possibility of being able to produce a huge amount of wind power
in this region (Ahwide, Spena and El-Kafrawy, 2013).

6.4.1 Wind data analysis

Hourly wind speed data for Benina Airport in Libya from 2013 was used for this research.
There are a large number of weather stations in Libya that not only gauge wind speed but
also air, pressure, temperature, rainfall, and so on. Wind speed is normally taken at 10 m
height. These data were collected from Benina International Airport at a height of 10 m
above ground level (weatherspark team, 2014). Raw hourly wind data from the Met
Office is taken for wind speeds 10 m above the ground; however, wind turbine hub is
much higher than this level, and wind speed changes with height, and friction from the
terrain, buildings, etc., that can cause a slowing of airflow plus high variability due to
turbulence. The mean wind speed can be easily calculated using Equation (6.1) (Ahwide,
Spena and El-Kafrawy, 2013):

(6.1)

=

=
Where: V is the wind speed and N = number of data.

There are two methods by which to calculate wind speed at the hub heights of wind
turbines (Archer and Jacobson, 2003):

a) Power law profile

The wind speed as a function of height has the form below:

V@) = V(z) (j—) 62)

Where V(z,) is the measured wind speed at 10 m height, V(z) is the adjusted wind speed
at the wind turbine hub height, Z is the wind turbine hub height, which can reasonably be
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supposed to be 80 metre (from the project data), Z,. is the measured height of wind speed
(10 m). For the raw wind speed data and n is the frictional coefficient (which varies from
0.09, when the wind is very unstable, to 0.41 when it is very stable). The stability factoe
also related to the turbulence.(VVan den Berg, 2004); a value of n = 1/7 is used in this

research.
b) Logarithmic law
The logarithmic law can be described as in Equation (6.3):
In Z%] (6.3)
nf]

where V(z,) is the measured raw wind speed at 10 m height, V(z) is the adjusted wind

V(z) = V(z)(

speed at the turbine hub height, Z is the hub height, reasonably assumed to be 80 metres,
Z.. is the measurement height (10 metre) for raw wind speed data, and Z, is the roughness
length, typically 0.01 m (Archer and Jacobson, 2003). Roughness length Z, is not a
physical length; it is a parameter, which can be considered as a length-scale of the
roughness of the surface of the ground(Rahil, Gammon and Brown,). The power law
profile is used in this research to convert the measured wind speed at 10 metre height to
the speed at an 80 m hub height. Figure 6.6 presents the wind speed at 10 metres and 80

metres.
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Figure 6.6: Hourly wind speed at different heights (10 m and 80 m) in Darnah, Libya, in 2013.
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6.4.2 Calculating the wind turbine power

The wind turbine output power can be calculated using the formula below (Nistor et al.,
2016):

V(t) — Vin : (6.4)
Prateda X Vr—Vin Vin < V(t) < Vout
P = Prated Vr < V(t) <Vout
0 V(t) < Vin U V(t) > Vout

The wind turbine output is is determined by the power curve and each turbine has its own
power curve. In this research, the power curve for M. Torres TWT 1.65-82 turbines will
be used since they have already been installed for the pilot project. The technical details

for this turbine are given in Table 6.1 (Bauer, 2016):

Rated power (Pyqteq) 1.65 MW
Cut-in wind speed (V;;,) 3 m/sec
Rated wind speed (V) 15 m/sec
Cut-out wind speed (V,,:) 25 m/sec
Survival wind speed 52.5 m/sec
Rotor Diameter 82m
Rotor swept area 5,365 m?
Wind turbine hub height 70/80 m
Number of blades 3

Table 6.1: Technical details for the M. Torres TWT 1.65-82 Turbine.

The M. Torres (TWT 1.65-82) turbine power curve is presented in Figure 6.7:

2000

1400 / \
/ \\
800 / \
/ \
\
\
\

Power (kW)

600 /
400 /
200

OO 5 10 15 20 25 30

Wind speed (m/s)

Figure 6.7: Wind turbine power curve with wind speed.
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The capacity factor is important in the determination of how much energy can be
produced by the turbine. This can help an engineer to decide whether installing wind
turbines in a specific area is economically worthwhile. The simple definition of capacity
factor is the actual generated energy over a given time divided by the total energy the
turbine would produce if it ran continuously at its rated output throughout the same
period. It can be calculated using this equation using Equation (6.5) (Albadi and EI-
Saadany, 2009):

exp |~ (Vin/c) | - exo| (V7/c)'| T (6.5)
T

Where V;,, is the cut-in speed, V, is the rated speed, V,,,; is the cut-out speed, and k, the

CF =

shape factor, and c, the scale factor (m/s), are the so-called Weibull parameters. The next
section will give a broad discussion of the calculation of Weibull parameters using various

different methods.

6.4.3 Statistical analysis of wind speed

The Weibull probability distribution function method is widely used in the analysis of

wind speed (Sathyajith, 2006). The Weibull distribution function is given by:

P(V) = (k/c) (%)H exp~ @ (9)
Where P (V) is the frequency or probability of occurrence of a given wind speed, c is the
Weibull scale parameter, with identical units to wind speed, and k is the unitless Weibull
shape parameter. Higher values of ¢ indicate that the wind speed is higher, while the value
of k gives indication of wind stability. The cumulative Weibull distribution

function, P(V), gives the probability of the wind speed. It is expressed by:

4 6.7
P(V)=1—exp 28 6.7)

However, before using the Weibull equations, scale and shape factor parameters must
first be determined. There are many methods by which this can be achieved; in this
research, different methods will be applied to verify the accuracy of our calculations
(Akdag and Dinler, 2009). Table 6.2 below shows the Weibull parameter formulae and

values of the parameters above as determined by the various different methods. MATLAB

100



Chapter 6: System Design for Green Mountain Region

code is used to calculate the Weibull parameters using these methods. Maximum

likelihood method was used in this research.

Method k and c equations 10m 80m
k c k c
Graphic method k=a
b 24 1993 | 24 13.4
c=exp(7)
Maximum likelihood e n vkIn(w) _ Y In(v;) -1
method n vk n
) 23 | 9.8 2.3 13.2
c= ()
n
—-1.086
Moment method K = (2) 1<k <10
\
V 23 | 98 | 233 | 131
c = 1
r(l+7)
i 3.69
Power density k=14 i
(Eff)
_ 22 | 9.8 2.2 13.2
vV
CcC =
I +p)

Table 6.2: Weibull parameters calculation

After calculating the Weibull parameters, the wind turbine capacity factor can be
determined as per Equation (6.5). The capacity factor for these turbines, as based on the
wind turbine curve and Weibull parameters, is 0.35. Thus the energy that can be generated

from this turbine on an annual basis is:

Egnmuar = CF * 8760 * P. (6.8)
Egnnuar = 0.35 * 8760 * 1.65 = 5058.9 MWh//year
Where B. is the rated turbine power (1.65 MW for this particular turbine).This research
will deal with the daily pattern of generation for various reasons, such as the pool of the
data, especially hourly demand, being difficult to determine accurately from renewables,
especially in the Libyan case here, and, additionally, due to the period available for
research, as recording and analysing data for an hourly pattern would require considerably
more time and effort. In this research, PV systems are used only to fill gaps in wind power

output, hence the wind data can only be considered intermittent and variable. Figure 6.8
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and Figure 6.9 show the energy produced from one turbine over one year in hourly and

daily patterns, respectively.
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Figure 6.9: Daily energy production for one turbine throughout the year
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6.4.4 Solar irradiation and photovoltaic power potential in Darnah

Based on the data made available by the renewable energy authority and NASA, Darnah
has a promising solar resource. Figure 6.10 shows the annual average solar irradiance
estimates for Libya (kWh/m? /y) whilst Table 6.3 shows the monthly averaged insolation

incident on a horizontal surface (kWh/m? /y) over a 22-year average.
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Figure 6.10: Annual average solar irradiance estimates for Libya

Month Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec

Solar Radiation
(kWhim?/day) | 2-67 | 366 | 493 | 6.27 | 7.17 | 7.95 | 7.93|7.08 |5.86 | 426 | 3.06 | 2.40

Table 6.3: Monthly average solar radiation
In 2012 a 14 MW facility was installed in Jufra District, Hun (Mohamed Ramadan
Zaroug, 2012). In this research, it is assumed that this 14 MW is integrated into the grid.
Value for parameters, such as the PV panel cost and lifetime, in this research will be
equivalent to those of the Hun project, so only the location and solar irradiance data will
be different. The technical parameters of the PV panels used herein are presented in Table
6.4:
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Parameter Value

Cell type Crystalline PV module

Power Different power ratings: 230 — 245 Wp
Number of modules ~57,140 - 60,870

Module efficiency 141-151%

Maximum rated current series | 15 A

Power tolerance +/-3%

Maximum power voltage 29.4-30.7V

Plant load factor 18.87 %

Table 6.4: Technical details of the PV panels used in this project
The hourly solar radiation for Darnah can be obtained from the national renewable energy
Laboratory data and the NASA website. Figure 6.11 shows the solar radiation in Darnah

OVer a year.
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Figure 6.11: Hourly solar irradiance in Darnah, Libya
The total energy produced from a 14 MW system can be computed using the formula

below:

E=AXrXxHXPr (6.9)
Where E is the total energy produced (kWh), A is total solar panel area (m?), r is solar
panel yield(%), Pr is the performance ratio and H is daily solar irradiation(kWh/

m?day). The total area of the panels can be calculated as follows:

14%10°
rated power of panel (240)

1. Number of panels used (14 MW) = ~ 58334 panel
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2. Total area required= 58334 x 1.6 (area per panel) = 93334 m?

3. The yield of the solar panels is given by the ratio of electrical power (in kWp) of
one solar panel divided by the area of one panel, i.e.: (240/1000)/1.6=15%.

4. The performance ratio (PR), which ranges between 0.5 and 0.9, and is given a

default value of 0.75 herein.

The performance ratio is very important in terms of evaluating the quality of a
photovoltaic installation because it gives the performance of the installation
independently of the orientation/inclination of the panel; it includes all losses. Many
losses contribute to the PR value such as Inverter losses (4% to 15%), temperature losses
(5% to 18%), DC cable losses (1% to 3%), AC cable losses (1% to 3%), Shading (0% to
80%), Weak radiation losses (3% to 7%), and losses due to dust, snow, etc. (2%). The
capacity factor of the PV system can be calculated by dividing the actual energy

production by the rated energy of the system, as in the formula below:

actual energy(kWh) (6.10)

CF =
rated energy of the system(kWh)

19,826,751
"~ 8760 x 14000

Figure 6.12 and Figure 6.13 show the energy generation in hourly and daily patterns,

=16%

respectively, from a 14 MW PV system:
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Figure 6.12: Hourly AC energy produced from 14 MW PV energy system
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Figure 6.13: Daily AC energy produced from 14 MW PV energy system

6.5 Sizing a wind turbine and solar photovoltaic cell

There are many examples of analytical systems that have been used to design hybrid
power systems. These are normally used with wind and diesel and hybrid systems
utilising batteries as storage for any temporary surplus of power generated by renewable
sources. Furthermore, most previous models have been simulated or designed for
standalone/off-grid systems (Torreglosa et al., 2014; Valverde, Bordons and Rosa, 2016;
Petrollese et al., 2016). Most of the available commercial or academic software has two
main problems: the input requirement is very large and substantial computational
resources are required to dimension a system size (Gazey, 2014). In this chapter, a novel,
simple tool that leads to sizing on-grid hybrid systems is proposed.

This model will work only in the case of surplus power. In other words, any shortfall from
renewables will be supplemented by fossil fuelled generators or the grid, but these are out
of the scope of this work. Therefore, this model will focus on supplying the case-study
area from renewable energy sources (wind and PV) and any surplus will be available for
electrolysers to produce hydrogen. The input for this system is the wind power data, PV
system data and the demand data. This model been developed using MATLAB software.
The sizing part of the model is shown in Figure 6.14.

106



Chapter 6: System Design for Green Mountain Region

Demand

Wind energy calculations
Equations (6-1) to (6-8) v

Energy balance
Equations (6-11)to (6-12)

Solar energy calculations
Equations (6-9) to (6-10)

A 4

Surplus energy calculations
Equation (6-13)

Electrolyser

Figure 6.14: Proposed sizing system steps

The sizing process flow can be summarised as per the points below:

1. Sizing the PV system: since the 14 MW system is assumed to be installed with a
capacity factor of 16%, there is no further need to do any further calculations for
this system because the PV system is fixed and daily energy can be calculated as
per Equation (6.9)

2. Sizing the wind turbine: the characteristics of the wind turbine used in this
research were based on real-world data from the Darnah project to make this work
as close as possible to genuine data calculations. The next step is to estimate the
needed power in the Green Mountain area. Average demand will be as calculated
in Equation (6.11):

Paem = CFpy X By (©.10)
CFy
where Py, is wind power, Py, iS average demand, CFp is the solar system capacity

PW:

factor, B,,, is the solar system rated power and CFy, is the wind turbine capacity factor.

The previous step will give the total energy required to satisfy the demand from renewable

energy based on the weather situation.

In other words, some days this system will be unable to meet demand, with the deficit

then being supplied by non-renewable sources. By dividing the required amount of power
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by the rated power of each wind turbine, the number of turbines required will be known,
as per Equation (6.12):

Where rpis the rated power of the chosen turbine (1.65MW). Based on the calculations
in Equations (6.11) and (6.12), the total energy required from the wind system is

808.1677 MW h, and the number of wind turbines required to produce this amount of

power is =~ 490.

Figure 6.15 shows the total energy produced from the system verses the energy demand

in a daily pattern.
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Figure 6.15: Green Mountain daily demand in contrast with energy production after sizing process

Surplus energy can be calculated using Equation (6.13):

Eaaity-surpius = (E1 — Demand,) + (E, — Demand,) + -+ (6.13)
+ (E3¢s — Demandsgs)
Where: E is the daily energy production(kWh), Demand is the daily demand (kWh),
Eqaity-surpius 1S the daily surplus energy and n is the number of days during the year.

Figure 6.16 presents the daily surplus energy in MW h.
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Figure 6.16: Daily surplus energy after the comparison between demand and supply
The temporary surplus energy represent 33% of the total energy produced. However,
temporary periods of deficit mean that 12% of the total demand cannot be met without
input from non-renewable sources. However, the surplus power can be stored and reused

at times of shortage.

Daily energy surpluses fluctuate from zero to 524.5 MWh, which gives a strong indication
that energy storage could be used in overcoming any intermittency and keeping the grid

balanced.

6.6 Hydrogen demand

6.6.1 Introduction
The transport sector in Libya has consumed the largest amount of energy across all sectors

over recent decades.

For example, transport represented nearly 46% of the total energy consumption between
1988 and 1990 (El-Osta and Zeghlam, 2000). Figure 6.17 shows the share of energy

consumed by the transport sector between 1973 and 1993.
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Figure 6.17: Percentage of energy consumption in the transportation field as a fraction of total demand of energy

There is a strong link between the population size and energy use. In Libya, the population

growth rate is very high, which means that energy consumption will dramatically increase

in coming years. Figure 6.18 presents the population and the population growth rate of

Libya between 1985 and 2050.
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Figure 6.18: Libyan population and population growth rate between 1985 and 2050
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6.6.2 Moving from fossil fuel to hydrogen fuel in Libya

The use of hydrogen in the Libyan transport sector will likely begin with the transition
towards the use of hydrogen as an alternative fuel worldwide. The main target of this
research is to present the advantages of using hydrogen as a fuel and as a grid-balancing
tool with a real-world example to encourage the Libyan authorities to adopt this approach.
Obviously, many challenges have to be addressed before a complete move towards
hydrogen fuel can occur. These issues include the building of a hydrogen-based
infrastructure and reducing the price of hydrogen. In addition, bold policy measures are
needed to reduce emissions and to provide a sustainable economic future for oil-
producing nations such as Libya in a post-fossil-fuel era. In particular, this means strong
support for renewable energy and hydrogen markets. Priority should be given to the
transport sector in terms of hydrogen applications since this constitutes the largest
proportion of local energy consumption. Fuel consumption for transpor increased by a
factor of two over 15 years (from nearly 1 million in 1975 to 2 million in 1990). Table

6.5 presents the yearly fuel consumption (metric tonnes) between 1975 and 1996.

Year Gasoline Kerosene Diesel
(tonnes) (tonnes) (tonnes)
1975 447 200 166 200 389 222
1980 832 324 299 630 584 669
1985 969 643 310521 847 741
1990 1 262 464 265 838 859 164
1991 1378 947 264 302 792 614
1992 1 495 542 152 887 801 525
1993 1525 463 84 930 848 346
1994 1 546 930 74196 808 458
1995 1566 171 76 123 770 371
1996 1521 105 78 286 735510

Table 6.5: Annual fuel consumption (metric tons) in transportation sector between 1975 and 1996
Based on low local prices of fuel and the growth in population and number of cars, the
fuel consumption of the transport sector is anticipated to dramatically increase by up to
3090 kTOE/ annum of gasoline and 1178 kTOE/ annum of diesel in 2020 (El-Osta and
Zeghlam, 2000).
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6.6.3 Petrol stations in Libya

The precise number of petrol stations in Libya is difficult to know because recently the
National Oil Corporation (NOC) in Libya gave permission for many private petrol
stations to be built to solve the problem of bottlenecks at current petrol stations.
Generally, petrol stations built prior to 2007 were completely controlled by the NOC,
which is responsible for forecourt construction, and the transportation and selling of fuel
(The National Oil Corporation (NOC), 2017). Three companies were established pursuant
to decision number 291 of 2007 and they commenced activities in the field of oil
derivatives marketing. These companies are Alrahila Oil Services, Oil Libya Company
and Sharara Oil Services Company and are responsible for building fuel stations and
delivering the oil product. Figure 6.19 shows some of the forecourts owned and operated
by these companies, whilst

Figure 6.20 shows the distribution of Alrahila and Sharara fuel stations across the country
before 2011. Even for private f, they should belong to one of the three companies that is
controlled by the NOC to to be able to offer all services. Recently, as forecourt owners,
these companies have dealt directly with station managers, and are responsible for all
worker salaries. In other words, these fuel stations operate as small companies. (Alrahila,
2017; Sharara Oil Services Company, 2017; Oil Libya company, 2013).

0il Libva Station

Figure 6.19: Some examples of petrol stations in Libya
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Figure 6.20: Distribution of Alrahila and Sharara stations in Libya (The National Oil Corporation (NOC), 2017)

6.6.4 Libyan fuel prices

The aim of this section is to discuss the current price of fuels in Libya due to their direct
impact on both the economic and financial placement of Libya worldwide, and in turn on
the standard of living of Libyan people. The financial value of government subsidies is
14.8 billion Libyan Dinars (7.4 billion pounds), which represents nearly 13.8% of the
gross domestic product (GDP) of the country. Fuel, electricity and food represent the bulk
of this subsidy ( Libya: Selected Issues 2013). Figure 6.21 shows the comparison between

subsidies and government spending on health and education.

16
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Electricity
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Percentage of GDP %
[£s]

Subsidies Education (current) Health (current)

subsidies and services

Figure 6.21: Comparison between Libyan subsidies and spending on other services
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The fuel subsidies represent nearly 70% of the total cost of fossil fuel in Libya, as in

Figure 6.22:
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Figure 6.22: Fuel subsidy as a percentage of total cost in various countries
Fuel prices are heavily subsidised in Libya, with fuel prices amongst the cheapest in the
world. At the end of 2010, Libyan fuel retail prices were less than half those of fuel in the
majority of neighbouring countries and less than one-tenth of the price being charged in

Italy. Figure 6.23 shows the retail fuel price for various countries in 2010.
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Figure 6.23: Fuel prices in various countries
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Fuel subsidies are equal to nearly 11% of GDP, about 2100 LYD per capita. Beyond the
financial cost, however, subsidies on fuel prices have led to the inefficient use of energy
by customers. Furthermore, the fuel subsidy tends to favour high-income customers rather
than those on low incomes. Consumer diesel prices average 17 Dirham/litre, whilst
consumer gasoline prices average 20 Dirham/litre. The current fuel prices are given in
Table 6.6:

fuel Price at sale point Price at sale point (E/litre)
(Dirhams/litre)
Gasoline 17 0.09
Diesel 20 0.10

Table 6.6: Libyan fuel prices (Libyan and UK currencies)
Currently, the government plan is to replace food and fuel subsidies with cash payments
to citizens, to relieve some of the burden on public finance, which have badly affected by
dwindling oil revenue. These steps will be applied in stages and, after five years, the
government subsidy should be entirely removed (Elumami, 2015; Donati and Shennib,
2013).

6.6.5 Hydrogen consumption estimation

Because of the absence to date of an extensive hydrogen market, the hydrogen demand
calculation cannot be computed with any great accuracy. The widespread uptake of
hydrogen markets will rely initially on the availability of hydrogen-based infrastructure,
(particularly the hydrogen refuelling station infrastructure) and hydrogen-fuelled cars
(Dagdougui, Ouammi and Sacile, 2012). Due to the associated uncertainty, scenario
planning can be deemed as the only systematic method of estimating the size of hydrogen
supply chain. Optimal design configuration will rely extensively on presumed scenarios.
In this research, estimates of hydrogen demand and thus the number of hydrogen
refuelling stations (HRSs) is based on the current supply of oil products to present
conventional petrol stations. The data related to conventional petrol stations is useful in
estimating potential hydrogen consumption and the required electrolyser capacity and
based on these calculations, different scenarios will be investigated. According to the U.S.
Department of Energy data, the energy content of 1 kilogram of hydrogen is equal to that
of one gallon of gasoline. A typical gallon of gasoline contains nearly 114,000 BTU of

energy, with one BTU equal to 0.000293071 kWh; hence, one gallon of gasoline is the
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equivalent of 33.140 kWh of electricity (Chu, 2013). This assumption has been used in
many previous studies in the literature (Gutiérrez-Martin et al., 2009; Lamy, 2016;
Allston and Press, 2016).

Another means of estimating the hydrogen consumption on the basis of fossil fuel
consumption is presented (Dagdougui, Ouammi and Sacile, 2012; Greiner, KorpAs and
Holen, 2007). Lower and higher heating values and the conversion efficiencies of
hydrogen and fossil fuel engines were used to calculate associated hydrogen

consumption, as per Equation (6.14):

_ Qe X LHVpp X pgg (6.14)
LHVyy, X iy,

Qn,

where Qy, is the hydrogen demand (kg), Qyy is the estimated fossil fuel demand (kg) at
a fossil fuel forecourt, LHVis fossil fuel’s lower heating value (kWh/kg), ps( is the
efficiency of a fossil-fueled engine, LHV, is the lower heating value of hydrogen, and
Uno 1S the efficiency of the hydrogen engine. In this research, the second option will be
applied for greater accuracy. The values for the data in Equation (6.14) above are given
in Table 6.7(Gillingham, 2007; Greiner, KorpAs and Holen, 2007; U.S. Department of
Energy, 2006).

Parameter Value
LHV;f 43.448 MJ/kg~12.06kWh/kg
Lef 20%
LHVy, 40-60%
i, 120.21 MJ/kg~33.33kWh/kg

Table 6.7: Properties of fossil fuel and hydrogen engines
The data for petrol stations is not available in any official form; only annual fuel
consumption can be extracted from the the National Oil Corporation or Central Bank of
Libya. However, after the recent introduction of a new system, which gives the manager
or owner the power to control their own station, unofficial daily reporting has been
performed to determine costs and revenues, as well as any shortage of oil products. As a

result, fuel consumption data were obtained from each fuel stations owner’s daily records.

116



Chapter 6: System Design for Green Mountain Region

6.6.6 Fuel consumption in Darnah

There are six fuel stations across the city with heavy daily consumption. As discussed
above, the fuel consumption data was obtained from the stations owners’ daily records.

Figure 6.24 shows the locations of these stations.

Figure 6.24: Petrol station IO(;ations in Darnah, Libya
Estimated average daily fuel consumption for these forecourts was 6787.247 litres/day,
9681.243 litres/day, 20263.316 litres/day, 12429.996 litres/day, 33216.344 litres/day, and
16827.954 litres/day for fuel stations 1 to 6, respectively. The daily record for fuel
consumption was recorded in litres/day, but Equation (6.12) requires data to be in kg/day.
The appropriate conversion can be achieved based on 1 litre = 0.7489 kg (Greenwood and

Earnshaw, 1998). Figure 6.25 shows the yearly consumption for fuel stations 1 to 6.

10

Gasoline demand (kg/year)

HRS 1 HRS 2 HRS 3 HRS 4 HRS 5 HRS 6

Figure 6.25: Gasoline consumption for all fuel stations (kg/year)
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The consumption between days is considerably different, as based on various factors. For
example, on many days, there are power cuts for several hours, so many families have
diesel-fuelled backup generators whose fuel consumption will contribute to overall fuel
consumption figures. However, it is not possible to recognise whether cars or diesel
generators are consuming the fuel. Fuel consumption over several days is shown in Figure
6.26.

Fuel demand (kg/day)

Days

Figure 6.26: Several days’ fuel consumption in stations 1 to 6

Daily average estimates of hydrogen demand from these fuel stations were 734.864,
1048.2109, 2193.94, 1345.811, 3596.374, and 1821.983 kg/day for fuel stations 1 to 6,
respectively. Figure 6.27 below shows the total yearly demand for fuel stations 1 to 6.

Hydrogen demand (kg/year)

HRS 1 HRS 2 HRS 3 HRS 4 HRS5 HRS 6

Figure 6.27: Hydrogen consumption per station (kg/year)

118



Chapter 6: System Design for Green Mountain Region

Since the hydrogen demand calculation is based on gasoline demand, the hydrogen
consumption profile should be the same as that of gasoline. Figure 6.28 shows the daily

hydrogen demand of a selection of days during the year.
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Figure 6.28: Several days’ hydrogen demand for fuel stations 1 to 6

This makes it clear that substituting 100% of fuel demand with hydrogen will be very
difficult to achieve. The total hydrogen demand for all fuel stations during the year was
3920525.23 kg, and the total surplus energy was 47488392.43 kWh/year. The efficiency
of the electrolysis system in this research was found to be 54.6 kWh/kg, so the maximum
possible hydrogen production from the surplus power is 869750.78 kg/year. This value
represents just under 22% of the total hydrogen demand. As a result, 20% of the total

hydrogen demand will be tested.

6.7 Summary of the chapter

This chapter summarises how to make use of surplus energy that can be used to produce
hydrogen by electrolysis. Harvesting this surplus energy requires multiple steps and
calculations. The first step is to analyse the opportunities for renewable energy production
from wind and solar sources, to size the renewable energy generators to accommaodate the
Green Mountain region’s demand and then amount of surplus energy available as a result
of the mismatch between demand and supply during times of high production and low
demand. The calculation of wind and solar energy passed through several stages, which

included analysis of differences in wind speed at the height it was measured and the
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turbine hub height, followed by the use of various different methods to calculate the
Weibull parameters. These were used to calculate the capacity factor, which is vital to
any estimate of the amount of wind energy produced from a specific region. Contributions
from solar power were also calculated after determining its capacity factor, as based on
the ideal production and actual production of the system. The second section included
details on how to estimate hydrogen consumption based on the real-world stations’ sales
of fossil fuel. This section included the fossil fuel consumption of Libya, in particular the
city of Darnah, and explored opportunities for the Libyan state to exploit hydrogen as a
clean fuel. The coming chapters will include analyses of the use of hydrogen as a grid-
balancing mechanism and as a promising clean fuel. This study will be extensive, and

will consider multiple cases and scenarios.
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Chapter 7: Investigation of Hydrogen Price
under Different Electricity Tariffs

7.1 Introduction

Environmental issues and the depletion of fossil fuels have motivated the rapid growth of
renewable energy (RE) generation and its integration into electricity grids. For the same
reasons, an alternative to hydrocarbon fuels is needed for vehicles; hence, the anticipated
uptake of electric and fuel cell vehicles. High penetrations of RE generators with variable
and intermittent output threaten to destabilise electricity networks by reducing the ability
to balance electricity supply and demand. The use of hydrogen as a fuel carries major
environmental advantages because there are a number of ways of producing it by low-
carbon methods. When electrolysis is used, additional benefits are obtained by flexible
operation that offers the opportunity to reduce the cost of hydrogen production by
absorbing electricity during off-peak hours, and stopping operation during peak hours.
This can also act as a tool in support of balancing electrical systems. Many studies have
analysed the concept of applying electrolysers to counteract variable renewable energy
generation, to supply grid services, and derive revenue from differences in peak and off-
peak electricity prices (Saur and Ramsden, 2011; Steward et al., 2009; Biegel et al.,
2014a; Biegel et al., 2014b; Petrollese et al., 2016; Valverde, Bordons and Rosa, 2016).
These studies reveal that there are possibilities for electrolysers to absorb off-peak (lower
cost) electricity for hydrogen production through the use of different electricity markets
and electricity rate structures, as well as consuming surplus renewable energy. Hydrogen
production from electricity systems with high wind energy penetration has been widely
investigated, since such systems require a high level of flexibility to accommodate the
fluctuations of wind power generation (Olateju and Kumar, 2011; Sanchez et al., 2012).
Hydrogen is commonly proposed as a means of energy storage that can support the
integration of renewable power sources into electricity networks (Carton and Olabi,
2010). Producing hydrogen from surplus energy was investigated for use in Ireland by
Troncoso, Newborough and Gonzalez et al. (Troncoso and Newborough, 2011b;
Troncoso and Newborough, 2011a; Gonzélez, McKeogh and Gallachoir, 2004). Gonzalez
et al. (2004) indicated that a cheap electricity price and an expensive hydrogen sale price

is required to create a profit, whereas Troncoso and Newborough (2011) point out that
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profitability can be achieved if a certain amount of on-peak electricity is also absorbed to

better amortize the device’s costs.

7.2 Electricity tariff structure

Tariff structures can be used to incentivise the operating of electrolysers as controllable
(dispatchable) loads. Part time (flexible) operation of electrolyser could meet both;
possibility to reduce the hydrogen production cost (by absorbing energy during off-peak
times, and stopping the operation during peak times) and also act as a tool in support of
balancing electrical systems. The aim of this research is to investigate the opportunity of
using electrolysis as a demand side Response technique and at the same time exploit the
produced hydrogen as fuel with competitive price without any interruption of fuel supply
at garage forecourts. Based on these aims this chapter compares the cost of hydrogen
production by electrolysis at garage forecourts under both dispatchable and continuous
operation, while ensuring no interruption of fuel supply to fuel cell vehicles. An
optimisation algorithm is applied to investigate a hydrogen refuelling station in both
dispatchable and continuous operation. Three scenarios are tested to see whether a
reduced off-peak electricity price could lower the cost of electrolytic hydrogen. These

scenarios are:

1. “Standard Continuous”, where the electrolyser is operated continuously on a
standard all-day tariff of 12p/kWh;

2. “Off-peak Only”, where it runs only during off-peak periods in a 2-tier tariff
system at the lower price of 5p/kWh;

3. “2-Tier Continuous”, operating continuously and paying a low tariff at off-peak
times (5p/kWh) and a high tariff (12p/kWh) at other times.

These tariffs (5p/kWh and 12p/kWh) have been extracted from actual data from large
electricity companies in the UK such as British Gas, EDF Energy, E.ON, Npower,
Scottish Power and SSE. All these companies’ electricity tariffs are very similar and close
to the suggested values in this research.

7.3 Hydrogen refuelling station (HRS) design

There are two types of hydrogen production facilities to be considered:

122



Chapter 7: Investigation of Hydrogen Price under Different Electricity Tariffs

1. Centralised plants
2. Decentralised plants (Estermann, Newborough and Sterner, 2016).

The latter being at the point of retail sale. From centralised facilities, the hydrogen is
transported to the hydrogen filling station via rail, truck or pipeline. With on-site
decentralised production, hydrogen can be produced, stored and fed into the station at the
same location. Installing a huge central electrolyser could minimize the production cost
of hydrogen due to economies of scale. However, hydrogen density is low in contrast
with conventional fuels such as gasoline and natural gas, so to deliver the hydrogen at the
same energy density of fossil fuel, the transportation cost between the central electrolyser
and the hydrogen filling station would be costly and bulky. Since the decentralised
hydrogen production option eliminates the requirement of building a large central
electrolyser and the associated challenges in distributing the hydrogen to end-user, it
becomes a preferable option before a fully mature hydrogen-fuelled vehicle market is
established. Figure 7.1 below shows a completed hydrogen refuelling station with on-site
electrolysis. It consists of five main parts: production (electrolyser), compression, storage,
dispensing and ancillary equipment (Xu et al., 2016)
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Figure 7.1: Hydrogen filling station parts
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7.4 Cost component assumptions

As it is discussed in Chapter 4, it is difficult to obtain accurate costs from companies, due

to commercially sensitive nature of the information.

Most research in this area tries to use the analysis methods to estimate the investment cost
that are based on some historical data or company surveys. The estimates, therefore,
include some extrapolation to scale-up the costs to commercial electrolysis units. This
research, like other studies before, will depend on recent capital cost estimations and two

types of electrolysers will be used (alkaline and PEM).

Two cost scenarios for each electrolysis system will be applied. These scenarios are the
2015-Cost scenario and the 2030-Cost scenario. The 2015-Cost and 2030-Cost
assumptions are derived from many studies and reports (Menanteau et al., 2011;
Bertuccioli et al., 2014; Li et al., 2017; Parks et al., 2014; Levene, 2005). Only the
electrolyser price will make a difference between the electrolysis systems since other
component prices will be equal. A summary of these scenarios are presented in Table 7.1
and Table 7.2 below.

Alkaline Scenarios 2015 2030
Electrolyser Cost (E;) (£/kw) 900 500
Electrolyser Energy Requirement 54.6 50
(Er)(kWh/kg H2)

Storage Tank Cost (Ss) (E/kw) 586.39 258
Compressor Cost (C.), 1500 kg 387070 240,000
(E/compression system)

Compressor Electricity requirement 3.3 2.66
(kWh/kg H2)

Dispensing Cost (D.)(£) for a system 43223 29000

with 3 dispensers)

Control and Safety Equipment (£) 19,000 15,000

Table 7.1: Cost assumptions different scenarios of the hydrogen refuelling stations (Alkaline electrolyser)
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PEM Scenarios 2015 2030
Electrolyser Cost (E;) (£/kw) 1800 800
Electrolyser Energy Requirement 54.6 47
(Ep)(kWh/kg H2)

Storage Tank Cost (Sg) (E/kw) 586.39 258
Compressor Cost ( C.), 1500 kg 387070 240,000

(E/compression system)

Compressor Electricity requirement 3.3 2.66
(kWh/kg H2)
Dispensing Cost (D) (£) for a system 43223 29000

with 3 dispensers)

Control and Safety Equipment (£) 19,000 15,000
Table 7.2: Cost assumptions different scenarios of the hydrogen refuelling stations (PEM electrolyser)

The target of this research is building a model with flexible control of input; this means
accurate data can be added easily to the system once they are obtained without
reconfiguration the model. The system cost can be divided into: capital cost, fixed cost
and operation cost. Exchange rate was 1 GBP = 1.5501 US. The component cost is based

on the costs presented in Table 7.1 and Table 7.2.

7.4.1 Capex of the HRS at the garage forecourts

The capital cost of the hydrogen system components at the garage forecourts includes the
cost of electrolyser, storage, compressor and dispenser. All costs based on the 2015-Cost

scenario are presented in Equations (7.1) to (7.6) below (Saur et al., 2013).

Rp = Dyp X Eg/24 (7.1)
Erc = Rp X E¢ (7.2)

Src = (Ss X Ep/24) X (S¢) (7.3)
Cre = (Cs/1500) X Cppe (7.4)
D, = 43223 £ (7.5)

Cc =Erc+Src+ Cre (7.6)

Equations 7.1 to 7.6 summarise the total capital cost of the forecourt, which include the
costs of the electrolyser, storage, dispenser and compressor. Equation 7.1 calculates the
required system power; equation 7.2 calculates the electrolyser capital cost; equations 7.3
and 7.4 calculate the required storage size and the storage cost respectively; and equations

7.5 and 7.6 calculate the dispenser cost and compressor cost respectively.
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7.4.2 Fixed cost

These costs are not high and have been ignored for many research studies. It includes the
general and administrative (G&A) rate (% of labour cost), G&A ($/year) Licensing,
Permits and Fees ($/year), Property tax and insurance rate (% of total capital
investment/year), Property taxes and insurance ($/year), Rent ($/year), Material costs for
maintenance and repairs ($/year), and Production Maintenance and Repairs ($/year). The
fixed cost is extracted from the H2A model after some scaling steps (Saur et al., 2013).
In all these scenarios, the capex and fixed cost will be financed by bank loans with a 5%
interest rate over seven years. This year is one of the seven years of the loan period. The
total return of investment after 7 years per station can be calculated using Equation (7.7)

below:

Ipc = (C¢ + fixed cost) x (1 + ir)Y (7.7

Since the simulation is only for one year. The cost should be annualised and the daily cost
can be calculated as a follows:

Yp = Ipc/7 (7.8)
Dp=Yp/Np (7.9)

Where: ir is the interest rate is assumed to be 0.05. These values of interest are determined
by the central bank of Libya since most Libyan banks are controlled by the government
so this value is constant between all banks. Y is the numbers of the years to pay back the
loan to the bank with its interest which is 7 years, (medium period)(Central Bank of Libya,
2014). Np is the number of days per year. In addition, the research year is one of the first
seven years which means all components will be in a good condition. Based on these
reasons, the maintenance cost will be excluded in this research. In this research,

investment cost defines as the capital cost plus loan services.

7.4.3 Variable cost

The main part of this cost is the price of feedstock, which includes water, but is mainly
electricity. In large electrolyser sizes the highest cost of the total comes from electricity,

especially if the operation is during the whole day (on peak and off peak times) (Saur,
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2008). The rest of these costs are water and compressor electricity. In terms of water, 11.8
litres of water are required to produce 1 kg of hydrogen based the assumption in the H2A
model and a price per litre of £0.0029 /litre (Ebaid, Hammad and Alghamdi, 2015) so the
cost of water (W) can be computed as in Equation (7.10):

W, = 11.8 x 0.0029 X Dyp (7.10)
Based on the cost assumptions in Table 7.1, the electricity cost (Ec) (electrolyser +
compressor) can be computed as in Equation (7.11) below.
EL; = Ep X Dyp X ((2.9 + 54.6) (7.11)

Where 2.9 is the compressor electricity consumtion per 1kg of hydrogen.The daily total
(DTC) cost can be calculated by using Equation (7.12) (Saur et al., 2013).

DTC S IDC + WC + ELC (712)

The daily cost process can be summarised in the model below (Rahil, Gammon and
Brown, 2018):

Electricity Compressor Water Fixed Dispenser Compressor Storage Electrolyser
cost electricity cost cost cost cost cost cost cost

Capex of the garage
forecourt equipment

Daily opex Cost financed by
for H2 loan over 7 year

system at / with 5%b interest

forecourt rate

[

Calculate the total
payment after 7
years

Annulised the cost

Calculate daily
investment cost

Total daily cost
(capex + opex)

Figure 7.2: Summary of the system cost process
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7.5 Optimisation

An optimisation problem is a problem in which certain parameters (design variables) need
to be determined to achieve the best measurable performance (objective function) under

given constraints. There are many applications of an optimisation system, which include:

1. Design: selecting the best parameters for the design, which lead to the best
characteristics of a system, device or process
2. Planning, including:
- Production plan: focusing on reducing the cost of the product
- Financial plan: increasing the profit of the business
- Task planning: reaching best performance
3. Manufacturing and control: achieving bets performances

4. Mathematical modelling: surface fitting or curve of the data to reduce the error.

There are multiple solutions of the problem and the best solution has to be sought. Also,
there are one or more objective has to be achieved. Constraints should be imposed during
the optimisation based on the system or process situation to guarantee best result
(Pourmousavi et al., 2010; Marzband et al., 2014; Rahil, Gammon and Brown, 2017;
Rahil and Gammon, 2017).

The main target of the process in this chapter is to reduce the hydrogen cost. Since the
investment cost is fixed, the optimisation will focus on variable cost to reduce the
hydrogen price. In this study, there are two sources of electricity with different prices, so
the optimisation should focus on cheap electricity price as much as possible to achieve
the target. There are some constraints such as electrolyser size, storage size and demand.
Meeting the demand could be added as another objective of the optimisation. The
optimisation target is to reduce the hydrogen cost by maximising the operation at cheap
electricity price in Case 2 and Case 3 which have the opportunity to buy the surplus power
at a reduced price. However, for Case 1, the system will run continuously at fixed price
and the cheap hydrogen price will come from the small system size in contrast with other
cases. All system objectives and constraints are linear, so linear programming can be used

to solve the optimisation problem in this chapter.
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The objective function is similar in all three scenarios, but electricity prices and energy

sources may be different.

For example, in Case 1, the price is fixed at 12p /kWh so the energy source has no affect

in this scenario but for Case 2, the price is different based on the energy source and time.

In Case 3, only surplus power will be used at 5p /kWh. MATLAB software is used to

solve this problem.

At on-peak time, the system size will be small since the energy is available at any time
and no need to have a large storage to store hydrogen as in off-peak operation, which

requires a huge store for the hydrogen.
The objective function of the system should meet the following goals:

1-  Fully utilise the surplus power;
2- Minimise the hydrogen cost;

3- Serve all customers without running out of fuel.
The constraints are as follows:

1- Capacity of the hydrogen tank, where the minimum value of the storage is the
allowed minimum level in tank and the maximum is the maximum capacity of
hydrogen tank;

2- Capacity of electrolyser, starting from zero until the full capacity of electrolyser.

According to the objectives and constraints, the formulation of the optimization problem
is(Xiao et al., 2011):

f = min(C = (P)) (7.13)
ST: 0 < (P) < (caPeiectrotyser X 54.6)
Tank_min < Hipranke < Tank_size
Hintank = Hintank + HYpro — Hy_cons
Hy,ro = (P)/54.6
Where: C is electricity cost (E/kWh), P is the daily required energy (kWh), Hy,,, is the
hydrogen production (kg) in day , Hy_cons is hydrogen consumption (kg) in

day, Tank_min is allowed minimum level in tank (kg), Tank_size is Hydrogen storage
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size (Kg), Hintank is current amount of hydrogen in tank (Kg), capeiectrotyser is the

electrolyser size (kg/day). The required power will change based on the time (on-peak or

off-peak) and the price will change as well.

The main difference between the optimisation technique in (Xiao et al., 2011) and in this
research is that in this research due to the ambiguity of the electricity price in Libya
because of government subsides , the ambiguity of the electricity price in Libya due to
government subsidies, means that three different electricity tariffs have been used. These
tariffs were extracted from large electricity suppliers in the UK in 2015 and were totally

dependent on the time of use.

The second difference is the time pattern. In this research a daily pattern was used since
the target was a long-term large-scale storage technique. Another point was added into
this research in the number of stations.The test was carried out for only one station but in
the current research six stations were considered and the demand supplied is shown in

order of hierarchy from the highest to the lowest

7.6 HRS simulations with PEM electrolysis

Two cost scenarios will be tested for PEM electrolysis: 2015-Cost scenario and 2030-
Cost scenario. The difference between these scenarios is the system components cost and

electrolysis efficiency.

7.6.1 2015-Cost scenario

Three scenarios of energy price will be checked under the 2015-Cost scenario. The test
will include the hydrogen demand satisfaction, the average hydrogen price and surplus

energy absorption.

7.6.1.1 Standard Continuous scenario (all day tariff 12 p/kwh)
In this scenario all electrolysers are operated continuously on a standard all-day tariff (12

p/kWh). The Overall system configuration of this scenario is given in Figure 7.3 below.
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Energy supply

The choice of electrolyser capacity is based on the average consumption for each garage
forecourt. Since the electrolysers are operating continuously, the storage tank size is equal
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Figure 7.3: Overall of the system when standard tariff is applied

to daily electrolyser output. As result, the difference in cost between these scenarios will

be driven by both electricity price and storage tank price. The amount of hydrogen in the
tank at the starting point is equal to 80% of the tank capacity and the allowed minimum
level in tank is 20% of the storage size. Details of the six garage forecourts in this scenario

are presented in Table 7.3 below:

Components | Electrolyser | H» Storage tank (kg) | Compressor Number of
capacity ['Max [ Initial [ Min | (kg/day) dispensers
HRSs (kwWh/day) value

HRS 1 8120 149 | 111.75 | 29.8 150 3

HRS 2 12320 230 172.5 46 225 3

HRS 3 24500 450 337.5 90 450 3

HRS 4 15400 280 210 56 285 3

HRS 5 40600 740 555 148 745 3

HRS 6 20300 374 2805 | 74.8 375 3

Table 7.3 : garage forecourts details when Standard Continuous scenario is applied (2015-Cost scenario)

The hydrogen production in Standard Continuous scenario for all hydrogen refuelling

stations (HRSs) is given in Figure 7.4 below.
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Figure 7.4: Hydrogen production per electrolyser throughout the year when Standard Continuous scenario is

applied (2015-Cost scenario)

The capacity factor in this scenario is very high for all electrolysers since the operation is

continuous. The capacity factor of all 6 electrolysers was 96%, 92%, 95%, 95%, 95%,
and 95% for HRSs 1, 2, 3, 4, 5 and 6 respectively.

The storage is very small (only one-day storage) just to meet variations in demand

throughout the day (24h period). The amount of hydrogen in the tank for all HRSs during

the year is presented in Figure 7.5 below.
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Figure 7.5: Hydrogen in tank per electrolyser throughout the year when Standard Continuous scenario is

applied (2015-Cost scenario)
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The assessments of this scenario will focus on two main parts: the degree to which

hydrogen demand is satisfied and the hydrogen price. Hydrogen demand satisfication

means the production should meet the HRSs demand throughout the year and at the same

time the price should be competitive with the conventional fuel price. Figure 7.6 below

shows the total hydrogen consumption and production during the year for all HRSs.
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Figure 7.6: Total hydrogen production and consumption throughout the year

Nearly 97%, 99, 97%, 99%, 98%, and 97% of hydrogen consumption for HRSs 1, 2,3,4,5

and 6 respectively are met during this scenario. The rest of consumption can be met via

an external source or by increasing the storage size to accommodate exceptional hydrogen

production. However, increasing the size of storage to cover such rare shortages is not an

economic option and this shortage should be consider as a planned shortage for

maintenance. The hydrogen cost calculation is summarised in Table 7.4.

Cost | Investment | Water | Compressor | Electrolyser | Hydrogen | Average | Average
cost cost electricity electricity | production | electricity | hydrogen
(Elyear) (Elyear) | cost (Elyear) | cost (Elyear) | (kglyear) cost price
HRSs (E/kg) (E/kg)
HRS 1 181,292 1,783 20,634 341,394 52,105 6.60 10.50
HRS 2 271,624 2,593 30,011 496,546 75,785 6.60 10.60
HRS 3 529,592 5,346 61,861 1023514 156,214 6.60 10.40
HRS 4 335,347 3,331 38,544 637721 97,332 6.60 10.40
HRS 5 870,367 8,790 101,721 1683023 256,872 6.60 10.40
HRS 6 440,601 4,414 51,081 845156 128,992 6.60 10.40

Table 7.4: Hydrogen production cost details for each HRS when Standard Continuous scenario is applied
(2015-Cost scenario)
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The cost details for all HRSs are shown in Figure 7.7 below.
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Figure 7.7: Hydrogen cost breakdown per kilogram at each HRS when Standard Continuous scenario is
applied (2015-Cost scenario)
The electricity cost in the Standard Continuous Scenario (12 p/kWh) represents nearly

63% of the total hydrogen production cost for all HRSs.

7.6.1.2 *2-Tier Continuous”, operating scenario
In the “2-Tier Continuous” Scenario, the electrolyser operates operating continuously and
pay low tariff (5 p/kWh) at off-peak times and a high tariff (12 p/kwh) at other times.

Figure 7.8 shows the details of the system in this scenario.
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Figure 7.8: Overall system in 2-Tire Continuous scenario (2015-Cost scenario)
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The optimization model in this scenario will focus on absorbing the energy at off-peak
times and storing the rest to avoid buying expensive electricity during the on-peak times.
However, this technique will lead to an increase the storage size, which will directly affect

the capital cost of the system.

The cost assumptions and size of components is still the same as in Table 7.1 and Table
7.2. Only storage size will be increased to accommodate the surplus power absorption.
The storage size is four times the capacity of each electrolyser, because many times during
the year there are five following days without any surplus power. The amount of hydrogen
in the tank at the starting point is equal to 80% of the tank capacity and the allowed
minimum level in tank is 20% of the storage size. The system components are given in
Table 7.5.

components | Electrolyser | H: storage tank (kg) | Compressor Number of
capacity  "pax Initial | Min (kg/day) dispenser
HRSs (kWh/day) value

HRS 1 8120 594.9 475.9 119 150 3

HRS 2 12320 902.6 722.1 | 180.5 225 3

HRS 3 24500 17949 | 14359 | 359 450 3

HRS 4 15400 1128.3 902.6 | 225.6 285 3

HRS 5 40600 29744 | 2379.5 | 594.9 745 3

HRS 6 20300 1487.2 | 1189.7 | 297.4 375 3

Table 7.5 : The garage forecourts details when 2-Tire Continuous scenario is applied (2015-Cost scenario)
All previous equations will be applied in this scenario taking into account the electricity
price differentiation because it consists of two values based on the used energy (on or

off) peak and also the cost of storage will be higher in this scenario.

The optimisation system will focus on importing surplus power as much as possible to
avoid buying at on peak times. The demand supplied is shown in order of hierarchy from
the highest to the lowest. Figure 7.9 and Figure 7.10 show cumulative energy
consumption at garage forecourts during on- peak and off-peak periods respectively. The
design of this optimization will focus on reducing variable cost (mainly electricity) to
reduce the total hydrogen cost. At off-peak times, there are no clear criteria by which to
choose the first HRS to be supplied. Because of the fixed price of electricity at off-peak
times (5 p/kWh), the HRS with the highest demand will be provided for first each day.
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This criterion allows for the interpretation of the case shown in Figure 7.10, which is that

the HRS with the highest consumption absorbs the largest amount of surplus energy.
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Figure 7.10: Cumulative off-peak energy consumption for each HRS

Figure 7.11 shows the total hydrogen production (on-peak and off-peak) during the course

of the year.
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Figure 7.11: Hydrogen production throughout the year when 2-Tire Continuous scenario is applied (2015-Cost
scenario)
Hydrogen storage variation in the tank for each garage forecourt is shown in Figure 7.12

below.
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Figure 7.12: Storage variation throughout the year for all garage forecourts when 2-Tire Continuous scenario is applied
(2015-Cost scenario)
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The total hydrogen production, in contrast with the total consumption during the year, is

similar to the Standard Continuous scenario but with different hydrogen price since the

electricity price in this scenario is variable. Nearly 97%, 99, 97%, 99%, 97%, and 96%

of hydrogen demand for HRSs 1, 2,3,4,5 and 6 are met during this scenario. The hydrogen

cost details can be seen in Table 7.6 below:

Cost | Investment | Water | Compressor | Electrolyser | Hydrogen | Average | Average
cost cost electricity electricity | production | electricity | hydrogen
(Elyear) (Elyear) | cost (Elyear) cost (kglyear) cost price
HRSs (Elyear) (E/kg) (E/kg)
HRS 1 300,858 1,666 13,438 222,334 48,676 4.60 11.00
HRS 2 451,980 2,439 19,063 315,403 71,260 4.40 11.00
HRS 3 890,233 5,062 35,694 590,573 147,936 4.00 10.20
HRS 4 562,802 3,107 23,955 396,345 90,799 4.40 10.90
HRS 5 1,469,535 8,454 55,802 923,271 247,056 3.70 9.90
HRS 6 739,112 4,179 31,400 519,535 122,125 4.30 10.60

Table 7.6 : Hydrogen production cost details for each HRS when 2-Tire Continuous scenario is applied (2015-

Cost scenario)

The average electricity cost dropped in this scenario from nearly £6/kg at standard

continues price to nearly £4.5/kg. However, the total cost is increased because of the

storage cost (increased 4 times). The details of the hydrogen cost are given Figure 7.13

below.
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Figure 7.13: Hydrogen cost breakdown per kilogram at each HRS when 2-Tire Continuous scenario is applied
(2015-Cost scenario)
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The electricity cost in this scenario represents nearly 42%, 40%, 39%, 41%, 37%, 41 of
the total hydrogen produced cost at garage forecourts 1, 2,3,4,5 and 6 respectively in
contrast with nearly 63% in last scenario. Figure 7.13 shows that the cheapest hydrogen
price is in HRS 5. One of the main reasons for this is the huge amount of surplus energy

consumed at cheap price as is shown in Figure 7.10.

7.6.1.3 *“Off-peak Only” scenario
In this scenario electrolysers run only during off-peak periods at the lower price of 5

p/kKWh. Figure 7.14 below shows the overall system.
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Figure 7.14: Overall system in Off-peak only scenario (2015-Cost scenario)

All assumptions of components and costs in in Table 7.1 and Table 7.2 will be applied as
well as Equations (7.1 - 7.12). In this scenario, the electrolyser capacity will be the same
but the storage tank will be optimized based on the daily production and consumption.
This means the electrolysers will be operated as long as there is surplus energy and under
the electrolyser capacity limits. Only storage size will be increased to accommodate the
surplus power absorption. The storage size is four times the capacity of each HRS. Nearly
80% of initial value is in the tank at the beginning of the simulation and minimum limit
in tank is 20% of the storage size. Storage tank size is related to the most continuous
shortage of surplus energy between days. The system components details are given in
Table 7.7 below.
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Components Electrolyser | H: Storage tank (kg) | Compressor | Number of
capacity | Max | Initial | Min |  (kg/day) dispenser
HRSs (kWh/day) value

HRS 1 8120 594.9 475.9 119 150 3

HRS 2 12320 902.6 722.1 | 180.5 225 3

HRS 3 24500 17949 | 14359 | 359 450 3

HRS 4 15400 1128.3 902.6 | 225.6 285 3

HRS 5 40600 29744 | 2379.5 | 594.9 745 3

HRS 6 20300 1487.2 | 1189.7 | 297.4 375 3

Table 7.7 : The garage forecourts details when Off-peak Only is applied (2015-Cost scenario)
Figure 7.15 below shows the off-peak energy consumed at each garage forecourts

throughout the year.
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Figure 7.15: Total energy consumed via garage forecourts throughout the year when Off-peak Only is

applied (2015-Cost scenario)

This energy represents nearly 54% of the total available surplus energy, which means that
other energy storage method such as batteries can be used to absorb the rest, and this may
be sold to HRSs at times of power deficit. Alternatively, a central electrolyser could be
added to the system to consume the rest of the surplus energy and produce hydrogen for
times of shortage at the garage forecourts but in both cases (battery storage and central
electrolyser) will lead to an increase the hydrogen price. Hydrogen production in

comparison with hydrogen demand is shown in Figure 7.16 below.
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Figure 7.16: total hydrogen production and consumption throughout the year when Off-peak Only is
applied (2015-Cost scenario)

Hydrogen production in this case can meet 47%,52%,62%,53%,69%,55% of the
hydrogen demand of HRSs 1,2,3,4,5,6 respectively. However, the rest of the surplus
power is quite enough to meet the demand totally. Figure 7.17 shows the garage

forecourts’ hydrogen production throughout the year (only off-peak production scenario)
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Figure 7.17: Hydrogen production per electrolyser throughout the year when Off-peak Only is applied (2015-Cost
scenario)

Hydrogen level variation in the tank throughout the year is given in Figure 7.18 below.
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Figure 7.18: Storage variation throughout the year for all garage forecourts when Off-peak Only is applied
(2015-Cost scenario)

Any deficient must be met using an external source or the electrolyser size can be

increased but this will dramatically increase the investment cost. More work will be

applied in coming chapters to focus on satisfying the demand at periods of shortage. Table

7.8 shows the details of hydrogen cost.

Cost Investment | Water | Compressor | Electrolyser | Hydrogen | Average | Average
cost cost electricity electricity | production | electricity | hydrogen
(Elyear) (Elyear) | cost (E/year) off-peak) (kglyear) cost price
cost (E/kg) (E/kg)
HRSs (Elyear)
HRS 1 300,858 865 4,170 68,994 25,273 2.73 14.80
HRS 2 451,980 1,356 6,540 108,210 39,637 2.73 14.30
HRS 3 890,233 3,391 16,349 270,502 99,085 2.73 12.00
HRS 4 562,802 1,778 8,572 141,834 51,954 2.73 13.80
HRS5 | 1,469,535 6,227 30,023 496,743 181,957 2.73 11.00
HRS 6 739,112 2,513 12,115 200,450 73,425 2.73 13.00

Table 7.8 : Hydrogen production cost details for each HRS when Off-peak Only is applied (2015-Cost

scenario)

In this scenario, the electricity price per kg is the cheapest among the three scenarios.

However, the average hydrogen price at some HRSs is a bit expensive, which is logical
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since the hydrogen production is less than in the other two scenarios. The challenge of
this work is to meet the hydrogen demand without interruption at competitive price. The

share of each component in the total cost of hydrogen is given in Figure 7.19 below:
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Figure 7.19: Hydrogen cost breakdown per kilogram at each HRS when Off-peak Only is applied (2015-Cost
scenario)

The electricity cost share in this scenario represents 18%, 19%, 23%, 20%, 25%, and 21%
for HRSs 1, 2, 3,4,5,6 respectively, which are the cheapest prices between all scenarios.
The highest share in the hydrogen cost becomes the investment cost, rather than electricity
cost, in contrast with the other two scenarios. The average hydrogen price is still in
between the prices of the other two scenarios. However, the problem with this scenario is
that these system component sizes cannot fully meet the hydrogen demand. A general
comparison between the three scenarios in terms of average electricity price per kg and

the average hydrogen price for each HRS is given in Table 7.9

Scenarios | Standard Continuous 2-Tier Continuous Off-peak Only
Average Average Average Average Average Average
electricity hydrogen electricity hydrogen electricity hydrogen
price (E/kg) | price (E/kg) | price (E/kg) price (E/kg) price (E/kg) | price (E/kg)
HRS 1 6.60 10.50 4.60 11.00 2.73 14.8
HRS 2 6.60 10.60 4.40 11.00 2.73 14.3
HRS 3 6.60 10.40 4.00 10.20 2.73 12.00
HRS 4 6.60 10.40 4.40 10.90 2.73 13.80
HRS 5 6.60 10.40 3.70 9.90 2.73 11.00
HRS 6 6.60 10.40 4.30 10.60 2.73 13.00

Table 7.9 : Three scenarios average electricity and hydrogen price per kg for each HRS

143



Chapter 7: Investigation of Hydrogen Price under Different Electricity Tariffs

7.6.2 2030-Cost scenario

In this scenario, the estimated cost of 2030 will be used. Generally, this scenario will
directly affect the investment cost since the cost of expensive parts of the hydrogen
system will be reduced. The 2030-cost scenario is presented in Table 7.2 . The same price
of electricity scenarios will be tested in 2030-cost scenario. This scenario will affect two
main parts: the energy consumed and the average price of hydrogen. In terms of energy,
the production will be increased with less consumption of energy due to the electrolysis
efficiency improvement. Hydrogen price will be reduced due to the lower price of
components in future.

7.6.2.1 Standard Continuous scenario (all-day tariff of 12-p/kWh)

In this scenario, all electrolysers are operated continuously on a standard all-day tariff (12
p/kWh). The size assumption will be the same as in 2015-Cost scenario. The cost and the
electrolyser efficiency of the 2030-Cost scenario is given earlier in Table 7.1. Hydrogen
production will be increased since the electrolysers’ efficiency improved (from 54.6
kWh/kg to 47 kWh /kg) as shown in Figure 7.20.
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Figure 7.20: Hydrogen production for each electrolyser throughout the year (Standard Continuous under

2030-cost scenario)
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The capacity factor of electrolysers in this scenario is very high and higher than the 2015-

Cost price scenario because of the efficiency improvement for all electrolysers since the
operation is continuous.

The capacity factor of the six electrolysers was 96%, 91%, 95%, 95%, 95%, and 95 % for
HRS 1, 2, 3, 4, 5 and 6 respectively.

The storage capacity is very small (only one-day storage) just to meet any temporary
peaks in demand that could happen any time within a 24-h period.

The hydrogen in the tank for each HRS throughout the year is presented in Figure 7.21
below.

200

A
!

0 100 200 300 400

Hydrogen (kg)

0 100 200 300 400 0 100 200 300 400

HRS 6

0 100 200 300 400 0 100 200 300 400
Days

‘ | | HRS5
0 l | ‘ 0

Figure 7.21: Hydrogen in tank for each HRS throughout the year (Standard Continuous under 2030-cost

scenario)

The same objectives should be meet in the 2030 scenario, which are to meet the fuel

demand throughout the year without interruption and at a competitive price compared
with conventional fuel.
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Figure 7.22 below shows the total hydrogen consumption and production throughout the

year for each HRS.
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Figure 7.22: Total hydrogen production and consumption throughout the year

Hydrogen production can meet 97%, 99%, 98%, 99%, 98% and 97% of the hydrogen
demand of HRS 1, 2,3,4,5 and 6 respectively.

This value is a bit higher than the same case in the 2015-Cost scenario due to the
anticipated efficiency improvements. The hydrogen cost calculation is summarised in
Table 7.10.

Cost Investment | Water | Compressor | Electrolyser | Hydrogen | Average | Average
cost cost electricity electricity | production | electricity | hydrogen
(Elyear) (Elyear) | cost (Elyear) | cost (E/year) | (kgl/year) cost price
HRSs (E/kg) (E/kg)
HRS 1 74,565 1,785 16,648 294,149 52,154 5.64 7.40
HRS 2 111,881 2,607 24,319 429,696 76,187 5.64 7.50
HRS 3 213,414 5,353 49,928 882,189 156,417 5.64 7.40
HRS 4 135,030 3,324 31,004 547,823 97,132 5.64 7.40
HRS 5 347,264 8,775 81,848 1,446,193 256,417 5.64 7.30
HRS 6 178,341 4,425 41,276 729,306 129,310 5.64 7.40

Table 7.10 : Hydrogen production cost details for each HRS (Standard Continuous under 2030-cost scenario)
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In this case, the electricity represents the highest part of the total hydrogen cost (around

76%) due to the investments cost reduction shown in Figure 7.23 below.

8 I Investment cost (E/kg) [ Water cost (E/kg) []Electricity cost (E/kg) [l Compressor electricity cost (£/kg) ‘

Hydrogen cost (£/kQg)
o~

HRS 1 HRS 2 HRS 3 HRS 4 HRS 5 HRS 6

Figure 7.23: Hydrogen cost breakdown per kilogram at each HRS (Standard Continuous under 2030-

cost scenario)

In the 2030 scenario, the hydrogen price is highly dependent on by electricity price

because of the dramatic drop in HRS component costs.

7.6.2.2 “2-Tier Continuous”, operating scenario
In the “2-Tier Continuous”, scenario the electrolyser operates continuously and pay a low
tariff (5 p/kWh) at off-peak times and a high tariff (12 p/kWh) at other times.

System size and optimisation objectives will be the same as in the 2015-Cost scenario

but with new energy efficiency and new cost details of the HRS components.

Figure 7.24 and Figure 7.25 show cumulative energy consumption at each garage
forecourt during on- peak and off-peak periods respectively.
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Figure 7.24: Cumulative on-peak energy consumption for each HRS
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Figure 7.25: Cumulative off-peak energy consumption for each HRS

The energy consumption at each forecourts is reduced due to the energy efficiency
improvement. For instance, the consumption of surplus energy at HRS 5 dropped from
nearly 10 x 10° kWh to 8.4 x 10° kWh and from nearly 3.55x 10° kWh to 3.03x 10°
KWh in on-peak case.

This lowering consumption gives other HRSs a chance to absorb more cheap surplus
electricity instead of buying expensive energy to meet their demand. This translates into

148



Chapter 7: Investigation of Hydrogen Price under Different Electricity Tariffs

a reduction of consumption of non-renewable power for rest of the HRSs. Hydrogen

production throughout the year for each HRS is shown in Figure 7.26 below.
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Figure 7.26: Hydrogen production throughout the year (2-Tier Continuous under 2030-Cost scenario)

Variation in Hydrogen storage level in the tank for each garage forecourt is shown in

Figure 7.27 below.
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Figure 7.27: Variation in hydrogen storage levels throughout the year for each forecourt (2-Tier Continuous

under 2030-Cost scenario)
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Like in the Standard Continuous scenario, the hydrogen demand is nearly fully met. The

hydrogen cost details can be seen in Table 7.11 below.

Cost Investment | Water | Compressor | Electrolyser | Hydrogen | Average | Average
cost cost electricity electricity | production | electricity | hydrogen
(Elyear) (Elyear) | cost (Elyear) cost (kglyear) cost price
(Elyear) (E/kg) (E/kg)
HRS 1 119,963 1,670 10,606 187,398 48,806 3.80 6.50
HRS 2 181,960 2,460 15,030 265,572 71,892 3.70 6.50
HRS 3 350,524 5,089 28,320 500,398 148,706 3.40 6.00
HRS 4 220,342 3,108 18,896 333,869 90,817 3.70 6.30
HRS 5 572,733 8,445 44,845 792,378 246,794 3.20 5.70
HRS 6 292,294 4,207 24,813 438,432 122,945 3.60 6.20

Table 7.11 : Hydrogen production cost details for each HRS (2-Tier Continuous under 2030-cost scenario)

The hydrogen cost is reduced in this scenario since much of the electricity is consumed

at off-peak times and has lower price. The details of the hydrogen cost are given in Figure

7.28 below. The electricity cost in this scenario represents nearly 59%, 57%, 57%, 58%,

56%, 58 of the total hydrogen production cost at HRS 1, 2,3,4,5 and 6 respectively in

contrast with an average of nearly 75 % in the previous scenario. Figure 7.28 reveals that

the cheapest hydrogen price is in HRS 5 due to its import of more surplus energy

compared with other HRSs.
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Figure 7.28: Hydrogen cost breakdown per kilogram at each HRS (2-Tier Continuous under 2030-

Cost scenario)
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7.6.2.3 *“Off-peak Only” scenario

In this scenario, electrolysers run only during off-peak periods at the lower price of 5
p/kWh. All assumptions of the size will be the same as in the 2015-Cost scenario. Figure

7.29 below shows the off-peak energy consumed at each HRS throughout the year.
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Figure 7.29: Total energy consumed via garage forecourts throughout the year (Off-peak Only
under 2030-Cost scenario)

This energy represents nearly 48% of the total surplus energy and the total hydrogen

production can satisfy 62% of the demand. Hydrogen production compared with
hydrogen demand at each HRS is shown in Figure 7.30 below.
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Figure 7.30: Total hydrogen production and consumption throughout the year (Off-peak Only under 2030-

cost scenario)
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The hydrogen production in this case can meet 50%, 56%, 64%, 55%, 69%, and 58% of
hydrogen demand of HRSs 1, 2,3,4,5 and 6 respectively. These values are higher than the
results in the 2015-Cost scenario, probably because of -electrolyser efficiency
improvement. Figure 7.31 shows each garage forecourts’ hydrogen production
throughout the year (only off-peak production)
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Figure 7.31: Hydrogen production per electrolyser throughout the year (Off-peak Only under 2030-cost

scenario)
Variations in hydrogen levels in storage tank at each forecourt throughout the year are

shown in Figure 7.32 below.
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Figure 7.32: Variation in hydrogen storage levels throughout the year for each forecourt throughout the year

(Off-peak Only under 2030-cost scenario)
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Table 7.12 shows the techno-economic assessment of each garage forecourt.

Cost | Investment | Water | Compressor | Electrolyser | Hydrogen | Average | Average
cost cost electricity electricity | production | electricity | hydrogen
(Elyear) (Elyear) | cost (E/year) off-peak) (kglyear) cost price
cost (E/kg) (E/kg)
HRSs (Elyear)
HRS 1 119,963 914 3,552 62,764 26,708 2.40 7.00
HRS 2 181,960 1,455 5,655 99,927 42,522 2.40 6.80
HRS 3 350,524 3,519 13,676 241,907 102,828 2.40 6.00
HRS 4 220,342 1,855 7,209 127,282 54,205 2.40 6.60
HRS 5 572,733 6,236 24,237 428,244 182,231 2.40 5.70
HRS 6 292,294 2,652 10,308 182,126 77,500 2.40 6.30

Table 7.12 : Garage forecourts cost details (Off-peak Only under 2030-cost scenario)

The electricity price per kg is the cheapest of all three of the scenarios, which leads to a

reduction in the total hydrogen cost that brings it to a level that is close to being

competitive with conventional fuels. The share of each component in the total cost of

hydrogen is given in Figure 7.33. The electricity in this scenario represents 34%, 35%,
40%, 36%, 42%, and 37 % for HRSs 1, 2, 3,4,5,6 respectively, which are the cheapest
price between all scenarios. In contrast with other scenarios, the highest share in the

hydrogen cost is now investment cost (Capex) rather than electricity cost.
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Figure 7.33: Hydrogen cost details per HRS per kilogram (Off-peak Only under 2030-cost scenario)
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The average hydrogen price is still in between the prices of the other scenarios. However,
the problem with this scenario is that with these component sizes, the system cannot meet
the total demand for fuel. The average electricity price and average hydrogen price for all
energy price cases in this scenario are less than the 2015-Cost scenario due to the
reduction of the investment cost and improvement in electrolyser efficiency. In terms of
grid balancing, electrolysers can play an important role in this scenario since the flexible
operation of the electrolyser can enable DSR if some incentives such as reduced
electricity tariff at times of surplus power availability are offered in order to incentive it.
For the hydrogen to be cost-competitive as a fuel, the fossil fuel prices of the future need
to be forecasted while taking into account some important points such as the effects of
pollution and government subsides. Table 7.13 below shows the comparison between the

two cost scenarios in terms of energy price and average hydrogen price using PEME.

HRSs

I I I I I I
T ps) Py Py Py Py
()] ()] ()] wn wn ()]
[l N w SN (6] (o]
Scenarios
2015- Electricity price (E/kg) | 6.60 | 6.60 | 6.60 | 6.60 | 6.60 | 6.60
SEGRRTE Scecr?::io Average hydrogen 1050 | 10.60 | 10.40 | 10.40 | 10.40 | 10.40
Continuous price (£/kg)
) 2030- Electricity price (E/kg) | 5.60 | 5.60 | 5.60 | 5.60 | 5.60 | 5.60
Scenario Cost
.| Average hydrogen 7.40 | 750 | 7.40 | 7.40 | 7.30 | 7.40
scenario price (£/kg)
2015- Electricity price (E/kg) | 4.60 | 440 | 4.00 | 440 | 3.70 | 4.30
. Cost Average hydrogen
2-Tier scenario | price (E/kg) 11.00 | 11.00 | 10.20 | 10.90 | 9.90 | 10.60
Continuous 5 Electricity price (E/kg) | 3.80 | 3.70 | 3.40 | 3.70 | 3.20 | 3.60
Scenario Cost | Average hydrogen
scenario | price (£/kg) 6.50 | 6.50 | 6.00 | 6.30 | 5.70 | 6.20
2015- Electricity price (E/kg) | 2.70 | 2.70 | 270 | 2.70 | 2.70 | 2.70
Cost
Off-peak Only | scenario Average hydrogen 14.80 | 14.30 | 12.00 | 13.80 | 11.00 | 13.00
price (£/kg)
Scenario 2030- | Electricity price (E/kg) | 2.40 | 2.40 | 2.40 | 2.40 | 2.40 | 2.40
Cost
scenario | Average hydrogen 7.00 | 6.80 | 6.00 | 6.60 | 570 | 6.30
price (£/kg)

Table 7.13 : Average hydrogen price cost in 2015- and 2030-Cost scenarios for PEME test
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7.7  HRS simulations with alkaline electrolysis

For both 2015-Cost and 2030-Cost scenarios, only the capital cost of the electrolyser will
change which will affect the hydrogen cost. The price of an alkaline electrolyser is

cheaper than a PEM electrolyser regardless the operation advantages of PEM.

7.7.1 2015-Cost scenario

The cost assumptions for alkaline electrolysers are presented in Table 7.1. The three

energy price scenarios will be repeated with alkaline electrolysis.

7.7.1.1 Standard Continuous scenario (all day tariff of 12 p/kwh)
Based on the recent studies, the PEME cost is nearly double that of an alkaline
electrolyser so using alkaline would lead to a reduction in hydrogen price, which enhances

opportunities of hydrogen as a fuel.

Table 7.14 shows the summary of the hydrogen cost at standard continuous operation.

Cost Investment | Water | Compressor | Electricity | Hydrogen | Average | Average
cost cost electricity | feedstock | production | electricity | hydrogen
(Elyear) (Elyear) | cost (E/year) (Elyear) (kglyear) cost price
HRSs (E/kg) (E/kg)
HRS 1 120,084 1,783 20,634 341,394 52,105 6.60 9.30
HRS 2 178,756 2,593 30,011 496,546 75,785 6.60 9.30
HRS 3 344,910 5,346 61,861 1,023,514 156,214 6.60 9.20
HRS 4 219,261 3,331 38,544 637,721 97,332 6.60 9.20
HRS 5 564,323 8,790 101,721 1,683,023 256,872 6.60 9.20
HRS 6 287,578 4,414 51,081 845,156 128,992 6.60 9.20

Table 7.14 : Garage forecourts cost details for Standard continuous (2015-Cost scenario)

The total hydrogen price dropped from nearly £10.50/kg to £9.00/kg when the alkaline
electrolyser is used. This drop is driven by the reduction of the electrolyser capital cost.

7.7.1.2

Table 7.15 shows a summary of the hydrogen cost at standard continuous operation with

“2-Tier Continuous”, operating scenario

peak and off-peak tariff applied.
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Cost Investment Water Compressor | Electricity Hydrogen Average | Average

cost (£lyear) cost electricity feedstock production | electricity | hydrogen

HRSs (Elyear) cost (E/year) | cost (£/year) (kglyear) cost (E/kg) | price £/kg
HRS 1 239,649 1,666 13,438 222,334 48,676 4.60 9.80
HRS 2 359,111 2,439 19,063 315,403 71,260 4.40 9.80
HRS 3 705,552 5,062 35,694 590,573 147,936 4.00 9.00
HRS 4 446,717 3,107 23,955 396,345 90,799 4.40 9.60
HRS 5 1,163,490 8,454 55,802 923,271 247,056 3.70 8.70
HRS 6 586,089 4,179 31,400 519,535 122,125 4.30 9.30

Table 7.15 : Garage forecourt cost details for 2-Tire Continuous operation ((2015-Cost scenario)
The hydrogen price dropped from nearly £10-11/kg to £9-10/kg for 2-Tier Continuous

operation when the alkaline electrolyser is used instead of a PEME.

7.7.1.3
Table 7.16 shows the details of hydrogen cost at Off-peak only operation mode.

“Off-peak Only” scenario

Cost Investment Water Compressor | Electricity Hydrogen Average Average
cost (£lyear) cost electricity feedstock production | electricity | hydrogen
(Elyear) cost (£E/year) (Elyear) (kglyear) cost (£/kg) price
HRSs (E/kg)
HRS 1 239,649 865 4,170 68,994 25,273 2.70 12.40
HRS 2 359,111 1,356 6,540 108,210 39,637 2.70 12.00
HRS 3 705,552 3,391 16,349 270,502 99,085 2.70 10.00
HRS 4 446,717 1,778 8,572 141,834 51,954 2.70 11.50
HRS 5 1,163,490 6,227 30,023 496,743 181,957 2.70 9.30
HRS 6 586,089 2,513 12,115 200,450 73,425 2.70 11.00

Table 7.16 : The garage forecourts details for Off-peak only operation (2015-Cost scenario)
The average hydrogen price per kg was £14.80, £14.30, £12.00, £13.80, £11.00 ,£13.00
for Off-peak only operation of PEM case and became £12.40, £12.00, £10.00, £11.50,
£9.30, £11.00 for alkaline of HRSs 1,2,3,4,5,6 respectively.

7.7.2 2030-Cost scenario

In this scenario, the electrolysis efficiency will increase from 54.6 to 50 kwWh/kg and thus
the operation characteristics of the HRSs will improve, which leads to a reduction in the

average price of hydrogen.
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7.7.2.1 Standard Continuous scenario (all day tariff 12 p/kwh)

Running the electrolyser continuously with fixed price (12p/kWh) can solve the problem

of failure to the fully meeting hydrogen demand but with other issues, such as an

increased hydrogen price, could fail as DSR tool.

Table 7.17 shows a summary of the hydrogen cost at Standard continuous scenario.

Cost Investment Water Compressor Electrolyser Hydrogen | Average Average
cost cost electricity electricity production | electricity hydrogen
(Elyear) (Elyear) cost (E/year) | cost (E/year) (kglyear) cost (£/kg) price
HRSs (E/kg)
HRS 1 59,807 1,785 16,648 312,924 52,154 6.00 7.50
HRS 2 89,100 2,607 24,319 457,124 76,187 6.00 7.50
HRS 3 168,842 5,353 49,928 938,499 156,417 6.00 7.40
HRS 4 107,296 3,324 31,004 582,791 97,132 6.00 7.50
HRS 5 273,967 8,775 81,848 1,538,503 256,417 6.00 7.40
HRS 6 141,297 4,425 41,276 775,857 129,310 6.00 7.40

Table 7.17 : Hydrogen cost details Standard continuous operation (2030-Cost scenario)

There is a big difference (from £9.00/kg to £7.50/kg) due to the electrolyser capital cost

reduction and efficiency improvement.

This scenario can meet 97%, 100%, 98%, 99%, 98%, and 97% for HRSs 1, 2,3,4,5 and 6

respectively which are similar values to 2030-Cost scenario but with lower hydrogen

prices.

7.7.2.2

“2-Tier Continuous”, operating scenario

The hydrogen cost details for this scenario can be seen in Table 7.18 below.

n Cost Investment Water Compressor | Electrolyser | Hydrogen Average Average
cost cost electricity electricity production | electricity | hydrogen
(Elyear) (Elyear) cost (£/year) cost (kglyear) cost (£/kg) price
HRSs (Elyear) (E/kg)
HRS 1 108,103 1,669 10,704 201,203 48,784 4.10 6.60
HRS 2 163,651 2,458 15,152 284,809 71,833 4.00 6.50
HRS 3 314,703 5,082 28,476 535,256 148,512 3.60 6.00
HRS 4 198,054 3,102 19,085 358,739 90,649 4.00 6.40
HRS 5 513,827 8,440 44,876 843,541 246,626 3.40 5.70
HRS 6 262,523 4,206 25,081 471,438 122,921 3.80 6.20

Table 7.18 : Hydrogen production cost details for 2-Tire Continuous operation (2030-Cost scenario)
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For the alkaline scenario the price was £9.80, £9.80, £9.00, £9.60, £8.70, £9.30 /kg in the
2015-Cost scenario and, in 2030-Cost scenario became £6.60, £6.50, £6.00, £6.40, £5.70
and £6.20 /kg for HRSs 1,2,3,4,5 and 6 respectively.

7.7.2.3  “Off-peak Only” scenario
The average hydrogen cost and the energy price in this scenario is less than the 2015-Cost
scenario due to efficiency improvements and cost reductions as can be seen in Table 7.19

Cost Investment Water Compressor | Electricity Hydrogen Average Average
cost (£lyear) cost electricity feedstock production | electricity | hydrogen
(Elyear) cost (£E/year) (Elyear) (kglyear) cost (£/kg) price
HRSs (Elkg)
HRS 1 108,103 895 3,477 65,357 26,143 2.50 6.80
HRS 2 163,651 1,429 5,555 104,423 41,769 2.50 6.60
HRS 3 314,703 3,479 13,521 254,154 101,662 2.50 5.80
HRS 4 198,054 1,810 7,036 132,252 52,901 2.50 6.40
HRS 5 513,827 6,220 24,176 454,440 181,776 2.50 5.50
HRS 6 262,523 2,602 10,111 190,063 76,025 2.50 6.10

Table 7.19 : Garage forecourts cost details Off-peak only operation (2030-Cost scenario)
All hydrogen prices at HRSs in the 2030 price scenario are lower than in off-peak mode

operation at 2015-Cost.

The comparison between the 2015-Cost and 2030-Cost scenarios, in terms of energy price
and hydrogen cost for alkaline electrolysers, which is presented in Table 7.20 below.

There is a considerable drop in hydrogen price for all cases which suggest that further
research should focus on the flexible operation of electrolysis. The price decrease is
higher when the off-peak power is used especially for the 2030-Cost scenario.
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HRSs T T T T T <
| 2 &l 3| 3| 3| 3
Scenarios < @ @ @ @ %
2015- | Electricity price (E/kg) | 6.60 | 6.60 | 6.60 | 6.60 | 6.60 | 6.60
Standard
SCS,?:;O Average hydrogen 9.30 | 9.30 | 9.20 | 9.20 | 9.20 | 9.20
Continuous price (£/kg)

2030- Electricity price (E/kg) | 6.00 | 6.00 | 6.00 | 6.00 | 6.00 | 6.00

Scenario Cost
.| Average hydrogen 750 | 750 | 7.40 | 7.50 | 7.40 | 7.40
scenario | price (£/kg)

Electricity price (E/kg) | 4.60 | 440 | 400 | 440 | 3.70 | 4.30

2015-
i Cost | Average hydrogen
2-Tier . ge nhyarog _ _ _ _ _ _
. e | e Bl 9.80 | 9.80 | 9.00 | 9.60 | 8.70 | 9.30
SRV 2030, | Electricity price (E/kg) | 410 | 400 | 360 | 400 | 3.40 | 3.80
Seenario Cost | Average hydrogen 6.60 | 650 | 6.00 | 6.40 | 570 | 6.20

scenario | price (£/kg)

2015- Electricity price (E/kg) | 2.70 | 2.70 | 2.70 | 2.70 | 2.70 | 2.70

Cost
Off-peak Only | scenario | AAVerage hydrogen 12.40 | 12.00 | 10.00 | 11.50 | 9.30 | 11.00
price (£/kg)
Scenario 2030- Electricity price (E/kg) | 2.50 | 250 | 250 | 250 | 250 | 2.50
Cost
scenario | AAverage hydrogen 6.80 | 6.60 | 580 | 6.40 | 550 | 6.10
price (£/kg)

Table 7.20 : Average hydrogen price cost in 2015- and 2030-Cost scenarios for alkaline test
7.8  Summary of the chapter

The optimization of hydrogen production by electrolysis has been implemented to
achieve a number of goals: providing the DSR for the grid by absorbing temporary
surpluses of renewable energy, reducing the cost of hydrogen by choosing the cheapest
electricity tariff; and guaranteeing the uninterrupted supply of hydrogen fuel. Two types
of electrolyser (PEM and Alkaline) have been used. In each case, two cost scenarios have
been tested: a 2015-Cost scenario and 2030-Cost scenario. Three different modes of
operation based on the time of operation and electricity tariff have been investigated in
each scenario. In the Standard Continuous Scenario, the electrolysers are operated
continuously on a standard all-day tariff of 12 p/kWh, in the 2-Tier Continuous Scenario,
they operate continuously, paying the 5 p/kWh tariff at off-peak times and 12 p/kWh tariff
at others and in the Off-Peak Only Scenario, they operate only during off-peak periods at
a lower price of 5 p/kWh in a 2-tier tariff system.

In the system with PEM electrolysers, for the 2015-Cost scenario, it was found that the

cheapest electricity cost per kg of hydrogen produced, was £2.73, which occurred in the
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Off-Peak Only Scenario. The next cheapest, at £3.70 - £4.60, was in the 2-Tier
Continuous Scenario, and the most expensive was £6.60/kg in the Standard Continuous
Scenario. However, in general, the hydrogen price is quite high due to the high price of
HRS components. So the hydrogen cost is strongly driven by capital cost which represents

the highest share of the total cost.

For the 2030-Cost scenario, the hydrogen price also reduced since the cost of HRS is
reduced by nearly 50%. For instance, the Standard Continuous Scenario, the hydrogen
price dropped from £10.40 to £7.40 and thanks to the efficiency improvement in this

scenario, the electricity price per kg is also decreased from £6.60 to £5.64.

In the alkaline system, the electricity price per kg does not change because the same
electricity price assumptions have been applied in both. However, the overall price of
hydrogen has been reduced due to the lower price of alkaline electrolysers by comparison
with PEM electrolysers. For instance, in the 2015-Cost scenario, the hydrogen cost was
reduced in Standard Continuous operation from nearly £10.40 with PEM system to £9.30
with the alkaline system. The same situation is true of the 2-Tier Continues and Off-peak
Only operation modes. Also in the 2030-Cost scenario, use of the alkaline electrolyser
will lead to more reduction in the cost of hydrogen. Achieving a competitive price for
hydrogen will require reductions in the capital cost of the system as well as the operating
costs explored in this research. In terms of meeting the demand and balancing grid, which
is mainly the target of Off-Peak Only Scenario, more storage tools are needed to consume
the rest of the surplus power and provide energy to the electrolysers during times of power
shortage. Bold policy measures are needed to reduce emissions and to provide a
sustainable economic future for oil-producing nations such as Libya in a post-fossil-fuel
era. In particular, this means strong support for renewable energy, hydrogen and other

energy storage and DSR markets.

The next chapter will deal with only the surplus power and work to achieve different
targets such as keeping the balance between demand and supply by absorbing the surplus
energy and convert this energy to hydrogen, which, will be used as a clean fuel. Meeting
the hydrogen demand is another challenge of this research, which requires many steps as
will be seen in next chapter. Another important point is satisfying the economic

requirements since HRSs components will be financed via bank loans, which include
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interest payment. The production should be enough to pay the bank instalments and
variable costs each year and the hydrogen price should be commercially viable in the

transport fuel market.

161



Chapter 8: Techno-Economic Analysis of Dispatchable Operation of Multiple Forecourt Electrolysers for Demand Side
Response and Hydrogen Fuel Production

Chapter 8: Techno-Economic Analysis of
Dispatchable Operation of Multiple Forecourt
Electrolysers for Demand Side Response and
Hydrogen Fuel Production

8.1 Introduction

As mentioned in Chapter 7, the cheapest electricity per kg was produced via the Off-
peak Only scenario. However, this scenario cannot meet the main objective of grid
balancing by absorbing the majority of surplus power, or indeed meet hydrogen
demand at an acceptable price. In addition, only one off-peak electricity tariff was
applied (5 p/kwh), which limits the means by which electricity can be sold to the
garage forecourts. In the last chapter, the demand supplied is done in order of
hierarchy from the highest to the lowest (normally, though, this hierarchy remains the
same every day). This technique will create problems with the other garage forecourts,
especially if the available energy is not sufficient to meet their total demand. In this
chapter, the off-peak electricity price will be changed every day, as based on the
available amount of energy and the hydrogen required per HRS. This technique could
be useful for both on of the HRS and of the energy supplier. Different scenarios will

be investigated to examine how the following requirements might be satisfied:

1- The majority of the surplus power should be consumed (at least 90%) to support
grid balancing and increase the penetration of renewable resources into the Libyan
grid;

2- Meet the required hydrogen demand without interruption;

3- The hydrogen production cost should be competitive compared to fossil fuel

prices.

There are many scenarios, which will be tested, but as each scenario is examined and its
weakness established, the subsequent scenario will be designed to overcome these
weaknesses, in an iterative process. For example, if the first scenario cannot absorb the
majority of the surplus energy, the next scenario will be built to address this issue, and so

on. In other words, any given scenario should tackle or treat the weakness and problems

162



Chapter 8: Techno-Economic Analysis of Dispatchable Operation of Multiple Forecourt Electrolysers for Demand Side
Response and Hydrogen Fuel Production

found with the previous scenario. As in Chapter 7, two common types of electrolyser
(alkaline and PEM) will be tested using two different cost scenarios (2015 and 2030).

8.2 2015-Cost scenario with alkaline electrolysers

Different scenarios will be investigated in this section. The main idea behind the work in
this chapter is that each HRS has its own electrolyser in order to produce hydrogen for
local consumption. Other, subsequent, scenarios will be considered if any scenario
currently under consideration cannot satisfy the principle aims of grid balancing, meeting
hydrogen demand and producing hydrogen fuel at a reasonable price at the point of sale.

The summary of these scenarios are presented in Table 8.1.

Scenario No.
IR AR AR R AR SRR S A I
J&6 | 386|365 368 368|363 36836381 IEI3ILIEElITE| L
Details
HRS 1 149 297 446 446 446 149 149 149 149 149 149 149 149 149 149
5 HRS 2 226 451 677 677 677 226 226 226 226 226 226 226 226 226 226
5 g | HRs3 449 897 1346 1346 1346 449 449 449 449 449 449 449 449 449 449
s B
5 o
S x | HRS4 | o 564 846 846 846 282 282 282 282 282 282 282 282 282 282
[
|
& @ | HRS5 744 1487 2231 2231 2231 744 744 744 744 744 744 744 744 744 744
I
HRS 6 372 744 1115 1115 1115 372 372 372 372 372 372 372 372 372 372
HRS 1 560 560 840 1120 1680 560 560 560 560 560 560 560 560 560 560
8 HRS 2 630 630 945 1260 1890 630 630 630 630 630 630 630 630 630 630
) HRS3 | 1890 1890 2835 3780 5670 1890 1890 1890 1890 1890 | 1890 | 1890 1890 1890 1890
)
5 X
£ = | HRS4 | 1190 1190 1785 2380 3570 1190 1190 1190 1190 1190 | 1190 | 1190 1190 1190 1190
w
g HRSS5 | 2464 2464 3696 4928 7392 2464 2464 2464 2464 2464 | 2464 | 2464 2464 2464 2464
HRS6 | 1540 1540 2310 3080 4620 1540 1540 1540 1540 1540 | 1540 | 1540 1540 1540 1540
HRS1 149 297 446 446 446 149 149 149 149 149 149 149 149 149 149
. HRS 2 226 451 677 677 677 226 226 226 226 226 226 226 226 226 226
2 =
£ S | HRS3 449 897 1346 1346 1346 449 449 449 449 449 449 449 449 449 449
e g
3 Y HRS 4 282 564 846 846 846 282 282 282 282 282 282 282 282 282 282
P
x v
T HRS 5 744 1487 2231 2231 2231 744 744 744 744 744 744 744 744 744 744
HRS 6 372 744 1115 1115 1115 372 372 372 372 372 372 372 372 372 372
Central
Electrolyser x x x x x 1098 1923 3021 4853 2220 | 1098 | 1923 3021 4853 2220
Size (Kg/day)
Central
Electrolyser x x x x x 5000 9000 15000 | 24000 | 11000 | 5000 | 9000 15000 | 24000 | 11000
Storage size (kg)
Central
Electrolyser x x x x x 1098 1923 3021 4853 2220 | 1098 | 1923 3021 4853 2220
compressor
Electrolyser
o 54.6 54.6 54.6 54.6 54.6 54.6 54.6 54.6 54.6 54.6 54.6 54.6 54.6 54.6 54.6
efficiency
Year of the
2015 2015 2015 2015 2015 2015 2015 2015 2015 2015 | 2015 | 2015 2015 2015 2015

components cost

Table 8.1: The summary of the alkaline electrolyser scenarios under 2015-Cost scenarios
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Where: LAE Sc. 1: Only Onsite alkaline electrolyser without central electrolyser (default
sizes) (alkaline electrolyser under 2015-Cost scenario).

LAE Sc. 2: Double-sized default electrolyser size and same as the default storage size

(alkaline electrolyser under 2015-Cost scenario).

LAE Sc. 3: Triple-sized default electrolyser and 1.5 times the default storage size

(alkaline electrolyser under 2015-Cost scenario).

LAE Sc. 4: Triple-sized default electrolyser and double the default storage size (alkaline

electrolyser under 2015-Cost scenario).

LAE Sc. 5: Triple-sized default electrolyser and triple the default storage size (alkaline

electrolyser under 2015-Cost scenario).

LAE Sc. 6: Combination of HRSs (default electrolyser and storage sizes) and 1,098
kg/day alkaline central electrolyser with 5,000 kg storage size (sized based on hydrogen
production side) when the central alkaline electrolyser operates under a different

electricity settlement price to the HRSs (2015-Cost scenario).

LAE Sc. 7: Combination of HRSs (default electrolyser and storage sizes) and 1,923
kg/day alkaline central electrolyser with 24,000 kg storage size (sized based hydrogen on
production side) when the central alkaline electrolyser operates under a different

electricity settlement price to the HRSs (2015-Cost scenario).

LAE Sc. 8: Combination of HRSs (default electrolyser and storage sizes) and 3,021
kg/day alkaline central electrolyser with 15000 kg storage size (sized based on production
side) when the central alkaline electrolyser operates under a different electricity
settlement price to the HRSs (2015-Cost scenario).

LAE Sc. 9: Combination of HRSs (default electrolyser and storage sizes) and 4,853
kg/day alkaline central electrolyser with 15,000 kg storage size (sized based on hydrogen
production side) when the central alkaline electrolyser operates under a different

electricity settlement price to the HRSs (2015-Cost scenario).

LAE Sc. 10: Combination of HRSs (default electrolyser and storage sizes) and 2,220
kg/day alkaline central electrolyser with 11000 kg storage size (sized based on hydrogen
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consumption side) when the central alkaline electrolyser operates under a different
electricity settlement price to the HRSs (2015-Cost scenario).

LAE Sc. 11: Combination of HRSs (default electrolyser and storage sizes) and 1,098
kg/day alkaline central electrolyser with 5,000 kg storage size (sized based on hydrogen
production side) when the central alkaline electrolyser operates under the same electricity

settlement price as the HRSs (2015-Cost scenario).

LAE Sc. 12: Combination of HRSs (default electrolyser and storage sizes) and 1,923
kg/day alkaline central electrolyser with 24,000 kg storage size (sized based on hydrogen
production side) when the central alkaline electrolyser operates under the same electricity

settlement price as the HRSs (2015-Cost scenario).

LAE Sc. 13: Combination of HRSs (default electrolyser and storage sizes) and 3,021
kg/day alkaline central electrolyser with 15,000 kg storage size (sized based on hydrogen
production side) when the central alkaline electrolyser operates under the same electricity

settlement price as the HRSs (2015-Cost scenario).

LAE Sc. 14: Combination of HRSs (default electrolyser and storage sizes) and 4,853
kg/day alkaline central electrolyser with 15,000 kg storage size (sized based on hydrogen
production side) when the central alkaline electrolyser operates under the same electricity
settlement price as the HRSs (2015-Cost scenario).

LAE Sc. 15: Combination of HRSs (default electrolyser and storage sizes) and 2,220
kg/day alkaline central electrolyser with 11,000 kg storage size (sized based on hydrogen
consumption side) when the central alkaline electrolyser operates under the same

electricity settlement price as the HRSs (2015-Cost scenario).

8.2.1 Onsite garage forecourts without central electrolyser (LAE Sc. 1)

In this scenario, only onsite electrolysers will consume the surplus power. The optimal
energy storage scenario would include a variety of technologies that are complementary
to each other, such that the whole range of storage sizes and timescales are covered (e.g.
flywheel for frequency response, batteries for medium storage periods and Hydrogen for
large scale, long timescale storage). However, in this scenario, there are no other energy

storage methods working alongside electrolysis to absorb any unused surplus energy,
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even to meet any shortage in hydrogen supply. Figure 8.1 illustrates the overall system
represented by this scenario.

Electricity (kWh) == + == ==

=5
N I | Hydrogen (kg) —e—
! _______ L.‘_ j j_. )_’J_C.‘uwmm

(‘nm{lmwr Storage Dipeser

! Electrolyser Fﬁ}

— _”/\_}* B—w’

‘Compressor Storage Dispeaser

[

i [ Ff Electrolyser

[ e
) L Lumpmur Storage

— Dispenser

I k.[n:l.rul\\ ser
| I‘ j—‘{”
L. (‘ﬂmpmmr Smnge

Dispenser

Energy (kW h)

I
I
| Electrolyser
Da}'s I
" = <
i D A —D[-‘:O—P,{( |—»| E
i Compressor Sroragt;

— ,'—\ J l-..'" Dispenser
Flectrolyser

li‘mpressor Siﬂﬂlt Dupenser

Electrolyser

Figure 8.1: Overall system process when Onsite garage forecourts without central electrolyser scenario

is applied (LAE Sc. 1) (2015-Cost scenario)

The main three goals have to be satisfied in this scenario. As mentioned in previous
chapters, capital costs are one the significant parts of the total hydrogen system cost, so
optimal sizing of garage forecourt components can lead to a reduction in the total cost of
the system.

8.2.1.1 System sizing
a) Electrolyser sizing

Accurate system sizing will lead to an overall reduction in system cost. The system can
be sized based on the electricity supply side or hydrogen demand side. Based on the
former, the sizing will not be accurate because of the intermittency of the electricity
supply (from 0 to 500 MWh) and there is no guarantee of being able to buy electricity
every day because of the competition between the HRSs. In the case of the latter,
hydrogen demand is also variable, as shown in Figure 8.2. Two options could be used for
the demand side: sizing the system based on maximum demand, or the average daily
demand.
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Figure 8.2: Daily hydrogen demand for HRSs 1 to 6 throughout the year

For example, in HRS 1, if the electrolyser is sized based on the maximum hydrogen
demand, peak operation of the electrolyser will only be seen twice per annum because
maximum demand occurs just twice during the year, a situation that is very similar to that
of the other HRSs.

So, average hydrogen demand would be a better means by which to size the electrolyser,
as sizing based on average demand will reduce the capital cost of the system.

b) Storage sizing

The storage tank is one of the most expensive components of the HRS systems. Since the
scenario is one of running only during off-peak times, the storage should be designed
based on times of hydrogen shortage without surplus power in order to absorb as much
power as possible, and thus allow for the sale of hydrogen at times of power shortage.
The storage size is taken as four times the capacity of each electrolyser, because there are

frequently four consecutive days without any surplus power during the year.
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c) Compressor

One day of hydrogen production is equivalent to the size of the compression system.
Because it is located between the electrolyser and storage, it is sized based on the rate of

sale

8.2.1.2 System cost

In this chapter, the assumptions made regarding cost are the same as those described in
Chapter 7. All these costs are based on the companies’ surveys, quotes, reports and recent
studies in the same field (Menanteau et al., 2011; Bertuccioli et al., 2014; Li et al., 2017;
Parks et al., 2014; Levene, 2005). Two-cost scenarios will be tested: one at 2015 costs
and one at 2030 costs. These costs include the electrolyser, storage, compressor,
dispenser, and control system. In addition, the electrolyser efficiency will be taken into
consideration, as electrolyser efficiency in particular is expected to improve between
2015-Cost and 2030-Cost scenarios. Two types of electrolyser will be used in the system:
an alkaline and a Polymer Electrolyte Membrane (PEM) electrolyser. These two types
are commercially available at different prices. A summary of the associated costs and

system efficiencies are presented in Table 7.1 and Table 7.2.

8.2.1.3 Electricity pricing mechanism

The cost of the hydrogen will be adjusted daily. The day-ahead market is assumed to have
been approved as a contractual agreement between the seller and buyer for the delivery
of the following day’s energy; the electricity price is set and the trade agreed for the next
day. Each HRS must calculate how much hydrogen it needs to produce, based on the
expected hydrogen demand for the day and the amount of hydrogen in the tank, taking
into account all constraints such as electrolyser size and storage tank parameters

(maximum, minimum and initial levels) as per Equation (8.1.

Req_H, = max_H,- Curr_H, (8.1)

Where: Req_H, is the daily amount of hydrogen (kg) required, max _ H, is the maximum
storage tank limit per day (kg) and Curr_H, is the currently available hydrogen in tank

on a given day (kg). The amount of electricity needed to produce the required hydrogen
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is known, based on 54.6 kWh/kg for the 2015-Cost scenario and 50 kWh/kg for the 2030
price scenario. Each forecourt operator will have a target selling price for hydrogen,
which might vary somewhat each day, but which must remain competitive in the fuel
retail market. This target price will be based on the amount of electricity to be consumed,
the price of electricity and the need to repay the capital investment costs. Using Equation
(8.2, an electricity tariff level can be identified, at which the forecourt operator can afford
to buy electricity while still making profit on producing hydrogen that day. This is the

forecourt operator’s bid price and it will be different for each forecourt and each day.

PriceElectric(£/kWh) (8.2)

_ (Hydrogen cost(£/kg) X Req_H,(kg) — InvestmentDaily Cost) (£))
- (Req_H,(kg) x 54.6(KWh/kg)

An accurate cost for the hydrogen should be calculated through the equation above in
order to determine the cheapest viable electricity price. Generally, only off-peak power
should be used in order to give the garage forecourt owners the chance to choose a

hydrogen price that will allow for the purchase of cheap electricity.

In this research, the European cost target for hydrogen generation in 2025, which is
£4.40/kg, will be applied. The hydrogen price at the point of sale should be higher than
this value so as to ensure the desired economic targets are reached. After calculating the
electricity price per HRS, the decision as to how to set the electricity price for that day

will be determined at the electricity producer’s side.

The energy producer’s aim is obviously to sell as much electricity as possible, perhaps up
to 90% of the day’s surplus energy, but at the highest price it can achieve without losing
customers and failing to meet its 90% target. After seeing the bid prices for all HRSs, the
decision on where to set the electricity tariff for that day will be determined by the utility
company and this is the price that would be paid by all HRSs whose bid price was equal
to or above this value. HRSs with bid prices below this level will not purchase energy and
will not run their electrolysers on that day. Figure 8.3 below shows the electricity pricing

mechanism diagram.
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Figure 8.3: Electricity pricing mechanism diagram when the onsite alkaline electrolysers operates without central
electrolyser (LAE Sc. 1) (2015-Cost scenario)
The electricity tariff mechanism for selected days of the year is shown in Figure 8.4. On
day 44, each HRS releases its bid price based on the calculations from Equations (8.1)
and (8.2). The total surplus energy on that day was found to be 168,272 kWh, whereas
the energy needed to meet the required hydrogen demand for all HRSs was 121,240 kWh.
This means that the surplus power was sufficient to satisfy the needs of all the HRSs, and
hence the reason for accepting the lowest bid price for electricity on that day. In other
words, the electricity producer started with a high tariff level and adjusted it downwards
it until their sale target was satisfied (at least 90% of all energy available). This target
would not be satisfied unless the tariff were set at the lowest bid price. The HRSs’

consumption represents nearly 72% of the available surplus energy, which calls for
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another source to consume the rest of energy in order to achieve one of the main targets,
namely that consuming 90% of available power. On days 45 and 46, the surplus energy

was not sufficient to meet all the HRSs’ requirements.

On day 45, the surplus energy was only 72,520 kWh, whereas the total required energy
was 121,240 kWh; hence, the surplus energy could not meet the demand on that day. The
electricity producer will start with an expensive price and lower it until the selling target
is satisfied, which, on this day, happened at the HRS 2 bid price. As a result, the HRS 2
bid price is considered to be the selling price for that day. HRSs 1 and 5 did not buy
electricity to run their electrolysers on that day because their bid prices were lower than

the tariff eventually offered by the utility company.

The same process may be noted on day 46, where HRSs 2, 3, 4, and 6 were running out
of hydrogen on that day due to the limited amount of surplus energy available. The selling

price was the electricity bid price of HRS 5.

—_ 0.055 IHRS 1 bid price
§ BHRS 2 bid price
< [ JHRS 3 bid price
A [ JHRS 4 bid price
~ [ IHRS 5 bid price
g 0.05 N B HRS 6 bid price |
S. ' (] Il Electricity settlement price
- S
C I
)
£
@
pras]
D
» 0.0451- -
>
=
o
-
o)
O
2
LLl
0.04 S S
44 45
Days

Figure 8.4: The electricity tariff mechanism for selected days of the year (2015-Cost scenario)

Figure 8.5 shows the daily settlement price over the year; zero values are assigned to days

without any surplus energy.
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Figure 8.5: Daily electricity settlement price over the year when garage forecourts operate without central
electrolyser (LAE Sc. 1) (alkaline, 2015-Cost scenario)

Daily investment costs are explained in detail in the previous chapter; Figure 8.6

summarises the investment cost steps.
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Figure 8.6: Daily investment cost calculation

8.2.1.4 Assessment of the scenario

The assessments will address three main criteria: grid balancing, hydrogen demand

satisfaction and the hydrogen price at the point of sale. To avoid large amount of

curtailment (wastage), the system should absorb the majority of the surplus power every
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day to avoid any problems within the system. The six HRSs consume only 53.91% of the

total surplus energy during the year in this scenario, as can be seen in Figure 8.7.
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Figure 8.7: Total surplus energy versus energy consumed at the garage forecourts when garage forecourts

operate without central electrolyser(LAE Sc. 1) (alkaline, 2015-Cost scenario)

The details of hydrogen production computed to hydrogen demand per HRS throughout

the year are shown in Figure 8.8 and reported in Table 8.2.
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Figure 8.8: Total annual hydrogen demand and production when garage forecourts operate without central
electrolyser (LAE Sc. 1) (alkaline, 2015-Cost scenario)
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HRS no. HRS HRS HRS HRS HRS HRS
1 2 3 4 5 6
Hydrogen 31,082 39,487 105,475 63,122 151,461 78,216
production
(kg/year)
Hydrogen demand 53,645 76,519 160,157 98,244 262,535 133,005
(kg/year)
Satisfication of 58% 52% 66% 64% 58% 59%
Hydrogen demand
(%)

Table 8.2: Comparison between hydrogen production and hydrogen consumption during the year in all six
HRSs (LAE Sc. 1) (alkaline, 2015-Cost scenario)

This scenario can nearly meet 60% of the total hydrogen demand in the Darnah area, but
this creates another issue in addition to grid balancing (only 53.91%. is consumed). The
remaining surplus power can be used to meet the hydrogen demand if another hydrogen
production source is added to the system or the sizes of the electrolysers on the garage
forecourts are increased. The hydrogen production cost can be calculated based on
Equation (8.1).

H,_Price = H,_Cost/ H,_Production (8.3)
Table 8.3 shows the cost summary for this scenario:
Cost Investment | Water cost | Compressor | Electrolyser Hydrogen | Average

cost (£/year) (Elyear) electricity | electricity production price

HRSs cost (E/year) | cost (Elyear) (kg/year) (E/kg)
HRS 1 230,364 1,064 5,011 75,631 31,082 10.00
HRS 2 285,987 1,351 5,843 94,229 39,487 9.80
HRS 3 731,128 3,609 17,443 261,345 105,475 9.60
HRS 4 463,440 2,160 10,435 155,101 63,122 10.00
HRS 5 1,026,705 5,183 23,912 368,025 151,461 9.40
HRS 6 600,420 2,677 13,013 191,272 78,216 10.30

Table 8.3: Hydrogen production cost details when Onsite electrolysers at garage forecourts without external

hydrogen sources is used (LAE Sc. 1) (alkaline, 2015-Cost scenario)

The hydrogen sale price should be set between £9-10.5/kg to meet the economic
requirements, namely those of the bank repayment instalments and variable costs,
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regardless of the other drawbacks to this scenario such as being unable to meet hydrogen
demands and any shortcomings in achieving full in grid balancing. As can be seen in

Figure 8.9, the highest cost arises from the investment cost, followed by the feedstock
cost.

12
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Hydrogen cost (£/kg)

0
HRS 1 HRS 2 HRS 3 HRS 4 HRS 5 HRS 6

Figure 8.9: Hydrogen cost breakdown per kilogram at each HRS under Onsite electrolysers at garage

forecourts without central electrolyser (LAE Sc. 1) (2015-Cost scenario )

Although there is a clear deficiency in hydrogen production, surplus power is still
available and can satisfy this shortage. Therefore, the solution from the electricity
producer’s perspective is to find another customer in addition to the garage forecourts to
whom the remaining energy can be sold, and thus avoid an economically difficult option
of energy curtailment. The time at which energy is sold to new customers is of particular
importance as it directly affects the selling price, since it makes no sense to ask these
customers to wait until the garage forecourts have been refuelled and then run without
any incentive payments. Importing hydrogen from another source or buying expensive
electricity to produce hydrogen could be considered as one possible option to deal with
times when supplies are running out at the garage forecourts. Adding another large central
electrolyser could allow for the electricity and hydrogen producers to make money and
give the central electrolyser the chance to consume electricity and produce hydrogen at

profit. Many solutions need be tested in order to achieve the main targets of both sides
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(both the energy supply side and hydrogen demand side). These can be summarised as
follows:

1. Increase the size and storage of all six-garage forecourts. This could be a simple
solution;

2. A large central electrolyser with additional storage to provide hydrogen at times
of shortage.

3. The first target of the central electrolyser itself is to make money, so the
economics of a central electrolyser will be considered in addition to those of the
hydrogen refuelling stations (HRSs). The operation time of the central electrolyser
will be considered and two modes of operation, as based on running time, will be
tested.

4. Import electricity at peak times at a higher price. This scenario will not be
explored in any part of this work because there is a lot of surplus power that is not
exploited and would otherwise be lost.

5. The electricity supplier could store the remaining power in other kinds of storage,
such as a battery, and sell it later during power shortages; however, the price will
be determined by the economics of the use of batteries and a central electrolyser.
A comparison between a central electrolyser and battery system can be used to
determine the best option as DSR (or more accurately “as part of a multi-model
storage system).

6. Variable hydrogen price at the HRS. Changes in the price of hydrogen as per the
price of electricity could represent one possible solution. The problem with this
technique is the inconvenience it represents to the customer, especially if the

difference between the daily prices is high.

Applying all, or most, of these techniques at the same time might be the best option
because all possible situations will then be taken into consideration. Only the first two
options will be investigated in this study because the other scenarios do not support the
project goals. The next section will consider the solutions to the shortcomings of the
previous scenarios, taking into account two points: the use of the 2015-Cost scenario, and

using the alkaline electrolyser.
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8.2.2 Increased size of HRS components

The first suggestion to tackle the shortage of hydrogen demand is to increase the size of
the HRS components. The main parts of the sizing targeted are the electrolysers, since the
production could not fully meet demand in the previous scenario. In terms of storage,
Figure 8.10 shows the variation of hydrogen in the tank throughout the year for the

previous scenario.
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Figure 8.10: Variation in hydrogen storage levels throughout the year for each forecourt of previous scenario

(LAE Sc. 1)

As we can see, the hydrogen in the storage tank only rarely reaches its maximum, which
means this tank size could accommodate a new bigger electrolyser. Another component
whose size would need to be increased is the compressor, since it is located between the
production and storage. The compressor should be increased equal to electrolyser increase

since all production will pass through the compressor to the storage.

a) Double-sized default electrolyser test (LAE Sc. 2)

In this scenario, the size of electrolysers and compressors will be doubled and the new
cost of these components will be taken into account. This scenario will follow the same
instructions as the last. For the electricity price mechanism, the same days as in last
scenario (LAE Sc. 1) will be analysed. A summary of the electricity price mechanism for

these days is given in Figure 8.12. For the first day, the surplus energy available is not
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sufficient for all HRSs; the bid price of HRS 2 is accepted as the daily selling price with
HRS 5 running out that day because its prices were lower than the bid price.

On the second day (day 45), some of the prices were negative. The reason of this was that
meeting the hydrogen demand on that day could not meet the economic requirements.
Due to the storage constraints that day, the remaining space in the tank was small; this
led to a reduction in the amount of hydrogen required, which could not then meet the

investment cost.

The investment cost is divided equally over each day of the year, so every day the same
amount of money is required to cover this expense. For day 45, the energy available was
only just enough to meet the needs of HRS 5, and the price for that day was set the bid-
price level of HRS 5. On day 46, the energy available was enough to meet the
requirements of two highest bid prices, (those of HRSs 2 and 3), with the daily price being
set as the cheapest bid by these two HRSs.
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Figure 8.11: The electricity pricing mechanism for selected days of the year double-sized default electrolyser
(LAE Sc. 2) (2015-Cost scenario )

The daily electricity prices for the year are shown in Figure 8.12.
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Figure 8.12: Daily settlement price over a year for double-sized default electrolyser LAE Sc. 2 (2015-Cost

scenario )

The difference between the last scenario and this one in terms of the electricity price is
that the price variability in this scenario is higher. The price was frequently low or close
to zero, whereas for the last scenario the variation mostly fluctuated between 5 and 4
p/kKWh. This is reasonable since the competition between HRSs will lead to greater
differentiation in electricity prices, and a longer investment cost for a particular HRS
requires cheaper electricity to achieve a profit. Hydrogen production and demand for this
scenario are shown in Figure 8.13 and reported in  Table 8.4.
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Figure 8.13: Hydrogen demand and production throughout the year for each HRS (LAE Sc. 2)
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HRS no. HRS 1 HRS 2 HRS 3 HRS 4 HRS 5 HRS 6

Hydrogen production

40,033 47,090 130,076 78,957 186,994 99,759
(kg/year)
Hydrogen demand

53,645 76,519 160,157 98,244 262,535 133,005
(kg/year)
Satisfication of Hydrogen

75% 62% 81% 80% 71% 75%

demand (%)

Table 8.4: Comparison between hydrogen production and hydrogen consumption in all six HRSs

throughout the year (LAE Sc. 2)
This scenario can meet around 75% of the total hydrogen demand and around 67% of the

total surplus energy can be absorbed.

The economic assessment and average hydrogen cost, as based on costs and production

in this scenario (LAE Sc. 2), are given in Table 8.5.

Cost Investment | Water cost | Compressor | Electrolyser | Hydrogen Average

cost (E/year) (Elyear) electricity electricity production price

HRS cost (E/year) | cost (Elyear) (kglyear) (E/kg)
HRS 1 299,354 1,370 4,233 51,473 40,033 9.00
HRS 2 390,526 1,611 4,479 53,960 47,090 9.60
HRS 3 939,152 4,451 14,459 178,224 130,076 8.70
HRS 4 594,309 2,702 8,601 106,016 78,957 9.00
HRS 5 137,139,4 6,399 18,743 243,724 186,994 8.80
HRS 6 772,894 3,414 11,121 120,035 99,759 9.00

Table 8.5: Hydrogen production cost details per HRS for double-sized default electrolyser (alkaline, 2015-
Cost scenario) (LAE Sc. 2)

In this scenario, the average hydrogen prices of the HRSs are similar or less than those in
the previous scenario. This reduction is driven by two main issues, namely the production
of hydrogen being higher and the reduction in electricity price because of the competition

between HRSs.

An increase in the size of the electrolyser and compressor requires more space in the
forecourt, which is considered unfavourable. Figure 8.14 shows the cost of the system

components as a proportion of the total hydrogen cost.
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Figure 8.14: Hydrogen cost breakdown per kilogram at each HRS for double-sized default electrolyser
(LAE Sc. 2) (2015-Cost scenario)
This scenario, with a new size of electrolyser and compression system, cannot meet the
target for the system as only 67% of total surplus energy is consumed and 75% of total
hydrogen demand is met. Increasing the size of these components by a factor of three
could possibly give better results than seen in this scenario because the average price is

still less than the original price in the double-size scenario.

b) Triple-sized default electrolyser test

Increasing the size of the system by a factor of three could help solve the two problems
identified above, but issues surrounding the storage tank have to be investigated first. The
storage might not accommodate the new production levels with its current size. Figure
8.15 below shows the variation of hydrogen levels in the store for the double-sized
scenario throughout the year. All HRSs reached the limit of their tank’s capacity many
times during the year, which means this storage size is unable to accommodate the
production associated with the new compressor size. This will lead to a restriction in
production, based on the space in the tank, as the production has to be passed to the
storage before consumption. Three different scenarios for the storage have been tested
with the triple-sized electrolyser. An increase in system size could partially treat the
problem of grid balancing by absorbing more energy and thus reducing the shortage of
the hydrogen demand. However, the hydrogen price dramatically increased from £9/kg

in the previous (same storage) scenario to nearly £16 /kg (triple-sized electrolyser).
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Figure 8.15: Variation in hydrogen storage levels throughout the year for each HRS (LAE Sc. 2)

Clearly, there is still more energy that can be absorbed and some hydrogen demand that
needs to be satisfied in all the above scenarios. The electricity price is strongly reliant on
the daily investment cost and the hydrogen required to meet demand. The average
electricity prices were 17.4p, 019.1p, 20p /kWh for triple-sized electrolyser and 1.5 times
storage size, triple-sized electrolyser and double-sized storage size and Triple-sized
electrolyser and triple-sized storage respectively. Figure 8.16 below shows the electricity
price for all three scenarios throughout the year.
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Figure 8.16: Daily settlement prices for different storage size (triple-sized alkaline electrolyser under
2015-Cost scenario)
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Table 8.6 presents the techno- economic assessments of the system under different size

of electrolyser and different storage sizes.

(%)

HRS
) HRS1 | HRS2 | HRS3 | HRS4 | HRS5 | HRS6
Scenario
Hydrogen demand
. . 82 65 87 87 77 83
Triple-sized satisfaction (%)
Average hydrogen
default & Ey/k N1 1150 | 12.80 | 11.50 | 11.80 | 11.50 | 11.80
electrolyser price (£/kg)
e LG s Total hydrogen
default demand 80
. satisfaction (%)
storage size
Total surplus
(LAE Sc. 3)
energy consumed 73
(%)
Hydrogen demand
) ) 85 76 90 90 81 86
Triple-sized satisfaction (%)
Average hydrogen
default & g'/k %M1 1300 | 12.90 | 13.10 | 13.40 | 12.80 | 13.40
electrolyser price (£/k)
and double Total hydrogen
demand 84
sized default o
) satisfaction (%)
storage size Total surplus
(LAE Sc. 4) energy consumed 76
(%)
Hydrogen demand
) ) 87 79 92 91 84 88
Triple-sized satisfaction (%)
Average hydrogen
default e TYENOGEN | 1610 | 1530 | 1650 | 17.00 | 15.40 | 16.80
electrolyser P (E=1e)
and Triple- Total hydrogen
. demand 87
sized default ) )
satisfaction (%)
storage
Total surplus
(LAE Sc. 5) energy consumed 78

Table 8.6: Techno- economic assessments of the system under different size of electrolyser and different

storage sizes (2015-Cost scenario)
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8.2.3 Adding a large alkaline central electrolyser to the system

As defined by the US Department of Energy, a central electrolyser can be classified as
being either one of central production or semi-central production. The criterion for this
classification is merely one of daily hydrogen production: i.e. the hydrogen production of
a central electrolyser is defined by the US DOE as being 750,000 kg/day or greater, and
will be required in the long term to satisfy a large hydrogen demand (U.S. Department of
Energy, 2015). In contrast with distributed production, centralised production needs a
greater capital investment cost as well as substantial hydrogen delivery and a transport
infrastructure. Semi-central production fluctuates between 5,000-50,000 kg/day and,
being located in close proximity (25-100 miles) to the point(s) of consumption, may play
a substantial role in the long-term usage of hydrogen as an energy carrier. These facilities
can supply not only a level of economy of scale, but also reduce the costs of hydrogen
transport and infrastructure (Xiao et al., 2011). The inclusion of a central or semi-central

electrolyser will be considered for the Darnah case study in the next section.

8.2.3.1 Methodology of the system

A central electrolyser will be added to the Darnah system to absorb the remaining surplus
energy and to supply hydrogen to the garage forecourts shortages appeared in previously
tested scenarios. There are two possible modes of operation for the central electrolyser,
both of which will be investigated. The first is one where the central electrolyser runs at
the same time as the six HRSs and is regulated by the same electricity price mechanism.
In this instance, the entire system does not require any power incentives as all garage
forecourts and the central electrolyser will ‘play the same game’ in terms of electricity
purchasing. However, if the central electrolyser’s settlement price is set after the HRSs,
some incentive has to be offered to encourage the central unit to accept such an offer. In
this research, the electricity price for the central electrolyser is set at 20% less than the
the HRS settlement price (even if not all the HRSs can accept the settlement price on that
day). In addition, a percentage of the investment cost could be added to the capital cost
to guarantee a favourable economic situation. The central electrolyser is assumed to be
financed via a loan set at a rate of 5% interest over seven years in this scenario. Running
the central electrolyser after the garage forecourts have been refuelled, however, could

lead to economic difficulties, especially on days of little surplus energy. These operational
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modes for the central electrolyser are connected with the assessment of the garage
forecourts; each mode will be investigated to determine the possibility of a given scenario
achieving its main objectives, which are grid balancing and meeting hydrogen demand at

an acceptable price.

8.2.3.2 Sizing the system

In terms of cost and the size, the same assumptions in as in the previous chapter will be
made. However, the central electrolyser components have to be sized. These components

include the electrolyser, storage and compression systems.

a) Central electrolyser sizing

The central electrolyser can be sized based on the production side (surplus energy) or
consumption side (garage forecourts’ maximum production). For the production side, the
size should be sufficient to consume as much of the remaining surplus energy as possible
after the HRSs have been accounted for. However, in this case, the size will be quite large
and there is no guarantee that all the absorbed energy will be sold to the HRSs during
shortages. In terms of the production side, the size will be based on the total daily
production of the six HRSs. If the target size is dictated by surplus energy side, it is likely
to be different to one dictated by the demand side, an assessment of the main objectives

must be computed in each case.

Figure 8.17 shows the sizes chosen for the central electrolyser. They are based on the
amount of energy consumed, namely 59,971 kWh (LAE Sc. 6) (38% of the remaining
energy), 105,000 kWh (LAE Sc. 7) (60% of remaining energy), 165,000 kWh (LAE Sc.
8) (80% of remaining energy), and 265,000 kWh (LAE Sc. 9) (95% of remaining
energy).These estimated values for energy consumed for a given size might change

depending on certain system constraints, such as storage size and demand.

The average price of hydrogen will be determined for all sizes, where hydrogen demand
iIs met and grid balancing is achieved. If the target size is based on the demand side, the
central electrolyser size is equal to the sum of the capacities of the forecourt electrolysers
(LAE Sc. 10) (= 2200 kg/day).
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Figure 8.17: Remaining surplus energy after supplying garage forecourts, as compared with the different

sizes of electrolysers

b) Storage size

The storage size will critically rely on the production. Each size of the electrolyser
requires a specific storage volume. However, we will assume five days of production as
being the required storage for each size of electrolyser due to the shortages over several
(usually four or five) consecutive days that frequently occur. This chosen size of storage
is due to the shortage of power that occur many times during the year (typically no more
than five consecutive days) for the consumption side, so it will be sized on the basis of
five days of production (10,000 kg/day).

c) Compression system

Nearly one day of production will be assumed for each size because of the location of the
compressor between the electrolyser and storage tank.

8.2.3.3 Alkaline central electrolyser sizing based on the production side

Two modes of central electrolyser operation will be tested in this section: the central unit
will run in the same way as the garage forecourts, so every day it will release an economic
electricity bid price and follow the electricity pricing mechanism, as if it were just another

HRS and the electricity settlement price of the HRSs and the central electrolyser are
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different. In other words, the utility company has to check the bid price of HRSs first and
choose the settlement price of all HRSs. After that, another settlement price will be given
to the central electrolyser.

a) Central alkaline electrolyser operates under a different electricity

settlement price to the HRSs

The electricity settlement price of the HRSs and the central electrolyser are different. In
other words, the utility company has to check the bid price of HRSs first and choose the

settlement price of all HRSs.

After that, another settlement price will be given to the central electrolyser. If the central
electrolyser’s settlement price is set after the HRSs, some incentive has to be offered to
encourage the central unit to accept such an offer.

In this research, the electricity price for the central electrolyser is set at 20% less than the

HRS settlement price (even if not all the HRSs can accept the settlement price on that
day). 20% is considered a reasonable profit margin for many economic projects
(Investopedia, 2015).

Four different sizes for system components will be tested in the model, and it will be

determined at each size whether the main aims can be met.

These sizes are LAE Sc. 6, (this central electrolyser will only take 38% of the remaining
energy), LAE Sc. 7 (60% of the remaining surplus energy), LAE Sc. 8 (80% of the
remaining surplus energy), and LAE Sc. 9 (95% of the remaining surplus energy).

The price of electricity sold to the HRSs will be the same for all central electrolyser sizing
scenarios where the central electrolyser is running after the garage forecourts.

Thus it will not affect the electricity price mechanism decided between the electricity
producer and the garage forecourts. Figure 8.18 shows one day of the process that would
be applied every day throughout the year.
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Figure 8.18: Electricity pricing mechanism for one day when alkaline central electrolyser operates under a
different electricity settlement price to the HRSs (2015-Cost scenario)
As we can see, the electricity producer started with an expensive price, which was
released by HRS 6, after which the amount of the energy remaining will be checked based
on the 90% condition discussed above for the surplus energy (so in other words the
remaining energy should be less than 10% before sales are stopped). However, because
on this particular day the amount of energy was sufficient to supply all the HRSs, the
cheapest price that of HRS 5, was accepted as the price for that day; the remaining surplus
energy after all six HRSs absorbed their own requirements is then absorbed via the central
electrolyser at a 20% reduction over the HRSs settlement price. The electricity
mechanism for the garage forecourts and for the central unit on selected days of the year

is shown in Figure 8.19.
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Figure 8.19: Electricity pricing mechanism for certain selected days when alkaline central electrolyser

operates under a different electricity settlement price to the HRSs (2015-Cost scenario)

Three days have been chosen as an illustrative example to explain the electricity price

mechanism, which are days 51, 52 and 53.

On day 51, the surplus energy is not sufficient to supply all HRSs, so only four HRSs
were refuelled. In addition, HRS 5 was not fully supplied, and so the price at the garage
forecourts was set as that of HRS 5 bid price. However, the selling price to the central
electrolyser is dependent on the cheapest price, which on this day was set by HRS 2.
Hence, the central unit price on day 51 was set as 20% less than that of HRS 2.

On this day, even though the price to the central unit has been determined, central
hydrogen production was zero because there was not enough surplus to even supply the
forecourts. For the second day (52), only two HRSs were refuelled: HRS 3 and HRS 6,

and the selling price to the garage forecourts was set at the bid price of HRS 6.

This leaves less than 90% of the surplus energy having been sold (the condition to stop
selling to the garage forecourts), so the remainder will be sold to the central electrolyser
at a 20% lower price than HRS 2 bid price (the cheapest bid price set at the HRSs that
day). The central electrolyser can absorb any amount of energy, at least within the bounds

that the size of the electrolyser and storage tank allow.
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On the last day (53), the surplus energy was sufficient to meet all the HRSs’ requirements,

and so the remainder will be consumed by the central electrolyser.

The cheapest bid price was released by HRS 2, which determines the selling price to all
HRSs, whilst at the same time the central price was set at 20% that of the HRS 2 bid price.
The main job of the central electrolyser is to absorb the remainder of the surplus energy
and deliver hydrogen to the HRSs at the forecourt during shortages. However, the

economic target for the central unit still has to be achieved.

The central electrolyser system was financed by a seven year loan at a 5% rate of interest.
The hydrogen price should cover the variable costs and the investments costs. Simply put,

the average hydrogen price from the central electrolyser should follow Equation (8.4):

Average hydrogen price (£/kg)

_ ( Total cost (£ /year) )
~ \Hydrogen production (kg/year)

(8.4)

For the garage forecourts, the cost calculations are the same as in other scenarios but with
the addition of the cost of hydrogen imported from the central unit. The imported

hydrogen cost can be calculated as per Equation (8.5):

Imported hydrogen cost
(8.5)

= Central average hydrogen price

X Total imported hydrogen

The production and the variation in stored hydrogen in all central electrolyser size

scenarios are presented in Figure 8.20 and Figure 8.21, respectively.
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Figure 8.20: Hydrogen production of central electrolyser under different electrolyser sizes when
alkaline central electrolyser operates under a different electricity settlement price to the HRSs (2015-Cost

scenario)
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Figure 8.21: Daily variation of Hydrogen level in storage tank throughout the year using different sizes of
electrolyser when alkaline central electrolyser operates under a different electricity settlement price to the
HRSs (2015-Cost scenario)

Table 8.7 below summarises the economics and the assessment of each option in terms
of achieving the main objectives of the research namely grid balancing support, hydrogen
demand satisfaction and hydrogen price target.
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HRSs

Central electrolyser size

T S4H

¢ SdH

€ S4H

¥ SdH

S SHH

9 SdH

9'9S 3V

Satisfaction of hydrogen demand (%)

67

77

Average hydrogen price (E/kg)

12.40

11.30

11.50

12.40

12.60

Total energy consumed after adding central

electrolyser (%)

68

Satisfaction of total hydrogen for HRSs (%)

75

Average central electrolyser hydrogen price
(E/kg)

21.00

LIS 3V

Satisfaction of hydrogen demand (%)

77

77

84

81

82

81

Average hydrogen price (£/kg)

14.00

15.00

13.00

13.30

14.30

14.60

Total energy consumed after adding central

electrolyser (%)

73

Satisfaction of total hydrogen for HRSs (%)

81

Average central electrolyser hydrogen price
(E/kg)

26.00

89S IV

Satisfaction of hydrogen demand (%)

84

82

87

86

87

86

Average hydrogen price (£/kg)

17.40

19.00

15.50

16.00

17.70

17.80

Total energy consumed after adding central

electrolyser (%)

78

Satisfaction of total hydrogen for HRSs (%)

86

Average central electrolyser hydrogen price
(E/kQ)

34.00

6 '0S IV

Satisfaction of hydrogen demand (%)

88

87

89

89

90

89

Average hydrogen price (£/kg)

22.30

24.60

19.30

20.00

22.70

22.40

Total energy consumed after adding central

electrolyser (%)

80

Satisfaction of total hydrogen for HRSs (%)

89

Average central electrolyser hydrogen price
(E/kg)

46.40

Table 8.7 Assessments of the system under different central electrolyser sizes when alkaline central

electrolyser operates under a different electricity settlement price to the HRSs (2015-Cost scenario).

In this section, different central electrolyser component sizes, as based on the amount of

energy consumed, have been investigated. It can be concluded that a large-sized
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electrolyser can provide two main benefits, namely those of grid balancing, by absorbing
the majority of the remaining surplus energy, and meeting any hydrogen shortages at the
garage forecourts. However, because of the high price of the hydrogen thus imported, the
average price at the point of sale will be increased considerably, which will reduce the

opportunity to compete with conventional fuels.

b) The central alkaline electrolyser operates under the same electricity

settlement price as the HRSs

The central electrolyser participates in the electricity pricing mechanism as if it were just
another HRS. Therefore, only one settlement price will be set for all the HRSs and the
central electrolyser and the central electrolyser will buy electricity at the same settlement
price as HRSs. Figure 8.22 shows one day’s worth of operation for a capacity of 1098
kg/day, under the pricing mechanism that governs the relationship between the production
and consumption sides over the year.

Flectricity bid price

Chackthe eeusining asargy
5% o the e sepeney 1 VE 9 evend ghest e £ LM Hrdrogen
W0 e sk Enengy required
T l sukwh  HES]
Setllement price lor HRSs and —
central (97 /Wh Electricity bid price
Hydrogen
Energy reguired -
Surph
i lectrcity needed for Hitss and winkwh HRS?
168272.07 kWh
central electrolyser
3 Flectricity bid price
£
Energy required
2500 kwh HES 3
g Blectricity bid price
= £0.0497] kh
Enesgy reguired
15400 kwh__ HRS4
4 Eleclsicity bad price
.l
Energy required
40600 kiwh HES 5
3 Eectricity bid price
= E0.0506/ KWh
Energy reguired
w300kwh  HRSS
Ehechricity needed 53971 kwh
1 lecrcity b price Edrogen

> FOL0545/kWh

Central electrolyser

Figure 8.22: One day of electricity pricing mechanism when the central electrolyser runs under the same

settlement electricity price as the HRSs (2015-Cost scenario)
For day 44 of the year, as in the previous scenario the electricity producer will start trading

at an expensive price as released by the central electrolyser until the power side condition
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is achieved, which here is at HRS 4; then, HRS 4’s price becomes the default price of the
system including the central electrolyser. On this day, there were two HRSs that were
running out of hydrogen and that could be refuelled by the central electrolyser. The selling
price of the electricity price mechanism throughout the year is shown in Figure 8.23 for
a system with a LAE Sc. 11:
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Figure 8.23: Electricity settlement prices to the HRSs and to the central electrolyser when the central

alkaline electrolyser runs under the same settlement electricity price as the HRSs (LAE Sc. 11)

The daily hydrogen production and the variation of stored hydrogen for all HRSs

including the central electrolyser are presented in Figure 8.24 and Figure 8.25:

200 ‘ I ‘ HRS 1 400 ‘ ‘ ‘ HRS 2
100 200
% 100 200 300 400 % 100 200 300 400
S 500 | ‘ e 400 | | .Y
= 200
S 0
=% % 100 200 300 400 400o 100 200 300 400
'S 1000 ‘ ‘ HRS 5 HRS 6
£ 500 » 200
% 100 200 300 400 % 100 200 300 400
2000 ‘ Central electrolyser
1000 LM\ Y o | Uil A 1 Iy n
T TN MM A
0 50 100 150 200 250 300 350 400
Days

Figure 8.24: HRSs and alkaline central electrolyser hydrogen production throughout the year when the
central electrolyser runs under the same settlement electricity price as the HRSs (LAE Sc. 11 ) (2015-Cost

scenario)
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Figure 8.25: Daily variation of Hydrogen level in storage tank throughout the year when the central

electrolyser runs under the same settlement electricity price as the HRSs (LAE Sc. 11) (2015-Cost scenario)

The storage profile of the garage forecourts does not include the imported hydrogen since

the storage in this case works just as a means to transfer the hydrogen from the central

storage to the consumption area. Figure 8.26 shows the amount of imported hydrogen per
garage forecourt during the year.

200 400 ‘
HRS 1 HRS 2
100 |II l. |I I N III' 200! lnn 1N . | IJ
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Figure 8.26: Hydrogen imported by HRSs throughout the year when the central electrolyser runs under the
same settlement electricity price as the HRSs (LAE Sc. 11) (2015-Cost scenario)
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Table 8.8 below gives a summary using different central electrolyser sizing.

Central electrolyser size

HRSs

T SHH

¢ SHH

€ SdH

¥ S4H

S SHH

9 SHH

TT 39S 3V

Satisfaction of hydrogen demand (%)

66

82

Average hydrogen price (E/kg)

12.00

12.50

11.60

11.80

12.60

11.80

Total energy consumed after adding central

electrolyser (%)

68

Satisfaction of total hydrogen for HRSs (%)

75

Average central electrolyser hydrogen price
(E/kg)

15.70

¢T 3S 3V

Satisfaction of hydrogen demand (%)

71

76

81

78

85

81

Average hydrogen price (E/kg)

13.60

15.00

13.40

13.70

14.70

13.80

Total energy consumed after adding central

electrolyser (%)

73

Satisfaction of total hydrogen for HRSs (%)

81

Average central electrolyser hydrogen price
(E/kg)

20.20

€T 9SS AV

Satisfaction of hydrogen demand (%)

81

83

85

84

88

85

Average hydrogen price (E/kg)

17.00

19.00

16.00

17.00

18.00

16.70

Total energy consumed after adding central

electrolyser (%)

77

Satisfaction of total hydrogen for HRSs (%)

86

Average central electrolyser hydrogen price
(E/kg)

26.00

v1 9S AV’

Satisfaction of hydrogen demand (%)

86

87

88

88

91

88

Average hydrogen price (E/kg)

22.70

25.00

20.00

21.50

24.00

21.30

Total energy consumed after adding central

electrolyser (%)

80

Satisfaction of total hydrogen for HRSs (%)

89

Average central electrolyser hydrogen price
(E/kg)

37.00

Table 8.8: Assessments of the system under different sizes of central electrolyser when the central electrolyser

runs under the same settlement electricity price as the HRSs (2015-Cost scenario).
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The average price of the hydrogen from central electrolyser is less than in the previous
scenario, but the average hydrogen price at the garage forecourts is nearly the same. Since
the capital costs of the garage forecourt components are the same in both central
electrolyser scenarios (central electrolyser operation mode) and the variable cost is
relatively low, the cost difference between these scenarios should depend on the amount,
and the price, of the imported hydrogen. The imported hydrogen as a percentage of the
total hydrogen delivered per garage forecourt could determine the stability of the
hydrogen price in both scenarios. Table 8.9 shows the share of the imported hydrogen as
a proportion of total hydrogen delivered to the consumption area in both scenarios under

different sizing.

HRSs T T T T T I

: 2| B B 3 3 3
Scenarios - N w ~ o o
- - o ol c LAE Sc. 6 19 | 23] 15| 13 | 25 | 21
2 . s 5 2|8
=2 @9 £ | ©
SE2=2I¢g 2% LAESc.7 | 25 |33 | 21 | 21 | 30 | 28
8 2888 t|fg
© 2223 88| LaEscs |33 2] 2533
s & 5 = 2 2|g C. 1
= 85 8% e 8

o £ = &
S 5 & ¢ & E LAE Sc. 9 34 | 41 | 26 | 28 | 36 | 34
- c LAESc.11 | 22 | 33| 23 | 18 | 40 | 24
ccgd 4
°c s g5 € |5 LAESc.12 | 29 | 44 | 30 | 29 | 43 | 32
8 O o ¥ 3 2~
S & 5 @ 3 5
- ¢ = £ 9 2 LAESc.13 |39 | 51 | 35 | 37 | 48 | 38
®© [5) -
s T 28 * |g
S 2 2 8 g
8 S E LAESc.14 | 43 | 52 | 35 | 39 | 49 | 39

Table 8.9: Imported Hydrogen by each HRS under different alkaline central electrolyser sizes and for two

different modes of operation
The amount of imported hydrogen was greater in the second scenario, which will lead to
an increase in the overall price. Therefore, the lesser amount of imported hydrogen at an
expensive price in the first scenario is equivalent to a greater amount of imported
hydrogen at a relatively cheap price. The operational mode of the central electrolyser does
not have a strong influence on the system targets since all the consumed energy,

satisfaction of hydrogen demand and the average price of the hydrogen are similar.
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8.2.3.4 Alkaline central electrolyser sizing based on the consumption side

System sizing will rely on the maximum hydrogen production for all garage forecourts.
In addition, the storage is equal to five days of production. The compression system is
nearly equal to one day’s worth of production. Based on these assumptions, the capacity
of the central electrolyser is 121,240 kWh or 2220 kg/day (LAE Sc. 10) ( at a conversion
efficiency of 54.6 kWh/kg), with a hydrogen storage tank size of 11,000 kg and a
compression system equal to the production size (2220 kg/day). The two-operation modes

of the central electrolyser will be investigated as in the previous scenarios.

a) Central alkaline electrolyser operates under a different electricity
settlement price to the HRSs (LAE Sc. 10)

All system regulations and steps are the same as in the scenario described in Section
1.2.3.3. The electricity sale price to the garage forecourts and to the central electrolyser
is given in Figure 8.27.

0.06 —Central electrolyser settlement price
—HRSs settlement price
I fn |ge A [INVA N N—VA-
0.05 M n\ 'VK\ \ WJ)WW\WW' N
0.04 1 -

L A L N B

0.02

0.01 I

Electricity settlement price (E/kwh)

0 50 100 150 200 250 300 350 400
Days

Figure 8.27: Electricity settlement price for the garage forecourts and central electrolyser when alkaline
central electrolyser operates under a different electricity settlement price to the HRSs (LAE Sc. 10) (2015-

Cost scenario).

The central electrolyser price is cheaper than the garage forecourt price because of the

incentive discount from electricity producer, which is a 20% reduction over the cheapest
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release price across all HRSs. Hydrogen production and the variation of stored hydrogen
during the year for the central electrolyser is presented in Figure 8.28 and Figure 8.29.
Table 8.10 shows an economic summary of the system.
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Figure 8.28: Alkaline central electrolyser hydrogen production throughout the year when central electrolyser
operates under a different electricity settlement price to the HRSs (LAE Sc. 10) (2015-Cost scenario).
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Figure 8.29: Daily variation of Hydrogen level in storage tank throughout the year when alkaline central
electrolyser operates under a different electricity settlement price to the HRSs (LAE Sc. 10) (2015-Cost

scenario).
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Details Satisfaction of Average Total surplus energy | Satisfaction of Average
hydrogen hydrogen consumed after total hydrogen price of
demand (%) price (E/kg) adding central demand (%) hydrogen
HRSs electrolyser (%) from
HRS 1 80 15.00
HRS 2 80 16.40
HRS 3 85 14.00 75 83 98.40
HRS 4 83 14.10
HRS 5 84 15.30
HRS 6 83 15.50

Table 8.10: Economic assessment of the system when alkaline central electrolyser operates under a different
electricity settlement price to the HRSs (LAE Sc. 10) (2015-Cost scenario).

b) The central alkaline electrolyser operates under the same electricity
settlement price as the HRSs (LAE Sc. 15)

This scenario is similar to the scenario presented in Section 1.2.3.3, but with different
sized components (LAE Sc. 15). The central electrolyser in this section is treated the same
as if it were one of the garage forecourts, and therefore follows the same steps in the
pricing mechanism. The daily electricity price for the central electrolyser throughout the

year is shown given in Figure 8.30:
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Figure 8.30: Daily electricity settlement price for HRSs and central electrolyser throughout the year when
central electrolyser operates under the same electricity settlement price as the HRSs (LAE Sc. 15) (2015-

Cost scenario)
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The hydrogen production and the variation for hydrogen at the garage forecourts and

central electrolyser are shown in Figure 8.31 and Figure 8.32:
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Figure 8.31: HRSs and alkaline central electrolyser hydrogen production throughout the year when the
central electrolyser operates under the same settlement electricity price as the HRSs (LAE Sc. 15) (2015-

Cost scenario)
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Figure 8.32: Daily variation of Hydrogen level in storage tank throughout the year when the central
electrolyser operates under the same settlement electricity price as the HRSs (LAE Sc. 15) (2015-Cost
scenario)

Table 8.11 shows a summary of the system and the assessment of having achieved the
main goals including grid balancing, hydrogen demand being met and an acceptable

selling price for the hydrogen.
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Details Satisfaction Average Total surplus Satisfaction | Average price
of hydrogen hydrogen energy of total of hydrogen
demand (%) price (E/kg) consumed after hydrogen from central

HRSs adding central demand electrolyser
electrolyser (%) (%) (E/kg)
HRS 1 77 15.00
HRS 2 79 16.00
HRS 4 81 15.00
HRS 5 86 16.00
HRS 6 82 14.40

Table 8.11: Economic assessment of the system when the central electrolyser operates under the same
settlement electricity price as the HRSs (LAE Sc. 15) (2015-Cost scenario)

As in other scenarios, the average price of hydrogen production via the central

electrolyser is lower than when the central electrolyser operates under a different

electricity settlement price to the HRSs. However, the average prices of hydrogen

production at the garage forecourts are nearly same. As can be seen in Figure 8.33, the

imported hydrogen per garage forecourt in the first scenario when the central electrolyser

and HRSs have a different settlement price (an expensive hydrogen price) is lower than

the imported hydrogen when the central electrolyser participates in the electricity pricing

mechanism as if it were just another HRS. Despite a higher wholesale price (where the

central electrolyser sell to the HRSs), the retail price (where the HRSs sell to FCEV

drivers)

0.

63}

0.4

0.3

0.2

Imported hydrogen (%)

is unchanged.

Bl LAE Sc. 10

B LAE Sc. 15

HRS 1

HRS 2 HRS 3

HRS 4

HRS 5

HRS 6

Figure 8.33: Percentage of imported hydrogen in each scenario (LAE Sc. 10 and LAE Sc. 15) asa

proportion of the total delivered hydrogen
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The sizing based on the electrolyser consumption side does not make a clear difference
in contrast with the sizing based on the hydrogen production side. Generally, adding a
central electrolyser could be one of the ways by which to consume more surplus energy
and tackle any shortage in hydrogen supply, albeit with a relatively high hydrogen price.
Further reduction in the investment cost, which is anticipated in the coming years, could
reduce the production cost of the hydrogen further. As a result, 2030 price estimates for
the system components, as extracted from various references, will be applied. The system
cost (electrolyser, storage, compression system, dispenser and fixed costs) will be
reduced. In addition, the electrolyser efficiency will improve, as based on the assumptions
in Table 7.1.

8.3 2030-Cost scenario with alkaline electrolysers

The alkaline electrolyser will be used in this scenario, and all scenarios will be repeated
and compared with the 2015-cost scenarios.  Figure 8.34 shows all 2030-cost scenarios.

Only garage forecourts
without external sources

Increase the system
components

Adding large central
electrolyser to the system

A 4

Central electrolyser
running after the garage
forecourts have been
refuelled

central electrolyser runs
at the same time as the six
stations

Figure 8.34: All scenarios options under 2030-Cost scenarios

The summary of all alkaline electrolyser scenarios when 2030-Cost scenario is applied

are summarised in Table 8.12 below.
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cenario No. © ~ ) ) o “ N ™ < 0 © ~ © =) o
W w W w w w w w W w W w w w W
SO I T T T S G [ S - RS (R S (R B B
] - & - & - & -4 & -4 & -4 & -4 & - & - & - & - & -4 & - & - &
Details
HRS
q 162 324 486 486 486 162 162 162 162 162 162 162 162 162 162
HRS
246 492 738 738 738 246 246 246 246 246 246 246 246 246 246
g 2
5
o HRS
§ . 490 980 1470 1470 1470 490 490 490 490 490 490 490 490 490 490
&8 ¢
BB HRS
= 308 616 924 924 924 308 308 308 308 308 308 308 308 308 308
é 4
b HRS
5 812 1624 2436 2436 2436 812 812 812 812 812 812 812 812 812 812
HRS
3 406 812 1218 1218 1218 406 406 406 406 406 406 406 406 406 406
HRS
1 560 560 840 1120 1680 560 560 560 560 560 560 560 560 560 560
HRS
5 630 630 945 1260 1890 630 630 630 630 630 630 630 630 630 630
@ HRS
g 3 1890 1890 2835 3780 5670 1890 1890 1890 1890 1890 1890 1890 1890 1890 1890
s £
@ :‘5 HRS
8 D 4 1190 1190 1785 2380 3570 1190 1190 1190 1190 1190 1190 1190 1190 1190 1190
I
HRS
c 2464 2464 3696 4928 7392 2464 2464 2464 2464 2464 2464 2464 2464 2464 2464
HRS
6 1540 1540 2310 3080 4620 1540 1540 1540 1540 1540 1540 1540 1540 1540 1540
HRS
q 162 324 486 486 486 162 162 162 162 162 162 162 162 162 162
HRS
246 492 738 738 738 246 246 246 246 246 246 246 246 246 246
kS 2
2 HRS
2 = 490 980 1470 1470 1470 490 490 490 490 490 490 490 490 490 490
15—
E 2 HRS
8 = 308 616 924 924 924 308 308 308 308 308 308 308 308 308 308
2 4
I HRS
5 812 1624 2436 2436 2436 812 812 812 812 812 812 812 812 812 812
HRS
3 406 812 1218 1218 1218 406 406 406 406 406 406 406 406 406 406
Central
Electrolyser
size x x X X X 1098 1923 3021 4853 2220 1098 1923 3021 4853 2220
(Kg/day)
Central
Electrolyser.
x x x x x 5000 9000 15000 24000 11000 5000 9000 15000 24000 11000
Storage
size (kg)
Central
Electrolyser.
x x X X b3 1098 1923 3021 4853 2220 1098 1923 3021 4853 2220
Compressor
Size (kg/day)
Electrolyser
efficiency 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50
(kWh/kg)
Year of the
2030 2030 2030 2030 2030 2030 2030 2030 2030 2030 2030 2030 2030 2030 2030
components cost

Table 8.12: The summary of the alkaline electrolyser scenarios under 2030-Cost scenarios
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Where: LAE Sc. 16: Only Onsite alkaline electrolyser without central electrolyser

(default sizes) (alkaline electrolyser under 2030-Cost scenario).

LAE Sc. 17: Double-sized (twice the size of the default) electrolyser and same as default

storage size (alkaline electrolyser under 2030-Cost scenario).

LAE Sc. 18: Triple-sized (three times the size of the default) electrolyser and 1.5 times

default storage size (alkaline electrolyser under 2030-Cost scenario).

LAE Sc. 19: Triple-sized (three times the size of the default) electrolyser and double

default storage size (alkaline electrolyser under 2030-Cost scenario).

LAE Sc. 20: Triple-sized (three times the size of the default) electrolyser and triple
default storage size (alkaline electrolyser under 2030-Cost scenario).

LAE Sc. 21: Combination of HRSs (default electrolyser and storage sizes) and 1,098
kg/day alkaline central electrolyser with 5,000 kg storage size (sized based on hydrogen
production side) when the central alkaline electrolyser operates under a different

electricity settlement price to the HRSs (2030-Cost scenario).

LAE Sc. 22: Combination of HRSs (default electrolyser and storage sizes) and 1,923
kg/day alkaline central electrolyser with 24,000 kg storage size (sized based on hydrogen
production side) when the central alkaline electrolyser operates under a different

electricity settlement price to the HRSs (2030-Cost scenario).

LAE Sc. 23: Combination of HRSs (default electrolyser and storage sizes) and 3,021
kg/day alkaline central electrolyser with 15,000 kg storage size (sized based on hydrogen
production side) when the central alkaline electrolyser operates under a different
electricity settlement price to the HRSs (2030-Cost scenario).

LAE Sc. 24: Combination of HRSs (default electrolyser and storage sizes) and 4,853
kg/day alkaline central electrolyser with 15,000 kg storage size (sized based on hydrogen
production side) when the central alkaline electrolyser operates under a different

electricity settlement price to the HRSs (2030-Cost scenario).

LAE Sc. 25: Combination of HRSs (default electrolyser and storage sizes) and 2,220
kg/day alkaline central electrolyser with 11,000 kg storage size (sized based hydrogen on
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consumption side) when the central alkaline electrolyser operates under a different

electricity settlement price to the HRSs (2030-Cost scenario).

LAE Sc. 26: Combination of HRSs (default electrolyser and storage sizes) and 1,098
kg/day alkaline central electrolyser with 5,000 kg storage size (sized based on hydrogen
production side) when the central alkaline electrolyser operates under the same electricity
settlement price as the HRSs (2030-Cost scenario).

LAE Sc. 27: Combination of HRSs (default electrolyser and storage sizes) and 1,923
kg/day alkaline central electrolyser with 24,000 kg storage size (sized based on hydrogen
production side) when the central alkaline electrolyser operates under the same electricity

settlement price as the HRSs (2030-Cost scenario).

LAE Sc. 28: Combination of HRSs (default electrolyser and storage sizes) and 3,021
kg/day alkaline central electrolyser with 15,000 kg storage size (sized based on hydrogen
production side) when the central alkaline electrolyser operates under the same electricity

settlement price as the HRSs (2030-Cost scenario).

LAE Sc. 29: Combination of HRSs (default electrolyser and storage sizes) and 4,853
kg/day alkaline central electrolyser with 15,000 kg storage size (sized based on hydrogen
production side) when the central alkaline electrolyser operates under the same electricity
settlement price as the HRSs (2030-Cost scenario).

LAE Sc. 30: Combination of HRSs (default electrolyser and storage sizes) and 2,220
kg/day alkaline central electrolyser with 11,000 kg storage size (sized based on hydrogen
consumption side) when the central alkaline electrolyser operates under the same

electricity settlement price as the HRSs (2030-Cost scenario).

8.3.1 Only garage forecourts without central electrolyser (LAE Sc. 16)

The system sizing is identical to that in the 2015-Cost scenario. The cost and system
efficiency will be changed as reported in Table 7.1. The surplus energy will be absorbed
via garage forecourts, whilst the main targets will have to be tested. The efficiency will
be improved from 54.6 kWh/kg to 50 kWh/kg, which will lead to a reduction in energy

requirements, increase the amount of hydrogen produced, and then reduce the hydrogen
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production cost. After applying the electricity pricing mechanism as per the equivalent

2015-Cost scenario, the 2030 electricity prices can be seen as per Figure 8.35.

= \ \ I

2 007 pmen - |

< 006 2P0 ~ — s.:%-o\ Y 5

g o % ‘e 11“"

'S 005 L . °*.

S— o . o

S 004 *

£ ’ ‘

% 0.03 o .

S 00

20

£

L 001 o

=

&

m 0 50 100 150 200 250 300 350 400
Days

Figure 8.35: Daily electricity price throughout the year (LAE Sc. 16) (2030-Cost scenario)

The average electricity price in this case is higher than the same case in 2015, as can be

seen in Figure 8.36:
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Figure 8.36: Comparison between electricity prices for this case in both the 2015- and 2030-Cost scenarios
(LAE Sc. 1 and LAE Sc. 16)
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The electricity price is affected by two main factors: the amount of hydrogen produced
and the investment cost. The investment cost is constant during the year. In terms of the
hydrogen production, because HRSs can set a higher bid price while still meeting
economic targets, due to higher efficiency and capital cost reduction. This process is
based on Equation (8.2). The assessment of this system will include the grid balancing
based on the amount of absorbed energy, the hydrogen demand being met, and the
average price of hydrogen.

The energy consumed represents nearly 53.77% of the total surplus energy available,
which means that 46.23% of the surplus energy will be wasted. In terms of hydrogen
production, the total amount of hydrogen produced by all garage forecourts is 510,678 kg
/year, which is equal to 65% of the total hydrogen demand. This value (65%) is higher
than the identical case in last scenario (LAE Sc. 1), which was only 60%, because of the

efficiency improvements.

Hydrogen production, as contrasted with hydrogen consumption, for each garage
forecourt is illustrated in Figure 8.37 and reported in Table 8.13 whereas the economic

assessment of this scenario is shown in Table 8.14.
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Figure 8.37: Hydrogen production versus hydrogen consumption for each garage forecourt (LAE Sc. 16)
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HRS no. HRS1 | HRS2 HRS 3 HRS 4 HRS5 | HRS6
Hydrogen production (kg/year) 33,779 42,977 114,077 68,313 165,566 | 85,966
hydrogen consumption (kg/year) 53,645 76,519 160,157 98,244 262,535 | 133,005
Hydrogen demand satisfaction (%) 63% 56% 71% 70% 63% 65%

Table 8.13: Comparison between hydrogen production and hydrogen consumption at HRSs throughout the

year ((LAE Sc. 16)

Cost Investment | Water cost | Compressor | Electrolyser | Hydrogen | Average

cost (E/year) (Elyear) electricity electricity production price

HRSs cost (E/year) | cost (E/year) (kglyear) (E/kg)
HRS 1 107,450 1,156 5,830 105,298 33,779 6.50
HRS 2 136,279 1,471 7,123 132,709 42,977 6.50
HRS 3 334,089 3,904 20,045 360,085 114,077 6.30
HRS 4 212,380 2,338 11,889 214,761 68,313 6.50
HRS 5 477,629 5,666 27,995 516,873 165,566 6.20
HRS 6 275,007 2,942 15,042 269,288 85,966 6.50

Table 8.14: Capex, Opex and average hydrogen production cost of only garage forecourt without central

electrolyser (LAE Sc. 16) under 2030-Cost scenarios

The average hydrogen price is dropped from nearly £9.80 /kg in 2015-Cost scenario to

nearly £6.40 /kg in 2030-Cost scenario yet there is an increase of energy price. The

significant drop in hydrogen price is driven by a reduced investment cost, as investment

cost typically is the dominant factor in off-peak operation mode. The hydrogen cost

details are given in Figure 8.38:

Hydrogen cost (£/kg)
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HRS 4

HRS 5

7 Il Investment cost (£/kg) [EWater cost (£/kg) [_|Electricity cost (E/kg) Il Compressor electricity cost (£/kg) ‘
]
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Figure 8.38: Hydrogen cost breakdown per kilogram at each HRS (LAE Sc. 16)
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As shown in Figure 8.38, the investment cost represents nearly 49% of the total cost in
HRS 1 compared with 82% in the 2015-Cost scenario, whereas the feedstock has
increased to 47% in contrast with just 14% in the LAE Sc. 1.

Taking into account price instability and the potential depletion of oil, and the cost
reduction of hydrogen, then hydrogen can be considered a strong candidate to replace
conventional fuels in the coming years (LAE Sc. 16).

To sum up, this scenario does not meet the main aims of the project because 46.23% of
the surplus energy will be lost and only 65% of the total hydrogen demand is met.
However, the average hydrogen price is reduced by nearly 35%. Moving to the second
option to overcome the shortcoming of this scenario, which is to increase system size, the
same steps as in last case will be followed regarding size, but with different system costs

and efficiencies.

8.3.2 Increased size of HRS components

As in the equivalent cases for the 2015-Cost scenario, the electrolyser and compression

system will be doubled in size.

Regarding hydrogen storage, at double the size of other components, the storage facility
will remain identical since the storage profile of hydrogen in tank allows for the

possibility of being able to accommodate the extra hydrogen produced.

However, for triple-sized electrolyser, which will be tested subsequently, three different

sizes of storage tank will be tested, namely those of 1.5, 2 and 3 times the default size.

a) Double-sized default electrolyser test (LAE Sc. 17)

As mentioned earlier, only the electrolysers and the compression system of the garage

forecourts will be doubled in size, whilst the same storage size will be maintained.

Figure 8.39 below shows the electricity price throughout the year after applying the

electricity pricing mechanism as in previous scenarios.
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Figure 8.39: Daily electricity settlement price over a year of Double-sized default electrolyser test (LAE
Sc. 17)

The electricity price in this case is slightly higher than the same case in the LAE Sc. 2.
The improved system efficiency will lead to a reduction in electricity consumption and
increase the energy price because HRSs can set a higher bid price while still meeting
economic targets, due to higher efficiency and capital cost reduction. The difference
between hydrogen production and demand is similar to the same case in 2015, as shown
in Figure 8.40 and as reported in Table 8.15.
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Figure 8.40: Hydrogen production versus hydrogen consumption
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HRS no. HRS1 | HRS2 HRS 3 HRS 4 HRS 5 HRS 6
Hydrogen production (kg/year) 41,459 | 51,945 134,752 79,5656 | 199,148 | 102,718
Hydrogen consumption (kg/year) 53,645 | 76,519 160,157 98,244 | 262,535 | 133,005
Hydrogen demand satisfaction (%) | 77% 68% 84% 81% 76% 7%

Table 8.15: Comparison between hydrogen production and hydrogen consumption at HRSs throughout the

year

This scenario can meet around 78% of the total demand, and 70% of the total surplus

energy can be absorbed. The economic assessment and average hydrogen cost, based on

the new investment cost and the hydrogen production, are given in Table 8.16.

Cost Investment | Water cost | Compressor | Electrolyser | Hydrogen Average
cost (£/year) (Elyear) electricity electricity | production | price (£/kg)

HRSs cost (E/year) | cost (E/year) | (kg/year)

HRS 1 197,176 1,419 4,835 68,462 41,459 6.60
HRS 2 242,207 1,778 6,052 80,072 51,945 6.40
HRS 3 632,365 4,611 15,746 236,103 134,752 6.60
HRS 4 400,143 2,122 9,130 134,812 79,556 6.90
HRS 5 880,049 6,815 23,434 339,900 199,148 6.30
HRS 6 518,574 3,515 12,393 164,097 102,718 6.80

Table 8.16: Capex, Opex and average hydrogen production cost under Double-sized default electrolyser test

(LAE Sc. 17)

The average hydrogen prices drop from nearly £9.50 to 6.50 /kg. This reduction is a result

of lower investment cost, as can be seen in Figure 8.41.
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Figure 8.41: Investment cost as a proportion of the total hydrogen cost for the 2015- and 2030- Cost scenarios
(LAE Sc. 2 and LAE Sc. 17)

212




Chapter 8: Techno-Economic Analysis of Dispatchable Operation of Multiple Forecourt Electrolysers for Demand Side
Response and Hydrogen Fuel Production

In terms of the impact on electricity price, the difference between the two cost scenarios
is not entirely clear. Electricity represents nearly 25% of the total cost in the LAE Sc. 17,
compared to 14% in the LAE Sc. 2. The result is this that scenario is better than the
equivalent case in the 2015-Cost scenario in terms of the amount of hydrogen production
and the average price of hydrogen. The main reasons for this are the efficiency
improvements and the consequent investment cost reduction. Regarding the research
aims, this scenario could not meet the total hydrogen demand, and nearly 30% of the

surplus energy remains to be exploited or curtailed.

b) Triple-sized default electrolyser test

The same steps for the triple-sized electrolyser were applied as in Section 1.2.2. Three
different sizes of storage will be used with the triple-sized electrolyser and compression
system. These sizes are LAE Sc. 18, LAE Sc. and LAE Sc.. Testing different sizes of
storage will optimise the cost in relation to storage size because this is one of the targets
parts of the investment cost. As can be seen in Figure 8.42, the first store fills to its
maximum capacity many times during the year, which would frequently restrict the triple-
sized electrolyser to running at less than maximum capacity. Therefore, the store has to
be increased to accommodate the much higher production rate. Given the increase in

investment cost increasing the storage size by a factor of two could be a better option.
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Figure 8.42: Storage variation throughout the year (1.5 times higher than nominal storage size (LAE Sc. 18)
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Optimising the storage size could be useful for some HRSs, but might well have a
negative impact on others. For instance, moving from a LAE Sc. 18 to a LAE Sc. 19
would help HRSs 1 and 2 to enhance their opportunity to meet hydrogen demand from
83% to 86%, and from 75% to 81%, respectively, with nearly a £1 increase in average
hydrogen cost. However, HRS’s 4 satisfaction of the demand remains identical when the

size is doubled, with a nearly £2 increase in average hydrogen price.

The electricity settlement price is strongly dependent on the HRSs investment cost and
the amount of hydrogen required, since the determination of the most economic electricity

price every day will be dependent on these components.

This price should be cover the daily running cost of the system, which include bank
instalments and operational costs. The average electricity prices of these scenarios are
24p, 24.6p, 23.3p /kWh for the LAE Sc. 18, LAE Sc. 19 and LAE Sc. 20, respectively.
Figure 8.43 shows the daily electricity price throughout the year for these three size

scenarios. A summary of this case is shown in Table 8.17.
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Figure 8.43: Daily settlement prices for different size scenarios (triple-sized electrolyser under 2030-Cost

scenario)
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HRS

T T I I I I
_ T T Py Py Py Py
Scenario S (£ 8 (42 g ‘£
Hydrogen demand
o o 83 75 90 89 80 86
Triple-sized satisfaction (%)
default Average hydrogen
) 8.40 8.00 8.50 8.60 8.10 8.60
electrolyser price (£/kg)
and 1.5times | Tqtal hydrogen
default demand 83

storage size satisfaction (%)

(LAE Sc. 18) Total surplus

energy consumed 76
(%)

_ _ Hydrogen demand 86 81 92 89 86 88
Triple-sized satisfaction (%)

default Average hydrogen
electrolyser orice (/kg) 9.70 9.00 10.00 10.40 9.20 10.00
and double- Total hydrogen
sized default demand 87

storage size satisfaction (%)

(LAE Sc. 19) Total surplus

energy consumed 79
(%)
Hydrogen demand
L o 90 85 93 92 88 92
Triple-sized satisfaction (%)
default Average hydrogen 12.20 11.00 12.80 13.40 11.40 12.80
electrolyser price (E/kg) ' ' ' ' ' '
and Triple- Total hydrogen
sized default demand 89
storage satisfaction (%)
(LAE Sc. 20) Total surplus
energy consumed 81
(%)

Table 8.17: Techno- economic assessments of the system under different size of electrolyser and different

storage sizes
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The next investigation was that of adding a central electrolyser to the system, as in the
2015-Cost scenario’s two operational modes of the central electrolyser: The central unit
will run in under the same electricity settlement price and when he electricity settlement

price of the HRSs and the central electrolyser are different.

8.3.3 Adding a large alkaline central electrolyser to the system

The central electrolyser can be sized based on the production side (surplus energy) or
consumption side (garage forecourts’ hydrogen demand).

For the production side, the size of the central electrolyser should be enough to consume
the surplus energy in participate with the HRSs. However, in this case, the size will need
to be quite large and there is no guarantee that all the absorbed energy will be sold to the
HRS during shortage of hydrogen supply at the forecourt.

In terms of the consumption side, the size will be based on the total daily production of
the six garage forecourts. If the target is to size the central electrolyser based on the
surplus energy side, different sizes have to be tested and an assessment of the main target

computed in every case.

8.3.3.1 Alkaline central electrolyser sizing based on the production side

Two modes of central electrolyser operation will be tested in this section: the central
electrolyser will buy electricity at the same settlement price as HRSs and when the

electricity settlement price of the HRSs and the central electrolyser are different

a) Central alkaline electrolyser operates under a different electricity

settlement price to the HRSs

As mentioned earlier, if the central electrolyser’s settlement price is set after the HRSs,

some incentive has to be offered to encourage the central unit to accept such an offer.

In this research, the electricity price for the central electrolyser is set at 20% less than the
HRS settlement price (even if not all the HRSs can accept the settlement price on that
day). 20% is considered as acceptable profit margin within numerous economic projects
(Ebaid, Hammad and Alghamdi, 2015; Investopedia, 2015).
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Four different sizes of system components will be tested in the model and, at each size,

the main aims will be verified.

These sizes are 1,098 kg/day (LAE Sc. 21) (38% of the surplus energy remaining), 1,923
kg/day (LAE Sc. 22) (60% of the surplus energy remaining), 3,022 kg/day (LAE Sc. 23)
(80% of the surplus energy remaining), and 4,853 kg/day (LAE Sc. 24) (95% of the
surplus energy remaining).

The electricity pricing mechanism for the system is the same as that in the 2015-Cost
scenario. Figure 8.44 shows the electricity settlement price to the garage forecourts and
to the central electrolyser for the f LAE Sc. 21.

The price of electricity is higher than same size in the 2015-Cost scenario due to it
consuming less energy because of its greater efficiency and the resulting reduction in
capital cost.
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Figure 8.44: electricity settlement price to the central electrolyser and garage forecourts when alkaline
central electrolyser operates under a different electricity settlement price to the HRSs (LAE Sc. 21) (2030-
Cost scenario)

The production and the variation in levels of stored hydrogen for all scenarios (LAE Sc.
21, LAE Sc. 22, LAE Sc. 23 and LAE Sc. 24) are presented in Figure 8.45 and Figure
8.46:
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Figure 8.45: Hydrogen production of central electrolyser under different electrolyser sizes when alkaline

central electrolyser operates under a different electricity settlement price to the HRSs (2030-Cost scenario)
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Figure 8.46: Daily variation of Hydrogen level in storage tank throughout the year when alkaline central

electrolyser operates under a different electricity settlement price to the HRSs (2030-Cost scenario)

Table 8.18 summarises the economics in this case. Moving from one size to another could

support grid balancing and satisfy hydrogen demand better. However, the average price

is dramatically increased, which is one of the main issues with this proposal. Sizing the

system based on the production side could solve certain issues like meeting demand and

achieving grid balancing, but with different prices for the hydrogen. Hydrogen prices
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need to be investigated as compared with fossil fuel prices in 2030 to decide whether

these prices are competitive.

HRS

T S4H
¢ SHH
€ S4H
¥ S4H
G SdH
9 SdH

System size
Satisfaction of hydrogen demand (%) 74 72 81 77 8

Average hydrogen price (£/kg) 750 | 790 | 7.10 | 7.10 | 7.60 | 7.60

Total energy consumed after adding

o
\‘
o0}

65
central electrolyser (%)

Satisfaction of total demand (%) 78

TZ 3S AV

Average central electrolyser hydrogen
price (E/kg)

Satisfaction of hydrogen demand (%) 80 81 86 84 85 84
Average hydrogen price (£/kg) 840 | 9.10 | 7.80 | 8.00 | 8,50 | 8.50

12.60

Total energy consumed after adding 69
central electrolyser (%)

Satisfaction of total demand (%) 84

¢C IS AV

Average central electrolyser hydrogen
price (E/kg)

Satisfaction of hydrogen demand (%) 87 87 89 88 89 88
Average hydrogen price (£/kg) 10.0 | 10.90 | 8.80 | 9.10 | 10.00 | 9.80

14.80

Total energy consumed after adding 23
central electrolyser (%)

Satisfaction of total demand (%) 88

€¢ S 3V

Average central electrolyser hydrogen
price (E/kg)

Satisfaction of hydrogen demand (%) 91 90 92 92 92 91
Average hydrogen price (£/kg) 12.30 | 13.60 | 10.60 | 11.20 | 12.20 | 12.00

18.70

Total energy consumed after adding .
central electrolyser (%)

Satisfaction of total demand (%) 91

¥¢ "3S 3V

Average central electrolyser hydrogen
price (E/kg)

Table 8.18: Economic assessment of the system using different sizes (production side sizing) when alkaline

25.30

central electrolyser operates under a different electricity settlement price to the HRSs (2030-Cost scenario)
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b) The central alkaline electrolyser operates under the same electricity
settlement price as the HRSs

In this scenario, the central electrolyser will effectively act in exactly the same manner as
those at the garage forecourts. Every day the central electrolyser, as per the other garage
forecourts, will release its price based on the required hydrogen and the investment cost.
The electricity side will start with an expensive price until it achieves the goal of selling
90% of its surplus energy. The four sizes of the system will be applied in this scenario, as
per the previous case. The electricity settlement price for the electrolysers, including the
central electrolyser LAE Sc. 26 (1098 kg/day), is shown in Figure 8.47:
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Figure 8.47: Electricity settlement prices for both HRSs and central electrolyser when the central
electrolyser runs under the same settlement electricity price as the HRSs (LAE Sc. 26) (2030-Cost

scenario)

The electricity price in this case is higher than the equivalent case in the LAE Sc. 11. The
electricity price is calculated using Equation (8.2 and, because of the investment in cost
reduction, the electricity settlement price will go up. From a technical point of view, the
electricity producer is looking to sell energy at as high a price as possible, so the price is
inversely proportional to the quantity available. Figure 8.48 shows the electricity price of
this case (the central electrolyser runs under the same settlement electricity price as the
HRSs) for both the 2015- and 2030-Cost scenarios. Hydrogen production and variation
in stored hydrogen stored for LAE Sc. 26 are shown in Figure 8.49 and Figure 8.50.
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Figure 8.48: Comparison between the electricity price for LAE Sc. 11 and LAE Sc. 26 when central electrolyser

when the central electrolyser runs under the same settlement electricity price as the HRSs
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Figure 8.49: Daily hydrogen production throughout the year of the HRSs and Central electrolyser (LAE Sc. 26)

when the central electrolyser and HRSs operates under the same settlement prices (2030-Cost scenario).
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Figure 8.50: Daily variation of Hydrogen level in storage tank throughout the year when the central electrolyser

runs under the same settlement electricity price as the HRSs (2030-Cost scenario)

221



Chapter 8: Techno-Economic Analysis of Dispatchable Operation of Multiple Forecourt Electrolysers for Demand Side
Response and Hydrogen Fuel Production

The economic assessments and the ability of the system to meet the main objectives of

the research are presented in Table 8.19.

HRS

T S4H
¢ SHH
€ S4H
¥ SHH
G SHH
9 SYH

Central electrolyser size

Satisfaction of hydrogen demand (%) 69 70 7
Average hydrogen price (£/kg) 740 | 7.80 | 7.20 | 7.30 | 7.80 | 7.20

Total energy consumed after adding central

(0 0]
\‘
w
e’}
=
\l
\l

70
electrolyser (%)

Satisfaction of total hydrogen demand (%) 78

9¢ 3S AV

Average central electrolyser hydrogen price
(E/kg)
Satisfaction of hydrogen demand (%) 77 80 85 82 87 83

Average hydrogen price (£/kg) 8.20 | 90.00 | 80.00 | 8.20 | 8.70 | 8.10
Total energy consumed after adding central

10.30

76
electrolyser (%)

Satisfaction of total hydrogen demand (%) 84

LZ IS AV

Average central electrolyser hydrogen price
(E/kg)
Satisfaction of hydrogen demand (%) 85 86 88 87 91 87

Average hydrogen price (£/kg) 9.80 | 10.70 | 9.00 | 9.20 | 10.20 | 9.20

12.00

Total energy consumed after adding central 29
electrolyser (%)

Satisfaction of total hydrogen demand (%) 88

8¢ 39S IV

Average central electrolyser hydrogen price
(E/kg)
Satisfaction of hydrogen demand (%) 90 90 91 91 92 91

Average hydrogen price (£/kg) 12.00 | 13.70 | 10.60 | 11.30 | 12.60 | 11.00
Total energy consumed after adding central

15.20

82
electrolyser (%)

Satisfaction of total hydrogen demand (%) 91

6¢ 39S AV

Average central electrolyser hydrogen price
(E/kg)

Table 8.19: Economic assessments of the system under different sizes of central electrolyser when the

21.00

central electrolyser runs under the same settlement electricity price as the HRSs (2030-Cost scenario).
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Even the average price of the central electrolyser is less than in the previous scenario, so
the average hydrogen prices at the garage forecourts are very close to each other. Since
the capital costs of the garage forecourt components are the same in both scenarios
(central electrolyser operation modes) and the variable cost is relatively low, the cost
difference between these scenarios should essentially depend on the amount of, and the
price, of any imported hydrogen. The imported hydrogen as a percentage of the total
hydrogen delivered per garage forecourt could explain the stability of the price of
hydrogen in both scenarios. Table 8.20 shows the share of the imported hydrogen as a
proportion of the total hydrogen delivered to the consumption area in both scenarios under

different sizes.

HRSs

Scenarios

T S4H

¢ SdH

€ SdH

¥ SHH

G SdH

9 SdH

Central electrolyser operates
under a different electricity

settlement price to the HRSs

LAE Sc.

21

15

22

12

10

21

LAE Sc.

22

22

31

17

17

25

23

LAE Sc.

23

28

35

20

21

29

27

(95) UsboapAy partoduwi]

LAE Sc.

24

31

38

22

25

31

29

Central electrolyser operates
under the same electricity

settlement price as the HRSs

LAE Sc.

26

18

29

18

14

34

18

LAE Sc.

27

26

40

25

26

37

27

LAE Sc.

28

35

45

28

29

42

30

(9%) UaboupAy pariodw|

LAE Sc.

29

37

48

29

32

42

31

Table 8.20: Imported hydrogen via HRSs under different alkaline central electrolyser sizes and for two

different modes of operation
The amount of hydrogen imported from the central electrolyser was greater in the second
scenario, which will lead to an increase in the overall of hydrogen price. Therefore, a

lower amount of hydrogen imported at an expensive price in first scenario would be
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equivalent to a greater amount of hydrogen imported at a relatively cheap price. The
operation mode of the central electrolyser does not have a particularly significant effect
on the system targets since all the consumed energy, hydrogen demand satisfaction and

the average price of the hydrogen are similar.

8.3.3.2 Alkaline central electrolyser sizing based on hydrogen consumption

The central electrolyser size in this case will be equal to the total production at the garage
forecourts (LAE Sc. 25 and LAE Sc. 30. The compression system is equal to nearly one-
day’s worth of production. Shortages of surplus energy can frequently be seen throughout
the year. A period of five days without production is quite common during the year, so
the storage size is based on this value, which is equivalent to nearly five days of
production. Based on these assumptions, the capacity of the central electrolyser is 2,220
kg/day, with a hydrogen storage size of 11,000 kg, and finally the compression system is
equal to the daily production size (2,220 kg/day). The two operational modes of the

central electrolyser will be investigated as per previous scenarios.

a) Central alkaline electrolyser operates under a different electricity
settlement price to the HRSs (LAE Sc. 25)

All system regulations and steps are same as in Section 1.2.3.4 in the 2015-Cost scenario.
The electricity settlement prices to the garage forecourts and central electrolyser are given
in Figure 8.51:

\—Central electrolyser settlement price — HRSs settlement price
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Figure 8.51: Electricity settlement price to the garage forecourts and central electrolyser (Sizing based on
the consumption side and 2030-Cost scenario)
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As can be seen, the electricity settlement price to the central electrolyser is cheaper than

the electricity settlement price at the garage forecourts because of the incentive payment

from the electricity producer, which is equivalent to a 20% reduction below the settlement

price for the HRSs. Hydrogen production, and the variation of stored hydrogen at the

central electrolyser throughout the year, are presented in Figure 8.52 and Figure 8.53.

Table 8.21 shows an economic summary of the system.
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Figure 8.52: Alkaline central electrolyser hydrogen production throughout the year when central electrolyser

operates under a different electricity settlement price to the HRSs (LAE Sc. 25) (2030-Cost scenario).
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Figure 8.53: Daily variation of Hydrogen level in storage tank throughout the year when alkaline central

electrolyser operates under a different electricity settlement price to the HRSs (LAE Sc. 25) (2030-Cost

scenario).
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Details Satisfaction | Average Total surplus Satisfaction of | Average price of
of hydrogen | hydrogen | energy consumed total hydrogen
demand (%) price after adding central hydrogen from central

(E/kg) electrolyser (%) demand (%) electrolyser (£/kg)

HRSs

HRS 1 84 9.00

HRS 2 83 9.70

HRS 3 87 8.10

HRS 4 86 8.30 71 86 16.00

HRS 5 86 9.00

HRS 6 85 8.90

Table 8.21: Economic assessment of the system when alkaline central electrolyser operates under a different
electricity settlement price to the HRSs (2030-Cost scenario).

The average prices of hydrogen for the central electrolyser and at garage forecourts are
lower in this case in comparison with same case in the LAE Sc. 10, due to efficiency

improvements and the reduction in investment cost.

Electrolysis efficiency improvements lead to a reduction in energy consumption whilst at

the same time increased the level of satisfication of hydrogen demand is increased.

b) The central alkaline electrolyser operates under the same electricity
settlement price as the HRSs (LAE Sc. 30)

This scenario is similar to the same scenario described in Section 1.2.3.4 but with different

sized components.

LAE Sc. 30 is a Combination of HRSs (default electrolyser and storage sizes) and 2,220
kg/day alkaline central electrolyser with 11,000 kg storage size (sized based on hydrogen
consumption side) when the central alkaline electrolyser operates under the same

electricity settlement price as the HRSs (2030-Cost scenario).

The central electrolyser is this section plays in the electricity price mechanism as if it
were just another HRS. The daily electricity settlement prices over a year are given in
Figure 8.54.
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Figure 8.54: Daily electricity settlement price for HRSs and central electrolyser throughout the year when
central electrolyser operates under the same electricity settlement price as the HRSs (2030-Cost scenario)

The electricity price in this scenario is higher than for the same case in the LAE Sc. 15.
The efficiency improvements in the electrolysis reduces energy consumption, which
allow the electricity producer to obtain a better price for the sale of surplus energy. The
hydrogen production and the variation in hydrogen stored at the garage forecourts and

central electrolyser are shown in Figure 8.55 and Figure 8.56, respectively:
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Figure 8.55: Hydrogen production of the alkaline central electrolyser and HRSs throughout the year when
central electrolyser operates under the same electricity settlement price as the HRSs (LAE Sc. 30) ( 2030-

Cost scenario)
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Figure 8.56: Daily variation of Hydrogen level in storage tank throughout the year when alkaline central

electrolyser operates under the same s electricity settlement price as the HRSs(LAE Sc. 30) ( 2030-Cost

scenario)

Table 8.22 below shows the summary for the system and the response in achieving the

main goals including grid balancing, hydrogen demand being met and an acceptable sale

price for the hydrogen.

Details | Satisfaction Average Total surplus Satisfaction of Average price of
of hydrogen hydrogen | energy consumed | total hydrogen hydrogen from
demand (%) | price (£/kg) after adding demand (%) | central electrolyser

central (E/kg)
HRSs electrolyser (%)
HRS 1 81 8.70
HRS 2 83 9.50
HRS 3 86 8.30
HRS 4 84 8.60 77 86 13.00
HRS 5 88 9.20
HRS 6 85 8.50

Table 8.22: Economic assessment of the system when central electrolyser operates under the same electricity
settlement price as the HRSs (LAE Sc. 30) (2030-Cost scenario)

As in other scenarios, the average price of hydrogen produced by the central electrolyser

is lower than if the central electrolyser runs under different electricity settlement price.

However, the average price of hydrogen production at the garage forecourts remains
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similar. As can be seen in Figure 8.57, the amount of hydrogen imported to each garage
forecourt from the central electrolyser in first scenario (an expensive hydrogen price) is
less than that imported in second scenario, which reflects the essentially unchanged price

between the two scenarios.

0.5/IlHRSs and central electrolyser run under different electricity settlement price
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Figure 8.57: Percentage of imported hydrogen for the two scenarios (LAE Sc. 25 and LAE Sc. 30) as

compared with the total amount of hydrogen delivered
As in the 2015-Cost scenario (LAE Sc. 5 and LAE Sc. 10), the sizing based on the
consumption side does not result in any clear a change of techno-economic characterises
in contrast with the sizing based on the production side. Generally, adding a central
electrolyser could be one of the principal means of consuming any surplus energy and
tackling any shortage of hydrogen demand at the forecourt, albeit with a relatively high
hydrogen price. Increased reduction in investment cost, which will probably happen in
the coming years, could reduce the production cost of hydrogen to bring it down to a more

competitive.

8.4 2015-Cost scenario with PEM electrolysers

PEM, as based on the opinions of experts, will become the principal means of electrolysis
in the coming years because it is operational features, which overcome the drawbacks of
alkaline electrolysis (Carmo et al., 2013). This means more investigation will be
undertaken for PEME in contrast to alkaline electrolysis, which can be interpreted in
terms of forecasting of efficiency of PEME to be higher than for alkaline electrolysis, as
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presented in Table 7.2 .As in alkaline electrolysis, two cost scenarios will be tested, those
of the 2015- and 2030-Cost scenarios. Figure 8.58 shows a summary of the various PEME

scenarios.

PEM
Electrolyser

2015-Cost scenario 2030-Cost scenario

Only garage forecourts
without external sources

Increase the system
component size

Add large central
lectrolyser to the syste

\ 4

Central electrolyser
running after the
garage forecourts have
been refuelled

central electrolyser runs
at the same time as the
six stations

Figure 8.58: summary of the operation scenarios for PEM electrolyser under 2015 and 2030-Cost scenario
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Table 8.23 below shows the summary of the PEME under 2015-Cost scenarios.

Scenario
No o~ ™ < 0 ~ = b S 3 3 9
. i [{e] [ee] [o2]
g |3 18 |8 g |8 |g |lg |8 [8 |8 |8 |8 |8
L L L w L L L w L L L w w L L
s | s s |s |s |5 |s |s |5 |s |5 |s |s |s |s
Details W | w W | w w ] ] w w ] ] w w ] ]
o o o [N o o o [N o o o [N [N o o
_ [HRs1| 149 | 207 | 446 | 446 | 446 | 149 | 149 | 149 | 149 | 149 | 149 | 149 | 149 | 149 | 149
2= [HRs2| 226 | 451 | 677 | 677 | 677 | 226 | 226 | 226 | 226 | 226 | 226 | 226 | 226 | 226 | 226
[3+3
S5 [HRS3| 449 | 807 | 1346 | 1346 | 1346 | 449 | 449 | 449 | 449 | 449 | 449 | 449 | 449 | 449 | 449
(<5}
w [HRs4| 282 | 564 | 846 | 846 | 846 | 282 | 282 | 282 | 282 | 282 | 282 | 282 | 282 | 282 | 282
© % |HRS5| 744 | 1487 | 2231 | 2231 | 2231 | 744 | 744 | 744 | 784 | 744 | 784 | 744 | 784 | 744 | 784
T
HRS6 | 372 | 744 | 1115 | 1115 | 1115 | 372 | 372 | 372 | 372 | 372 | 372 | 372 | 372 | 372 | 3n2
HRS1| 560 | 560 | 840 | 1120 | 1680 | 560 | 560 | 560 | 560 | 560 | 560 | 560 | 560 | 560 | 560
(&)
S |HRs2| 630 | 630 | 945 | 1260 | 1890 | 630 | 630 | 630 | 630 | 630 | 630 | 630 | 630 | 630 | 630
£ [HRs 3| 1890 | 1890 | 2835 | 3780 | 5670 | 1890 | 1890 | 1890 | 1890 | 1890 | 1890 | 1890 | 1890 | 1890 | 1890
2= [HRrRs4/| 1190 | 1100 | 1785 | 2380 | 3570 | 1190 | 1190 | 1190 | 1190 | 1190 | 1190 | 1190 | 1190 | 1190 | 1190
% HRS 5 | 2464 | 2464 | 3696 | 4928 | 7302 | 2464 | 2464 | 2464 | 2464 | 2464 | 2464 | 2464 | 2464 | 2464 | 2464
HRS 6 | 1540 | 1540 | 2310 | 3080 | 4620 | 1540 | 1540 | 1540 | 1540 | 1540 | 1540 | 1540 | 1540 | 1540 | 1540
o |HRS1| 149 | 207 | 446 | 446 | 446 | 149 | 149 | 140 | 149 | 149 | 149 | 149 | 149 | 149 | 149
2 |Hrs2| 226 | 451 | 677 | 677 | 677 | 226 | 226 | 226 | 226 | 226 | 226 | 226 | 226 | 226 | 226
£% |HRs3| 449 | 807 | 1346 | 1346 | 1346 | 440 | 440 | 440 | 449 | 440 | 440 | 449 | 440 | 440 | 449
o =
E2 |HRs4| 282 | 564 | 846 | 846 | 846 | 282 | 282 | 282 | 282 | 282 | 282 | 282 | 282 | 282 | 282
E4
@ |HRS5| 744 | 1487 | 2231 | 2231 [ 2281 | 744 | 744 | 744 | 744 | 744 | 744 | 744 | 744 | 744 | 744
T |HRS6| 372 | 744 | 1115 | 1115 | 1115 | 372 | 372 | 372 | 372 | 372 | 372 | 372 | 37:2 | 372 | 32
Central
Electrolyser
size x | x | x | x | x |[1008| 1923 | 3021 | 4853 | 2220 | 1098 | 1923 | 3021 | 4853 | 2220
(Kg/day)
Central
Electrolyser.
Storagesize | X | X | X | X | X | 5000 | 9000 |15000 | 2400011000 | 5000 | 9000 | 15000 | 24000 | 11000
(kg)
Central
Electrolyser.
compressor | x | x | x | x | x |1098 | 1923 | 3021 | 4853 | 2220 | 1098 | 1923 | 3021 | 4853 | 2220
size
(kg/day)
Electrolyser
efficiency | 54.6 | 54.6 | 54.6 | 54.6 | 54.6 | 54.6 | 54.6 | 54.6 | 54.6 | 54.6 | 546 | 546 | 546 | 546 | 546
(kWhikg)
vearofthe | o5 | 2015 | 2015 | 2015 | 2015 | 2015 | 2015 | 2015 | 2015 | 2015 | 2015 | 2015 | 2015 | 2015 | 2015
COmpOnentS

Table 8.23: The summary of the PEME scenarios under 2015-Cost scenarios

Where: PEME Sc. 1: Only Onsite PEME electrolyser without central electrolyser

(default sizes) (PEME electrolyser under 2015-Cost scenario).

PEME Sc. 2: Double default electrolyser size and default storage size (PEME

electrolyser under 2015-Cost scenario).
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PEME Sc. 3: Triple-sized (three times default) electrolyser size and 1.5 times default
storage size (PEME electrolyser under 2015-Cost scenario).

PEME Sc. 4: Triple-sized (three times default) electrolyser and double default storage

size (PEME electrolyser under 2015-Cost scenario).

PEME Sc. 5: Triple-sized (three times default) electrolyser size and triple default storage

size (PEME electrolyser under 2015-Cost scenario).

PEME Sc. 6: Combination of HRSs (default electrolyser and storage sizes) and 1,098
kg/day PEME central electrolyser with 5,000 kg storage size (sized based on hydrogen
production side) when the central PEME electrolyser operates under a different electricity

settlement price to the HRSs (2015-Cost scenario).

PEME Sc. 7: Combination of HRSs (default electrolyser and storage sizes) and 1,923
kg/day PEME central electrolyser with 24,000 kg storage size (sized based on hydrogen
production side) when the central PEME electrolyser operates under a different electricity
settlement price to the HRSs (2015-Cost scenario).

PEME Sc. 8: Combination of HRSs (default electrolyser and storage sizes) and 3,021
kg/day PEME central electrolyser with 15,000 kg storage size (sized based on hydrogen
production side) when the central PEME electrolyser operates under a different electricity

settlement price to the HRSs (2015-Cost scenario).

PEME Sc. 9: Combination of HRSs (default electrolyser and storage sizes) and 4,853
kg/day PEME central electrolyser with 15,000 kg storage size (sized based on hydrogen
production side) when the central PEME electrolyser operates under a different electricity

settlement price to the HRSs (2015-Cost scenario).

PEME Sc. 10: Combination of HRSs (default electrolyser and storage sizes) and 2,220
kg/day PEME central electrolyser with 11,000 kg storage size (sized based on electricity
consumption side) when the central PEME electrolyser operates under a different

electricity settlement price to the HRSs (2015-Cost scenario).

PEME Sc. 11: Combination of HRSs (default electrolyser and storage sizes) and 1,098
kg/day PEME central electrolyser with 5,000 kg storage size (sized based on hydrogen
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production side) when the central PEME electrolyser operates under the same electricity

settlement price as the HRSs (2015-Cost scenario).

PEME Sc. 12: Combination of HRSs (default electrolyser and storage sizes) and 1,923
kg/day PEME central electrolyser with 24,000 kg storage size (sized based on hydrogen
production side) when the central PEME electrolyser operates under the same electricity
settlement price as the HRSs (2015-Cost scenario).

PEME Sc. 13: Combination of HRSs (default electrolyser and storage sizes) and 3,021
kg/day PEME central electrolyser with 15,000 kg storage size (sized based on hydrogen
production side) when the central PEME electrolyser operates under the same electricity

settlement price as the HRSs (2015-Cost scenario).

PEME Sc. 14: Combination of HRSs (default electrolyser and storage sizes) and 4,853
kg/day PEME central electrolyser with 15,000 kg storage size (sized based on hydrogen
production side) when the central PEME electrolyser operates under the same electricity

settlement price as the HRSs (2015-Cost scenario).

PEME Sc. 15: Combination of HRSs (default electrolyser and storage sizes) and 2,220
kg/day PEME central electrolyser with 11,000 kg storage size (sized based on electricity
consumption side) when the central PEME electrolyser operates under the same
electricity settlement price as the HRSs (2015-Cost scenario).

8.4.1 Only garage forecourts without central electrolyser (PEME Sc. 1)

In this case, the six garage forecourts are responsible for meeting the energy and hydrogen
consumption without any external tools to support grid balancing or to meet any shortages
in hydrogen availability. Only the system cost will be different compared to the alkaline
electrolysis scenario. In the 2015-Cost scenario, the efficiency of PEM electrolysis will
be the same (54.6 kWh/kg).The same electricity pricing mechanism will be applied Figure
8.59 shows the electricity settlement price to the garage forecourts on a daily bias
throughout the year. The electricity settlement price is slightly lower than for the same
case with the alkaline electrolyser. This is because of the increased cost of the PEME,
which thus requires cheaper electricity to meet the economic requirements (bank

instalments and variable cost).
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Figure 8.59: Electricity settlement price throughout the year when Only garage forecourts without central

electrolyser scenario is applied (PEME Sc. 1)

Three main issues require investigation: grid balancing, hydrogen demand satisfaction,

and the average price of hydrogen at the point of sale. For grid balancing, the system

should consume the majority of surplus energy to keep the grid stable. Only 54% of the

total surplus energy is absorbed via garage forecourts, which will meet nearly 60% of the

total hydrogen demand. These values are very similar to the equivalent case for alkaline

electrolysers. The only difference is in the economic assessments, as the investment cost

is increased because of the cost of the PEME. Table 8.24 shows the economic calculations

for this system.

Cost Investment | Water | Compressor | Electrolyser | Hydrogen | Average

cost (£/year) cost electricity electricity | production price

HRS (Elyear) | cost (Elyear) | cost (Elyear) | (kglyear) (E/kQ)
HRS 1 291,506 1,069 3,836 62,225 31,231 11.50
HRS 2 378,889 1,313 4,046 73,890 38,359 12.00
HRS 3 915,743 3,642 13,638 218,560 106,419 10.80
HRS 4 579,373 2,207 8,261 131,206 64,487 11.20
HRS 5 133,267,6 5,099 17,376 294,895 149,007 11.10
HRS 6 753,276 2,703 10,183 158,992 78,991 11.70

Table 8.24: Hydrogen cost calculation under 2015-Cost scenario (Only garage forecourts without central
electrolyser (PEME Sc. 1))
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In this scenario, hydrogen production at HRS 2 and 5 is smaller and this causes the highest
increase in the average hydrogen price for all HRSs since, as the investment cost
increases, the income will decrease. The electricity price has very little impact on the total
cost compared with the investment cost. For example, the production at HRS 1 was
31,082 kgl/year with a total electricity price of £75,631/year with the 2015-Cost scenario
for alkaline electrolysis. The production reached 31,231 kg/year with a total electricity
cost of £62,225 /year using the PEM scenario. The electricity price represents 24% of the
total cost for alkaline electrolysis, and 17% for PEM electrolysis, but the average price of
hydrogen is increased from £10.00 to £11.50 /kg, as driven by the investment cost. The
operational advantages of the PEME are not discussed in detail in this investigation.
Figure 8.60 shows a comparison of average hydrogen price from PEM and alkaline

electrolysers in this scenario.
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Figure 8.60: Average hydrogen price for alkaline (LAE Sc. 1) and PEM (PEME Sc. 1) electrolysers (Only

garage forecourts without central electrolyser)

8.4.2 Increased size of HRS components

Two system sizes will be tested: double-sized and triple-sized systems. As in the alkaline
electrolyser scenario, for the double-sized system only the default sizes of the electrolyser

and compression system will be doubled whilst the default storage size will be
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maintained. For the triple-sized system, in addition to tripling the default sizes of the

electrolyser and compression system, different storage tank volumes will be tested.

a) Double-sized default electrolyser test (PEME Sc. 2)

Double-sized PEM electrolyser and compressor systems will be used, taking into account
the new cost of these components.

This scenario will follow the same instructions as the equivalent case for the alkaline
electrolysers (LAE Sc. 2).

Figure 8.61 shows the electricity price after applying the electricity mechanism as per the
alkaline electrolyser scenario.
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Figure 8.61: Electricity price to the garage forecourts (doubled-sized , 2015-Cost scenario (PEME Sc. 2))

Also, in this scenario, the electricity price is less than that of the equivalent scenario for

alkaline electrolysis, which a result of an increased electrolyser capital cost.

This system can consume 65% of the total surplus energy and satisfy around 72% of
hydrogen demand. The hydrogen production for the garage forecourts in this scenario is

less than in the alkaline electrolyser scenario, as can be seen in Figure 8.62.
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Figure 8.62: Hydrogen production of PEM (PEME Sc. 2) and alkaline (LAE Sc. 2) electrolysers
throughout the year
The cost for a PEME in this scenario is higher than that of an alkaline electrolyser, so
hydrogen production needs to be greater to meet the economic targets. The electricity
pricing mechanism restricts hydrogen production. To illustrate this further, day 7 will be
investigated. For both PEM and alkaline scenario, the electricity pricing mechanism is

shown in Figure 8.63:
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Figure 8.63: Electricity mechanism on day 7 for alkaline and PEM scenarios
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As can be seen for the alkaline scenario, the energy target is achieved at garage forecourt

3, which means the settlement price is set to that of HRS 3.

Only HRS 2 is not refuelled on that day. The total energy consumed by the garage
forecourts was 192,417 kWh, which is nearly equal to the total surplus energy that day.

However, for the PEM scenario, because of the high investment cost, which requires a
lower settlement price to cover the investment cost, some bid prices are set at negative

values.

The utility company wants to sell 90% of surplus energy, but to do so would require

paying HRSs to take energy (i.e. there would be a negative settlement price).

Instead, the utility company is likely to sell 100% of surplus energy at very low price, but
positive settlement price, and waste the remaining surplus energy (i.e. curtail wind output

by taking turbines offline).

In some markets, this involve paying wind from operator, in which case, a negative

settlement price may be preferable, hence HRSs could get paid to consumer else.

The economic assessments of the system that operates without applying a negative
settlement price are given in Table 8.25:

Cost | Investment | Water Compressor Electrolyser | Hydrogen | Average

cost cost electricity electricity production price

(Elyear) (Elyear) | cost (Elyear) cost (E/year) (kglyear) (E/kg)

HRS

HRS 1 421,638 1,319 2,896 31,095 38,540 11.90
HRS 2 576,330 1,493 2,456 29,666 43,627 14.00
HRS 3 1,308,382 4,417 9,865 115,777 129,068 11.10
HRS 4 826,175 2,673 5,967 66,343 78,115 11.50
HRS 5 1,983,336 6,082 12,082 144,997 177,737 12.00
HRS 6 | 1,078,606 3,261 7,215 73,519 95,291 12.20

Table 8.25: Techno-economic assessments of each agree forecourts (doubled-sized, 2015-Cost scenario (PEME

Sc. 2))
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b) Triple-sized test Triple-sized default electrolyser test

As in the alkaline scenario, three different sizes of storage will be used with the triple-
sized electrolyser and compression system.

These sizes are PEME Sc. 3 (Triple-sized default electrolyser and 1.5 default storage
size), PEME Sc. 4 (Triple-sized default electrolyser and double default storage size) and

PEME Sc. 5 (Triple-sized default electrolyser and triple default storage size).

The electricity settlement price will change with each different storage size because the
investment cost will increase. Figure 8.64 shows the settlement price for this system using

different storage sizes.
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Figure 8.64: Daily settlement prices for different storage size (Triple-sized electrolyser under 2015-Cost

scenario)
Table 8.26 below shows the economic summary using these different storage sizes and

triple sized of electrolyser.
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(%)

HRS T T T T T T
Scenario & & & & & &
= N w B (6] (o]
Hydrogen demand
) ) 80 60 87 85 75 81
] ) satisfaction (%)
Triple-sized
Average hydrogen
default ) 1550 | 1950 | 15.10 | 15.70 | 16.10 160
price (£/kg)
electrolyser
and 1.5 times Total hydrogen
d d 78
default eman
) satisfaction (%)
storage size
Total surplus
(PEME Sc. 3)
energy consumed 71
(%)
Hydrogen demand
) ) 83 68 90 89 80 86
Triple-sized satisfaction (%)
Average hydrogen
default 0 TVEROGEN | 9200 | 19.10 | 1650 | 17.10 | 17.00 | 17.10
price (E/kg)
electrolyser
and double- Total hydrogen
. demand 83
sized default ] ]
satisfaction (%)
storage size
Total surplus
(PEME Sc. 4) energy consumed 75
(%)
Hydrogen demand
. . ) ) 86 76 91 92 84 87
Triple-sized satisfaction (%)
default
Average hydrogen
electrolyser ) 19.90 | 20.50 | 20.10 | 20.50 | 19.30 | 20.70
price (E/kg)
f?lnd Ul Total hydrogen
sized default demand 86
storage satisfaction (%)
(PEME Sc. 5) Total surplus
energy consumed 78

Table 8.26: Techno- economic assessments of the system under different size of electrolyser and different

storage sizes
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As in the double-size scenario, the amount of hydrogen production from the PEME is less
than the alkaline scenario because the electricity settlement required to meet the HRSs
economic requirements is low and on some days is less than zero. So, the amount of
hydrogen produced will be reduced since it will be zero at these times (i.e. when the bid
prices are negative). The system size could help solve some nominal problems because
more surplus energy was consumed and the hydrogen demand is closer to being met under
this scenario. However, the average price of hydrogen is quite expensive by comparison
with the alkaline scenarios. Going up to triple the default size could be a possible option
from the perspective of grid balancing and satisfying hydrogen demand, but from the
perspective of average hydrogen price this is not acceptable because the price will be

expensive.

8.4.3 Adding a large central electrolyser to the system

The central electrolyser will be added to the system to absorb the remainder of the surplus
power and to supply the hydrogen during shortages at the garage forecourts. There are
two possible modes of operation of the central electrolyser that will be investigated. The
first is if the central electrolyser participates in the electricity pricing mechanism as if it
were just another HRS. Therefore, only one settlement price will be set for all the HRSs
and the central electrolyser and the central electrolyser will buy electricity at the same
settlement price as HRSs. In the second scenario, the electricity settlement price of the
HRSs and the central electrolyser are different. In other words, the utility company has to
check the bid price of HRSs first and choose the settlement price of all HRSs. After that,
another settlement price will be given to the central electrolyser, which will be less than
the HRSs settlement price, in this case, 20% less. The reduction in central electrolyser
settlement price has been made as an incentive and to the delay in releasing the central

settlement price (after the HRSs’ settlement price).

8.4.3.1 PEM central electrolyser Sizing based on the production side

In terms of the central electrolyser, different production sizes will be teased in this section.
These scenarios are PEME Sc. 6 (1098 kg/day) (39% of the residual surplus energy),
PEME Sc. 7 (1923 kg/day) (60% of the residual surplus energy), PEME Sc. 8 (3022
kg/day) (81% of the residual surplus energy) and finally PEME Sc. 9 (4853 kg/day) (95%
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of the residual surplus energy). Different storage sizes will be applied based on the
electrolyser size. Generally, five days of production will be considered as storage in each
case. This size is chosen based on the sequential days of shortage without surplus energy.

The compression system is equal to one day’s production.

a) Central PEM electrolyser operates under a different electricity
settlement price to the HRSs

As mentioned earlier, the electricity settlement price of the HRSs and the central
electrolyser are different. In other words, the utility company has to check the bid price
of HRSs first and choose the settlement price of all HRSs. After that, another settlement
price will be given to the central electrolyser. The settlement price of PEME Sc. 6 is
shown in Figure 8.65. The electricity settlement prices for all size scenarios are less than
those for the equivalent cases in the alkaline scenario (LAE Sc. 6) because of the increase
in investment cost. The hydrogen production and the variation in hydrogen stored for all

sizes in the PEME scenarios are presented in Figure 8.66 and Figure 8.67.
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Figure 8.65: Electricity settlement prices to the central electrolyser and garage forecourts when PEM

central electrolyser operates under a different electricity settlement price to the HRSs

(PEME Sc. 6 )(2015-Cost scenario)
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Figure 8.66: Hydrogen production of central electrolyser under different electrolyser sizes when PEM central

electrolyser operates under a different electricity settlement price to the HRSs (2015-Cost scenario)
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Figure 8.67: Daily variation of Hydrogen level in storage tank throughout the year using different sizes of

electrolyser when PEM central electrolyser operates under a different electricity settlement price to the HRSs
(2015-Cost scenario)

The hydrogen production and the variation of stored hydrogen are very similar to those

of the alkaline central electrolyser. The only difference is in the average hydrogen price,

which is expensive in this scenario compared to the alkaline scenario. The summary of

this scenario under different system sizes is given in Table 8.27.
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HRS

Central electrolyser size (kg/day)

T S4H
¢ SHH
€ S4H
¥ S4H
G SdH
9 SdH

Satisfaction of hydrogen demand (%)

71 67 78 75 77 74

Average hydrogen price (E/kg)

14.00 | 15.20 | 13.00 | 12.90 | 14.70 | 14.40

Total energy consumed after adding central

electrolyser (%)

68

Satisfaction of total hydrogen for HRSs (%)

9 S JIN3d

75

Average central electrolyser hydrogen price
(E/kg)

25.00

Satisfaction of hydrogen demand (%)

78 77 84 82 82 81

Average hydrogen price (£/kg)

16.40 | 18.60 | 15.00 | 15.10 | 17.20 | 17.00

Total energy consumed after adding central

electrolyser (%)

73

Satisfaction of total hydrogen for HRSs (%)

L IS 3N3d

81

Average central electrolyser hydrogen price
(E/kg)

31.00

Satisfaction of hydrogen demand (%)

84 82 87 86 87 86

Average hydrogen price (E/kg)

20.40 | 23.20 | 18.00 | 18.20 | 21.40 | 20.60

Total energy consumed after adding central

electrolyser (%)

78

Satisfaction of total hydrogen for HRSs (%)

86

8 S JIN3d

Average central electrolyser hydrogen price
(E/kg)

40.70

Satisfaction of hydrogen demand (%)

88 87 90 89 90 89

Average hydrogen price (E/kg)

22.30 | 24.60 | 19.30 | 20.00 | 22.70 | 22.40

Total energy consumed after adding central

electrolyser (%)

80

Satisfaction of total hydrogen for HRSs (%)

6 9S IIN3d

89

Average central electrolyser hydrogen price
(E/kg)

57.60

Table 8.27: Assessments of the system under different central electrolyser sizes when PEM central electrolyser

operates under a different electricity settlement price to the HRSs (2015-Cost scenario).

b) The central PEM electrolyser operates under the

settlement price as the HRSs

same electricity

The central electrolyser participates in the electricity pricing mechanism as if it were just

another HRS. Therefore, only one settlement price will be set for all the HRSs and the
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central electrolyser and the central electrolyser will buy electricity at the same settlement
price as HRSs. The electricity settlement price to the HRSs and to the 1098 kg/day PEM
central electrolyser (PEME Sc. 11) throughout the year is shown in Figure 8.68:
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Figure 8.68: Electricity settlement prices to the HRSs and to the central electrolyser when the central
electrolyser runs under the same settlement electricity price as the HRSs (PEME Sc. 11) (2015-Cost

scenario)

The daily hydrogen production and the variation in stored hydrogen for all HRSs

including the PEM central electrolyser of the first size are presented in Figure 8.69 and
Figure 8.70.
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Figure 8.69: HRSs and PEM central electrolyser hydrogen production throughout the year when the
central electrolyser runs under the same settlement electricity price as the HRSs (PEME Sc. 11) (2015-Cost

scenario)
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Figure 8.70: Daily variation of Hydrogen level in storage tank throughout the year when the central
electrolyser runs under the same settlement electricity price as the HRSs (PEME Sc. 11) (2015-Cost

scenario)

400

The storage profile for the garage forecourts does not include any imported hydrogen

because the storage in this case works merely as a means of transferring hydrogen from

the central storage to the HRSs. Figure 8.71 shows the hydrogen imported per garage

forecourt for the PEME Sc. 11 over the year.
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Figure 8.71: Hydrogen imported by HRSs throughout the year when the central electrolyser runs under the

same settlement electricity price as the HRSs (PEME Sc. 11) (2015-Cost scenario).
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Table 8.28 gives a summary of this scenario under different system sizes.

HRS

I I I I I I
Py Py Py Py Py Py
(] (] wm w w w
[y N w ESN [6;] (o)}
Central electrolyser size (kg/
Satisfaction of hydrogen demand (%) 65 66 76 70 82 73
Average hydrogen price (£/kg) 14.00 | 15.00 | 13.30 | 13.30 | 15.00 | 13.90
o
m | Total d aft ddi
T otal energy consumed after adding 68
rm | central electrolyser (%)
_E-’,) Satisfaction of total hydrogen for HRSs 75
= | Average central electrolyser hydrogen
price (£/kg) 18.40
Satisfaction of hydrogen demand (%) 72 76 81 78 85 81
Average hydrogen price (E/kg) 16.10 | 18.60 | 15.60 | 15.80 | 17.60 | 16.20
F-Pl Total energy consumed after adding 23
I_% central electrolyser (%)
% Satisfaction of total hydrogen for HRSs 81
5| )
Average central electrolyser hydrogen
price (E/kg) AR
Satisfaction of hydrogen demand (%) 82 83 85 84 88 85
- Average hydrogen price (£/kg) 20.30 | 23.40 | 18.70 | 19.0 | 21.80 | 19.90
E Total energy consumed after adding 77
m | central electrolyser (%)
.(<',>) Satisfaction of total hydrogen for HRSs 86
=
@ | Average central electrolyser hydrogen
g yeer yereg 30.70
price (£/kg)
Satisfaction of hydrogen demand (%) 86 87 89 88 91 88
Average hydrogen price (£/kg) 27.40 | 30.90 | 23.50 | 24.50 | 28.80 | 25.50
r-ﬂ Total energy consumed after adding 80
rzn central electrolyser (%)
_g) Satisfaction of total hydrogen for HRSs 89
D
Average central electrolyser hydrogen
g yeer yereg 44.00
price (£/kg)

Table 8.28: Assessments of the system under different sizes of central electrolyser when the central

electrolyser runs under the same settlement electricity price as the HRSs (2015-Cost scenario).
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Even though the average price of hydrogen from the central electrolyser is less than that
of the previous PEME scenario, the average hydrogen price of the garage forecourts is
higher or nearly the same. Since the capital cost of the garage forecourt components is
the same in both scenarios (central electrolyser operation mode) and the variable cost is
relatively low. The cost difference between these scenarios should essentially depend on
the amount, and the price, of hydrogen imported from the central electrolyser to HRSs.
The imported hydrogen, as a percentage of the total hydrogen delivered per garage
forecourt, could be used as a means of interpreting the stability of the price of hydrogen
in both scenarios. Table 8.29 shows the share of imported hydrogen as a proportion of the

total hydrogen delivered to the HRSs in both scenarios under different sizes.

HRSs

T S4H
¢ SHH
€ S4H
¥ S4H
G SdH
9 SYH

Scenarios

PEME Sc. 6 18 25 15 12 26 20

PEME Sc. 7 25 35 21 20 31 27

to the HRSs

PEME Sc. 8 31 39 24 24 35 31

(95) usboapAy parsoduwi|

PEME Sc. 9 34 42 26 27 37 33

Central electrolyser operates under a
different electricity settlement price

PEME Sc. 11 22 34 22 17 41 25

PEME Sc. 12 30 46 30 28 44 32

PEME Sc. 13 40 54 35 35 49 39

price as the HRSs

(95) usboapAy parioduwi|

PEME Sc. 14 44 54 35 37 49 40

Central electrolyser operates under
the same s electricity settlement

Table 8.29: Hydrogen imported by each garage forecourt under different PEM central electrolyser sizes and

for two different modes of operation
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8.4.3.2 PEM central electrolyser sizing based on the power consumption side

System sizing will rely on the maximum hydrogen production for all garage forecourts,
with the storage equal to five days of production. The compression system is equal to
almost one day’s worth of production. Based on these assumptions, the capacity of the
central electrolysers is 121,212 kWh or 2,220 kg/day (54.6 kWh/kg), the hydrogen
storage size is 11,000 kg, and finally the compression system is equal to the production
size (2,220 kg/day). Two operational modes for the central electrolyser will be

investigated as in previous scenarios.

a) Central PEM electrolyser operates under a different electricity settlement
price to the HRSs (PEME Sc. 10)

All system regulations and steps are same as same as in the alkaline system scenario. The
electricity settlement price to the garage forecourts and the central electrolyser is given in
Figure 8.72:
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Figure 8.72: Electricity settlement price for the garage forecourts and central electrolyser when central

electrolyser operates under a different electricity settlement price to the HRSs (2015-Cot scenario)
The electricity settlement price for the system is less than that of equivalent alkaline

electrolysis scenario (LAE Sc. 10). The capital cost of the PEM and the investment cost
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requires cheaper electricity to meet the economic requirements of the system. Hydrogen
production and the variation in stored hydrogen for the central electrolyser over the year
are presented in Figure 8.73 and Figure 8.74, respectively.
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Figure 8.73: PEM central electrolyser hydrogen production throughout the year when central electrolyser

operates under a different electricity settlement price to the HRSs (PEME Sc. 10) (2015-Cost scenario).
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Figure 8.74: Daily variation of Hydrogen level in storage tank throughout the year when PEM central
electrolyser operates under a different electricity settlement price to the HRSs (PEME Sc. 10) (2015-Cost

scenario).
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Table 8.30 below shows the economic summary for the system.

Details Satisfaction Average Total surplus | Satisfaction | Average price
of hydrogen hydrogen energy of total of hydrogen
demand (%) price (E/kg) consumed after hydrogen from central

adding central demand electrolyser

HRSs electrolyser (%) (%) (E/kg)
HRS 1 80 17.60
HRS 2 80 20.10
HRS 3 85 16.00

75 83 40.00
HRS 4 83 16.00
HRS 5 84 18.40
HRS 6 83 18.00

Table 8.30: Economic assessment of the system when central electrolyser operates under a different
electricity settlement price to the HRSs (PEME Sc. 10) (2015-Cost scenario).

b) The central PEM electrolyser operates under the

settlement price as the HRSs (PEME Sc. 15)

same electricity

The PEM central electrolyser in this scenario competes in the pricing mechanism as if it

were one of the garage forecourts and follows the same steps in releasing its bid price.

The daily settlement prices for the year are shown in Figure 8.75.
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Figure 8.75: Daily electricity settlement price for HRSs and central electrolyser throughout the year when

central electrolyser operates under the same electricity settlement price as the HRSs (PEME Sc. 15) (2015-

Cost scenario)
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The electricity price profile is similar to the equivalent case for the alkaline electrolyser

scenario but with a bit lower values because of the increase in the investment cost, since

the increased investment cost requires cheaper electricity to meet the economic

requirements. The hydrogen production and the variation of stored hydrogen for the

garage forecourts and central electrolyser are shown in Figure 8.76 and Figure 8.77,

respectively:
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Figure 8.76: Hydrogen production of the PEM central electrolyser and HRSs throughout the year when PEM

central electrolyser operates under the same electricity settlement price as the HRSs (PEME Sc. 15) ( 2015-Cost

scenario)
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Figure 8.77: Daily variation of Hydrogen level in storage tank throughout the year when PEM central electrolyser

operates under the same electricity settlement price as the HRSs (PEME Sc. 15) ( 2015-Cost scenario)
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Table 8.31 below shows a summary for the system and an assessment as to whether the

main goals been achieved including grid balancing, the satisfaction of hydrogen demand

and an acceptable price of hydrogen.

Details Satisfaction | Average Total surplus energy Satisfaction Average price of
of hydrogen | hydrogen | consumed after adding of total hydrogen from
demand (%) price central electrolyser (%) hydrogen central

HRSs (E/kQ) demand (%) | electrolyser (£/kg)

HRS 1 76 17.50

HRS 2 79 20.00

HRS 3 83 16.40 75 83 26.00

HRS 4 81 16.70

HRS 5 86 19.00

HRS 6 82 17.20

Table 8.31: Economic assessment of the system when PEM central electrolyser operates under the same
electricity settlement price as the (PEME Sc. 15) HRSs

As in other scenarios, the average price of hydrogen sold to the HRSs by the central

electrolyser is less than if the central electrolyser operates under a different electricity

settlement price to the HRSs. However, the average price of hydrogen sold at the garage

forecourts is similar. Figure 8.78 shows the hydrogen imported per garage forecourt for
both scenarios (PEME Sc. 10 and PEME Sc. 15). The amount of hydrogen imported to

HRSs in the first scenario (with the higher price of hydrogen from the central electrolyser)

is less than that imported in the second scenario. Despite a higher wholesale price (where

the central electrolyser sell to the HRSS), the retail price (where the HRSs sell to FCEV

drivers) is

o
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Imported hydrogen (%)
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[
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Figure 8.78: Percentage of imported hydrogen for the two scenarios (PEME Sc. 10 and PEME Sc. 15) as

compared with the total hydrogen delivered
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8.5 2030-Cost scenario with PEM electrolysers

The system will be tested using the cost estimates for components in 2030. All scenarios
will be repeated using the new component costs and efficiency levels of the electrolysis.
The PEME scenarios under 2030-Cost are summarised in Table 8.32.

cenario No.
w o w o~ W o W o w o LL’\—iuJN W o w < w o w «© w o~ W o w o w o
zalzalcs talaslaaléslaslesieslaslaslaslaslas
Details o 9 o 9 o o o o a n o ol 2 & o 9 o 9 o 9 o n a n o n a 9 o 9
HRS 1 173 346 519 519 519 173 173 173 173 173 173 173 173 173 173
[
& HRS 2 262 524 786 786 786 262 262 262 262 262 262 262 262 262 262
o
%g HRS 3 521 1042 1563 1563 1563 521 521 521 521 521 521 521 521 521 521
=
32| HRs4 328 656 984 984 984 328 328 328 328 328 328 328 328 328 328
o<
é HRS 5 864 1728 2592 2592 2592 864 864 864 864 864 864 864 864 864 864
* HRS 6 432 864 1296 1296 1296 432 432 432 432 432 432 432 432 432 432
HRS 1 560 560 840 1120 1680 560 560 560 560 560 560 560 560 560 560
g HRS 2 630 630 945 1260 1890 630 630 630 630 630 630 630 630 630 630
[
B HRS 3 1890 1890 2835 3780 5670 1890 1890 1890 1890 1890 1890 1890 1890 1890 1890
[<*)
(=2
g HRS 4 1190 1190 1785 2380 3570 1190 1190 1190 1190 1190 1190 1190 1190 1190 1190
&
e HRS 5 2464 2464 3696 4928 7392 2464 2464 2464 2464 2464 2464 2464 2464 2464 2464
I
HRS 6 1540 1540 2310 3080 4620 1540 1540 1540 1540 1540 1540 1540 1540 1540 1540
HRS 1 173 346 486 486 486 173 173 173 173 173 173 173 173 173 173
§ HRS 2 262 524 738 738 738 262 262 262 262 262 262 262 262 262 262
%’% HRS 3 521 1042 1470 1470 1470 521 521 521 521 521 521 521 521 521 521
s
gg’ HRS 4 328 656 924 924 924 328 328 328 328 328 328 328 328 328 328
8=
2 HRS 5 864 1728 2436 2436 2436 864 864 864 864 864 864 864 864 864 864
I
HRS 6 432 864 1218 1218 1218 432 432 432 432 432 432 432 432 432 432
Central
Electrolyser size x x x x x 1098 1923 3021 4853 2220 1098 1923 3021 4853 2220
(Kg/day)
Central
Electrolyser
) x x x x x 5000 9000 15000 24000 11000 5000 9000 15000 | 24000 | 11000
Storage size
(kg)
Central
Electrolyser.
X x x x x x 1098 1923 3021 4853 2220 1098 1923 3021 4853 2220
compressor size
(kg/day)
Electrolyser
efficiency 47 47 47 47 47 47 47 47 47 47 47 47 47 47 47
(kwWh/kg)
Year of the
2030 2030 2030 2030 2030 2030 2030 2030 2030 2030 2030 2030 2030 2030 2030
components

Table 8.32: The summary of the PEM electrolyser scenarios under 2030-Cost scenarios
Where: PEME Sc. 16: Only Onsite PEME electrolyser without central electrolyser
(default sizes) (PEME electrolyser under 2030-Cost scenario)

PEME Sc. 17: Double-sized default electrolyser size and same default storage size

(PEME electrolyser under 2030-Cost scenario)
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PEME Sc. 18: Triple-sized default electrolyser and 1.5 default storage size (PEME
electrolyser under 2030-Cost scenario)

PEME Sc. 19: Triple-sized default electrolyser and double default storage size (PEME

electrolyser under 2030-Cost scenario)

PEME Sc. 20: Triple-sized default electrolyser and triple default storage size (PEME

electrolyser under 2030-Cost scenario)

PEME Sc. 21: Combination of HRSs (default electrolyser and storage sizes) and 1,098
kg/day PEME central electrolyser with 5,000 kg storage size (sized based on production
side) when the central PEME electrolyser operates under a different electricity settlement
price to the HRSs (2030-Cost scenario)

PEME Sc. 22: Combination of HRSs (default electrolyser and storage sizes) and 1,923
kg/day PEME central electrolyser with 24,000 kg storage size (sized based on production
side) when the central PEME electrolyser operates under a different electricity settlement
price to the HRSs (2030-Cost scenario)

PEME Sc. 23: Combination of HRSs (default electrolyser and storage sizes) and 3,021
kg/day PEME central electrolyser with 15,000 kg storage size (sized based on production
side) when the central PEME electrolyser operates under a different electricity settlement
price to the HRSs (2030-Cost scenario)

PEME Sc. 24: Combination of HRSs (default electrolyser and storage sizes) and 4,853
kg/day PEME central electrolyser with 15,000 kg storage size (sized based on production
side) when the central PEME electrolyser operates under a different electricity settlement
price to the HRSs (2030-Cost scenario)

PEME Sc. 25: Combination of HRSs (default electrolyser and storage sizes) and 2,220
kg/day PEME central electrolyser with 11,000 kg storage size (sized based on
consumption side) when the central PEME electrolyser operates under a different

electricity settlement price to the HRSs (2030-Cost scenario)

PEME Sc. 26: Combination of HRSs (default electrolyser and storage sizes) and 1,098
kg/day PEME central electrolyser with 5,000 kg storage size (sized based on production
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side) when the central PEME electrolyser operates under the same electricity settlement
price as the HRSs (2030-Cost scenario)

PEME Sc. 27: Combination of HRSs (default electrolyser and storage sizes) and 1,923
kg/day PEME central electrolyser with 24,000 kg storage size (sized based on production
side) when the central PEME electrolyser operates under the same electricity settlement
price as the HRSs (2030-Cost scenario)

PEME Sc. 28: Combination of HRSs (default electrolyser and storage sizes) and 3,021
kg/day PEME central electrolyser with 15,000 kg storage size (sized based on production
side) when the central PEME electrolyser operates under the same electricity settlement
price as the HRSs (2030-Cost scenario)

PEME Sc. 29: Combination of HRSs (default electrolyser and storage sizes) and 4,853
kg/day PEME central electrolyser with 15,000 kg storage size (sized based on production
side) when the central PEME electrolyser operates under the same electricity settlement
price as the HRSs (2030-Cost scenario)

PEME Sc. 30: Combination of HRSs (default electrolyser and storage sizes) and 2,220
kg/day PEME central electrolyser with 11,000 kg storage size (sized based on
consumption side) when the central PEME electrolyser operates under the same
electricity settlement price as the HRSs (2030-Cost scenario).

8.5.1 Only garage forecourts without central electrolyser (PEME Sc. 16)

The system sizing is still the same as for the same case in the 2015-Cost scenario (PEME
Sc. 1). The cost and system efficiency will change as in Table 7.2 for the 2030-Cost
scenario. The surplus energy will be absorbed only at the garage forecourts without any
central electrolyser. The efficiency will improve from 54.6 kwh/kg in the PEME Sc. 1 to
47 kWh/kg in the PEME Sc. 16 due to the previously mentioned intensive research focus
on PEM electrolysis. This will lead to reductions in energy consumption, increased
amounts of hydrogen produced and thus reductions in the hydrogen production cost after
applying the same electricity pricing mechanism as in the equivalent the 2015-Cost

scenario. Figure 8.79 shows the electricity price to the system.
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Figure 8.79: Daily electricity settlement price throughout the year under Only garage forecourts without

central electrolyser scenario (2030-Cost scenario)

The electricity settlement price in the PEME Sc. 16 is higher than for the PEME Sc. 1.
The efficiency improvement should lead to a reduction in the energy consumption and
thus the electricity settlement price that the utility company can charge will be higher.
Moving to the main gaols of the work, this scenario can consume 53% of the total surplus
energy and meet nearly 69% of the total hydrogen demand. With nearly the same amount
of energy, this scenario can meet a greater proportion of hydrogen demand than the PEME
Sc. 1 (which was 60% of hydrogen demand) because of the efficiency improvement.
Hydrogen production, as compared to hydrogen demand, for each garage forecourt is
shown in Figure 8.80 and reported in Table 8.33.
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Figure 8.80: Hydrogen production versus hydrogen consumption for each garage forecourt under Only

garage forecourts without central electrolyser scenario (PEME Sc. 16) (2030-Cost scenario)
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HRS no. HRS1 | HRS2 | HRS3 | HRS4 | HRS5 | HRS6
Hydrogen production (kg/year) 35,685 | 45,435 |119,985| 71,730 |175,589| 90,087
Hydrogen demand (kg/year) 53,645 | 76,519 | 160,157 | 98,244 |262,535| 133,005
Satisfaction of hydrogen demand (%) 67% 59% 75% 73% 67% 68%

Table 8.33: Comparison between hydrogen production and hydrogen demand in all HRSs throughout the year

Table 8.34 summarises the economic situation for this scenario.

under Only garage forecourts without central electrolyser scenario (PEME Sc. 16)

Cost Investment Water Compressor | Electrolyser Hydrogen Average

cost (£/year) cost electricity Electricity production price

HRSs (Elyear) cost (E/year) | cost (£/year) (kg/year) (E/kg)
HRS 1 124,556 1,221 6,279 98,563 35,685 6.50
HRS 2 163,657 1,555 7,524 123,884 45,435 6.60
HRS 3 384,403 4,106 21,558 338,792 119,985 6.30
HRS 4 243,993 2,455 12,776 201,584 71,730 6.40
HRS 5 565,337 6,009 29,834 487,487 175,589 6.20
HRS 6 316,865 3,083 16,141 250,688 90,087 6.50

Table 8.34: Economic assessment summary of Only garage forecourts without central electrolyser scenario

(PEME Sc. 16)

The average hydrogen price is reduced from nearly £11.40 /kg in the PEME Sc. 1 to

nearly £6.40 /kg in the PEME Sc. 16, even with the increase in energy price. The huge

drop in hydrogen price is driven by the reduction of investment cost and the increase of

hydrogen production due to the anticipated efficiency improvements. The hydrogen cost

details are given in Figure 8.81.
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[ water cost (£/kg) [ Electricity cost (£/kg)

Il Compressor electricity cost (£/kg)

Hydrogen cost (£/kg)
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Figure 8.81: Hydrogen cost breakdown per kilogram at each HRS under Only garage forecourts without

central electrolyser scenario (PEME Sc. 16)
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As it is presented in Figure 8.81 the investment cost represents nearly 53% of the total
cost in all HRSs, compared with more than 80% in the PEME Sc. 1, whereas the
electrolyser electricity cost increased to 44% in contrast with around just 17% in the
2015-Cost PEME Sc. 1. This scenario does not meet the main aims of the project because
47% of the surplus energy will be curtailed, and only 69% of the total hydrogen demand
is met. Only the average price is reduced, by nearly 44%. To overcome the drawbacks of

this scenario, one option is to increase the system size.

8.5.2 Increased size of HRS components

The default system size was based on the average hydrogen demand because maximum
demand was observed only a few times during the year. However, that scenario does not
seem sufficient to achieve the system targets. Increasing the system size could address

the shortcomings of the previous scenarios

a) Double-sized default electrolyser test (PEME Sc. 16)

The PEM electrolysers and compression systems will be doubled in size compared to the
default size, and consequently the optimal storage needs to be investigated. Figure 8.82
shows the storage profile of PEME Sc. 17. Based on the storage profiles of all the HRSs,
the maximum capacity of the storage tank is rarely needed, so the storage in this scenario

will be kept the same.
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Figure 8.82: Daily variation of Hydrogen level in storage tank throughout the year under double-sized PEME

scenario (PEME Sc. 17) (2030-Cost scenario )
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Figure 8.83 below shows the electricity settlement price throughout the year after

applying the electricity pricing mechanism as in previous scenarios:
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Figure 8.83: Daily electricity settlement prices for a year under double-sized PEME scenario (PEME Sc. 17)
(2030-Cost scenario )

The settlement price found in this case is higher than the same case for the PEME Sc. 2
because the efficiency improvements lead to a reduction in energy consumption for the
same hydrogen output; there is an inverse relationship between the electricity
consumption and the price of electricity. The hydrogen production volume for the garage
forecourts in this case is higher than the equivalent case in the PEME Sc. 2, as shown in
Figure 8.84:
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BrEME Sc. 2IPEME Sc. 17
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Figure 8.84: Comparison between a total hydrogen production of each HRS throughout the year under
2015 (PEME Sc. 2 )and 2030-Cost (PEME Sc. 17) scenarios when double-sized PEME scenario is applied
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The cost summary for this system is shown in Table 8.35:

Cost Investment Water Compressor | Electrolyser | Hydrogen Average
cost cost electricity electricity | production | price (£/kg)
HRS (Elyear) (Elyear) cost (E/year) | cost (£/year) (kglyear)
HRS 1 184,520 1,463 5,329 71,727 42,739 6.20
HRS 2 254,638 1,744 6,236 77,244 50,969 6.70
HRS 3 565,331 4,693 17,875 244,394 137,128 6.10
HRS 4 357,719 2,864 11,047 147,246 83,693 6.20
HRS 5 865,159 6,730 24,151 331,170 196,670 6.20
HRS 6 466,776 3,652 13,802 177,060 106,727 6.20

Table 8.35: Cost summary for the scenario under double-sized PEME scenario (2030-Cost scenario)

The average hydrogen price in this case is lower than or equal to the default case because

of the increase in hydrogen production achieved with lower investment costs in the 2030-

Cost scenario. However, as in the last scenario, this scenario consumes 61% of the total

surplus energy and meets 79% of the total hydrogen demand.

b) Triple-default-sized electrolyser test

The electrolysers and compressor capacities will be extended to be three times greater

than the default size. Different storage sizes will be considered with the same size of

electrolysis and compression system. Figure 8.85 shows the storage profile (1,098 kg/day)

throughout the year in a triple-sized PEME test.
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Figure 8.85: Daily variation of Hydrogen level in storage tank throughout the year under triple-sized
PEME scenario (2030-Cost scenario )
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The maximum storage capacity for each garage forecourt is nearly reached on frequent
occasions during the year, so the storage should be extended to avoid imposing any
production limitations since the optimal production will be based on the system sizes.
Three different sizes will be tested.

These sizes are PEME Sc. 18 (Triple-sized default electrolyser and 1.5 default storage
size), PEME Sc. 19 (Triple-sized default electrolyser and double default storage size) and
PEME Sc. 20 (Triple-sized default electrolyser and triple default storage size).. The

electricity settlement prices for all scenarios are shown in Figure 8.86.
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Figure 8.86: Electricity settlement prices under triple-sized PEME scenario with three different storage

sizes (2030-Cost scenario )

In all three scenarios, the electricity settlement price is higher than the equivalent PEM
2015-Cost scenario cases. The reason for this is that electrolysis efficiency reduces energy

consumption and thus the settlement price will go up.

The system cost summary with different storage sizes is presented in Table 8.36. The
average prices for hydrogen under different sizes are very promising, which opens the
door to further investigation of hydrogen as an energy storage tool that could efficiently

support grid balancing.
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HRS HRS1 | HRS2 | HRS3 | HRS4 | HRS5 | HRS 6
Scenario
Hydrogendemand | )| 73 | 99 | 91 | 81 | 88
. ) satisfaction (%)
Triple-sized o
default | Averagehydrogen | g g | 840 | 7.74 | 790 | 7.90 | 7.80
price (£/kg)
electrolyser
and 1.5 times Total hydrogen
default demand 85
storage size satisfaction (%)
( LAE Sc. 18) Total surplus
energy consumed 66
(%)
Hydrogendemand | g5 | gy | 93 | 92 | 87 | 90
. . satisfaction (%)
Triple-sized
default | Average hydrogen | g 5y | g5 | gao | 860 | 830 | 840
electrolyser price (£/kg)
and double- Total hydrogen
sized default demand 89
storage size satisfaction (%)
(LAE Sc. 19) Total surplus
energy consumed 69
(%)
Hydrogen demand
Triple-sized satisfaction (%) = e = 2 = =
default Average hydrogen
electrolyser s (i) 9.50 9.40 9.60 10.00 9.10 9.70
(?Ind Triple- Total hydrogen
sized default e 92
storage satisfaction (%)
(LAE Sc. 20) Total surplus
energy consumed 71
(%)

Table 8.36: Techno- economic assessments of the system under different size of electrolyser and different

8.5.3 Adding a large PEM central electrolyser to the system

storage sizes

Adding a central electrolyser to the system can tackle the main issue with the previous
scenario in which only HRSs produce hydrogen. The main aims of the central electrolyser

are to absorb the remaining surplus energy and meet any shortages in hydrogen supply at

the forecourts.
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8.5.3.1 PEM central electrolyser sizing based on the production side

The size of the central electrolyser is critical since this directly affects the total hydrogen
cost. The central electrolyser size can be chosen based on the production side (surplus
energy availability) or the consumption side (hydrogen demand at the garage forecourt
side). The testing will include different sizes of central PEM electrolyser. Selecting these
sizes relies on the amount of surplus energy that needs to be absorbed. The storage is
equal to nearly five days of production.

These scenarios are PEME Sc. 21 (1,098 kg/day, 39% of the residual surplus energy),
PEME Sc. 22 (1,923 kg/day, 60% of the residual surplus energy), PEME Sc. 23 (3,022
kg/day, 81% of the residual surplus energy) and finally PEME Sc. 24 (4,853 kg/day, 95%

of the residual surplus energy).

a) Central PEM electrolyser operates under a different electricity

settlement price to the HRSs

As mentioned earlier, if the central electrolyser’s settlement price is set after the HRSs,
some incentive has to be offered to encourage the central unit to accept such an offer. In
this research, the electricity price for the central electrolyser is set at 20% less than the
HRS settlement price (even if not all the HRSs can accept the settlement price on that
day). The HRS settlement price and the central electrolyser settlement price for the PEME
Sc. 21 is shown in Figure 8.87.

The electricity prices for all size scenarios are less than the equivalent scenarios in the
alkaline electrolyser case because of the associated increase in investment cost. For days
when the central electrolyser settlement price is zero, such as days 201-229, the central

hydrogen production was zero, even though there was available surplus power.

This is due to storage limitations; since on these days, there was no available storage and
all HRSs were able satisfy their hydrogen demand without the need to import any from

central electrolyser. This situation was observed frequently during the year.

Figure 8.88 and Figure 8.89 show hydrogen production and the storage profile of the
central PEM electrolyser and variation in hydrogen storage for all sizes respectively.
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Figure 8.87: electricity settlement price to the central electrolyser and garage forecourts when PEM central
electrolyser operates under a different electricity settlement price to the HRSs (PEME Sc. 21)
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Figure 8.88: Hydrogen production of central electrolyser under different electrolyser sizes when PEM central
electrolyser operates under a different electricity settlement price to the HRSs (2030-Cost scenario)
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Figure 8.89: Daily variation of Hydrogen level in storage tank throughout the year when PEM central

electrolyser operates under a different electricity settlement price to the HRSs (2030-Cost scenario)
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Table 8.37 shows a summary of the system. Moving from one size to another could
support grid balancing and satisfy hydrogen demand better. However, the average price
is dramatically increased, which is one of the main issues with this proposal.

HRS

T S4H
¢ SdH
€ SdH
¥ SHH
G SdH
9 SYH

Central electrolyser size (kg/day

Satisfaction of hydrogen demand (%)

~
»
~
ol
00}
w
oo
ke
oo
N
o
o

Average hydrogen price (£/kg) 7.50 | 8.10 | 7.00 | 7.10 | 7.70 | 7.70
Total energy consumed after adding central 63
electrolyser (%)

Satisfaction of total hydrogen for HRSs (%) 81

Average central electrolyser hydrogen price
(E/kg)

T¢ 9S AINId

14.00

Satisfaction of hydrogen demand (%) 83 83 87 85 87 85

Average hydrogen price (£/kg) 8.60 | 950 | 7.70 | 80 | 8.70 | 8.60

Total energy consumed after adding central
electrolyser (%)

Satisfaction of total hydrogen for HRSs (%) 86
Average central electrolyser hydrogen price
(E/kg)

67

¢¢ 39S AIN3d

16.90

Satisfaction of hydrogen demand (%) 88 88 90 89 91 89

Average hydrogen price (£/kg) 10.20 | 11.40 | 8.80 | 9.20 | 10.20 | 10.10

Total energy consumed after adding central
electrolyser (%)
Satisfaction of total hydrogen for HRSs (%) 90

70

€¢ 9S dN3Ad

Average central electrolyser hydrogen price

(E/kg) 21.50

Satisfaction of hydrogen demand (%) 93 93 93 94 93 92

Average hydrogen price (£/kg) 12.80 | 14.60 | 10.60 | 11.30 | 12.50 | 12.50
Total energy consumed after adding central 79

electrolyser (%)
Satisfaction of total hydrogen for HRSs (%) 93

¥¢ 9S AIN3Id

Average central electrolyser hydrogen price
(£/kg) 28.00

Table 8.37: Economic assessments of the system when PEM central electrolyser operates under a
different electricity settlement price to the HRSs (2030-Cost scenario)
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b) The central PEM electrolyser operates under the same electricity
settlement price as the HRSs

In this case, the PEM central electrolyser is run in the same manner as the six garage
forecourts and follows the same electricity pricing mechanism without any additional
incentives. The system will test the all previous central electrolyser sizes and present an
associated economic summary. After applying the electricity pricing mechanism, the
electricity settlement price for both garage forecourts and central electrolyser is given in
Figure 8.90 for the PEME Sc. 21.
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Figure 8.90: Electricity settlement prices for both HRSs and central electrolyser when the central
electrolyser runs under the same settlement electricity price as the HRSs (PEME Sc. 26) (2030-Cost

scenario)

The price of hydrogen in this case is expensive by comparison with the same case in the
PEME Sc. 11. Efficiency improvements reduce the electricity consumption required to
produce same amount of hydrogen and thus the settlement price will be higher. Figure
8.91 and Figure 8.92 below show the hydrogen production and the storage profiles of all
HRSs, including the central PEM electrolyser, for the PEME Sc. 26. The production and
storage profile of the central PEM electrolyser and garage forecourts is somewhat
different compared to the same case of the PEME Sc. 11. Efficiency improvements in this
scenario lead to greater hydrogen production on some days, which results in energy not
being absorbed on others, as can be seen for days 201-229. In this scenario, the production
of the central PEM electrolyser is zero for these days. Whereas in the PEME Sc. 11, the
central unit does absorb energy on these days.
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Figure 8.91: HRSs and PEM central electrolyser hydrogen production throughout the year when the
central electrolyser runs under the same settlement electricity price as the HRSs (PEME Sc. 26) (2030-Cost

scenario)
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Figure 8.92: Daily variation of Hydrogen level in storage tank throughout the year when the central
electrolyser runs under the same settlement electricity price as the HRSs (PEME Sc. 26) (2030-Cost

scenario)
Figure 8.93 and Figure 8.94 compare the central hydrogen production and the storage
variations (1098 kg/day) when the central PEME bid the same as if it were another HRS
in the PEME Sc. 11 and the PEME Sc. 26. The efficiency improvement in the 2030-cost

scenario leads to improved efficiency of production at the garage forecourts, which
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reduces the need for imported hydrogen and thus the central storage might remain full for

several days at a time, even if there is surplus energy still available to be absorbed.
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Figure 8.93: Central PEM electrolyser hydrogen production (PEME Sc. 11 and PEME Sc. 26) (2015- and

2030-Cost scenarios)
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Figure 8.94: Central PEM electrolyser hydrogen storage (PEME Sc. 11 and PEME Sc. 26) (2015- and 2030-

Cost scenarios)
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Table 8.38 shows the assessments of the system under different sizes of central
electrolyser when the central electrolyser runs under the same settlement electricity price
as the HRSs.

HRS

T S4H
¢ SdH
€ SdH
¥ S4H
G SdH
9 SYH

Central

electrolyser size (kg/day)

Satisfaction of hydrogen demand (%) 72 73 82 7 86 80

Average hydrogen price (£/kg) 7.40 | 8.00 | 7.20 | 7.30 | 8.00 | 7.40

Total energy consumed after adding central 63

electrolyser (%)

Satisfaction of total hydrogen for HRSs (%) 81

9¢ 3S AN3Ad

Average central electrolyser hydrogen price
(E/kg)

11.30

Satisfaction of hydrogen demand (%) 80 82 86 84 88 85

Average hydrogen price (£/kg) 8.30 | 9.30 | 8.00 | 8.20 | 8.80 | 8.20

Total energy consumed after adding central 67
electrolyser (%)

Satisfaction of total hydrogen for HRSs (%) 86

L¢ "3S AIN3d

Average central electrolyser hydrogen price
(E/kQ)

13.30

Satisfaction of hydrogen demand (%) 87 88 89 88 91 89

Average hydrogen price (£/kg) 10.00 | 11.20 | 9.00 | 9.50 | 10.50 | 9.30

Total energy consumed after adding central 20
electrolyser (%)

Satisfaction of total hydrogen for HRSs (%) 90

8¢ 9S I3

Average central electrolyser hydrogen price
(E/kg)

17.30

Satisfaction of hydrogen demand (%) 92 92 92 93 93 93

Average hydrogen price (£/kg) 12.40 | 14.40 | 11.00 | 11.50 | 130 | 11.40

Total energy consumed after adding central 72
electrolyser (%)

Satisfaction of total hydrogen for HRSs (%) 93

6¢ 39S IN3Id

Average central electrolyser hydrogen price
(E/kQ)

24.70

Table 8.38: Assessments of the system under different sizes of central electrolyser when the central

electrolyser runs under the same settlement electricity price as the HRSs (2030-Cost scenario).
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Moving from one size to another could support grid balancing and satisfy hydrogen
demand better. However, the average price is dramatically increased, which is one of the
main disadvantages of this proposal.

As in all scenarios, the average price of the central PEM electrolyser in this scenario is
cheaper than the scenario where the central unit bids after the settlement price for garage
forecourts has been set.

The central electrolyser in this scenario could absorb energy at any time without any
constraint once its bid price is accepted from energy supplier side. However, this
reduction of the central price does not obviously affect the garage forecourt prices, as
most of them are still the same or show very little change, by comparison with the central

electrolyser bidding after garage forecourts’ settlement price has been agreed.

The amount of hydrogen imported to the HRSs from the central electrolyser unit in this
instance will be greater than in the previous scenario when the central electrolyser bid
prices was set after garage forecourts had been offered a settlement price, which leads to

an increase in the price of hydrogen sold to the HRSs.

8.5.3.2 PEM central electrolyser sizing based on the power consumption side

The sizing in this section will depend on the garage forecourt side. Two modes of
operation will be investigated, as per other scenarios. All system sizes are the same as in
the PEME Sc. 10.

a) Central PEM electrolyser operates under a different electricity settlement
price to the HRSs (PEME Sc. 25)

The central electrolyser will earn a certain amount of profit based on its electricity
settlement price being 20% lower than that of the HRSs, which follow the electricity
pricing mechanism described previously to determine their daily settlement price of the

system.

Figure 8.95 shows the electricity settlement price offered to the garage forecourts and to

the central electrolyser.
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Figure 8.95: Electricity settlement price offered to the HRSs and the central PEM electrolyser when central
electrolyser operates under a different electricity settlement price to the HRSs (PEME Sc. 25) (2030-Cost

scenario)

Figure 8.96 and Figure 8.97 show the hydrogen production and the storage profile during
the year, respectively.
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Figure 8.96: PEM central electrolyser hydrogen production throughout the year when central electrolyser
operates under a different electricity settlement price to the HRSs (PEME Sc. 25) (2030-Cost scenario).
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Figure 8.97: Daily variation of Hydrogen level in storage tank throughout the year when PEM central

Hydrogen (kg)

electrolyser operates under a different electricity settlement price to the HRSs (PEME Sc. 25) (2030-Cost

scenario).

In all scenarios, the storage profile seems to show a positive outlook since the hydrogen
in storage at the end of the year is zero, which means both modes of operation of the
central electrolyser could provide a certain benefit to the central unit regardless of the
impact on the garage forecourts. The garage forecourts should import hydrogen during
shortages to avoid losing customers regardless of price, even though this will affect the

total hydrogen cost. Table 8.39 gives the economic summary of this scenario.

Details | Satisfaction | Average Total surplus Satisfaction of | Average price
of hydrogen | hydrogen | energy consumed total hydrogen of hydrogen
demand (%) price after adding central demand (%) from central

(E/kg) electrolyser (%) electrolyser

HRSs (E/kg)
HRS 1 85 9.10
HRS 2 85 10.10
HRS 3 88 8.10

68 87 18.30
HRS 4 86 8.30
HRS 5 88 9.10
HRS 6 87 9.10

Table 8.39: Economic assessment of the system central electrolyser operates under a different electricity
settlement price to the HRSs (PEME Sc. 25) (2030-Cost scenario).
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The average price of hydrogen across all garage forecourts is reduced by half with high

levels of hydrogen demand satisfaction and surplus energy absorption.

These specifications pave the way to hydrogen being used for future grid balancing and
as a clean fuel to replace traditional fuels, especially since all these calculations do not

account for any government intervention.

b) The central electrolyser operates under the same electricity settlement
price as the HRSs (PEME Sc. 30)

The central unit will run in the same way as the garage forecourts, so every day it will
release an economic electricity bid price and follow the electricity pricing mechanism, as

if it were just another HRS.

Figure 8.98 shows the daily electricity settlement price offered to all electrolysers,

including the central electrolyser.
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Figure 8.98: Daily electricity settlement price for HRSs and central electrolyser throughout the year when
central electrolyser operates under the same electricity settlement price as the HRSs (PEME Sc. 30) (2030-

Cost scenario)

Daily hydrogen production and the storage profile throughout the year are shown in
Figure 8.99 and Figure 8.100, respectively.
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Figure 8.99: Hydrogen production of the PEM central electrolyser and HRSs throughout the year when PEM

central electrolyser operates under the same electricity settlement price as the HRSs (PEME Sc. 30) (2030-

Cost scenario)
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Figure 8.100: Daily variation of Hydrogen level in storage tank throughout the year when PEM central

electrolyser operates under the same electricity settlement price as the HRSs (PEME Sc. 30) ( 2030-Cost

scenario)
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When the central electrolyser runs at the same time as the garage forecourts, the central

hydrogen price is reduced due to the increase in hydrogen production. The price of

hydrogen from the garage forecourts remains almost the same due to the change in the

amount of imported hydrogen according to the central electrolyser’s operational modes,

as presented in Table 8.40.

Scenario | Central electrolyser operates under Central electrolyser and HRSs
different settlement price to the operates under the same settlement

HRSs (PEME Sc. 25) price (PEME Sc. 30)

LIRSS Imported hydrogen (%) Imported hydrogen (%)
HRS 1 22 28
HRS 2 30 39
HRS 3 15 23
HRS 4 16 25
HRS 5 24 35
HRS 6 22 25

(PEME Sc. 25 and PEME Sc. 30) (2030-Cost scenario)

Table 8.40: Imported hydrogen depending on operational mode of the central PEM electrolyser

Table 8.41 summarises the economic assessment of the system when central electrolyser

operates under the same s electricity settlement price as the HRSs.

Details Satisfaction Average Total surplus Satisfaction of | Average price
of hydrogen hydrogen energy total hydrogen of hydrogen
demand (%) price (E/kg) | consumed after | demand (%) from central

adding central electrolyser
HRSs electrolyser (%) (E/kg)

HRS 1 84 8.80

HRS 2 85 9.80

HRS 3 87 8.20

68 87 14.60

HRS 4 87 8.60

HRS 5 89 9.30

HRS 6 87 8.50

Table 8.41: Economic assessment of the system when central electrolyser operates under the same s electricity
settlement price as the HRSs (PEME Sc. 30) (2030-Cost scenario)
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8.6 Summary of the chapter

Onsite hydrogen production has been investigated in this chapter. Two different cost
scenarios, those for 2015 and 2030, and two common types of electrolyser, alkaline and
PEM, have been examined. Various different scenarios were tested. There are three main
goals that have to be achieved, namely those of grid balancing by consuming any surplus
energy, meeting hydrogen demand at the forecourt, and maintaining an acceptable and
relatively competitive hydrogen price at the point of sale compared to conventional fuel
prices. Onsite hydrogen production at the forecourt, without additional external support,
cannot meet these main goals. Based on the limitation of the onsite hydrogen production
scenario, different supported scenarios such as increasing the system size, and that of
adding a central electrolyser to the system, have been examined in detail. Generally, the
average hydrogen prices for alkaline and PEM electrolysers under the 2015-Cost scenario
are expensive, and cannot meet the economic requirements. However, under the 2030-
Cost scenario, the average price of hydrogen could support the replacement of the fossil
fuels. There are many reasons to encourage governments to focus on hydrogen storage as
a grid-balancing tool. One of the main reasons is the reduction of greenhouse gas
emissions, which can be achieved in two ways simultaneously. First, increasing
renewable energy penetration will reduce emissions from oil and gas stations and, second,
hydrogen fuel can limit the transport-based emissions due to the associated reduction in
use of fossil fuels. Penetration of hydrogen into the energy sector requires strong
governmental support through either establishing or modifying policies and energy laws
to increasingly support renewable energy usage. Government support could effectively
bring forward the date at which hydrogen becomes techno-economically viable (i.e.
sooner than 2030). If government is happy to leave it until 2030, it need not intervene and
can leave it entirely to the market, but if it wants to embrace the opportunity and gain an
early advantage, it should take steps to support hydrogen energy systems and accelerate

uptake.
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Chapter 9: Techno-Economic Analysis of
Dispatchable Operation of Central
Electrolyser for Demand Side Response and
Hydrogen Fuel Production

9.1 Introduction

There are three ways to produce hydrogen via electrolysis. These ways are central
production, semi-central production, and distributed hydrogen production (U.S.
Department of Energy, 2015). These methods are expected to play an important role in
the evolution and long-term application of hydrogen as an energy carrier. The
different resources and operations used to produce hydrogen might be suitable for one or
more of these scales of hydrogen production. Hydrogen can be produced in small-scale
units as and where required, such as vehicle refuelling stations. Onsite hydrogen
production at the garage forecourt may be the most suitable way for producing hydrogen
in the near-term, in part because the current demand for hydrogen as a fuel is low. Massive
central electrolysis facilities (producing 750,000 kg of hydrogen per day) that take
advantage of the economy of scale will be required in the long-term to meet the expected
increase in demand for hydrogen (Ball and Weeda, 2015; Skov and Mathiesen, 2017). In
contrast with decentralised hydrogen production, centralised production will require
greater capital investment costs as well as a substantial transport and delivery
infrastructure which could include pipelines or trucks. Semi-centralised hydrogen
production facilities (5,000-50,000 kg/day), normally located close (25—-100 miles) to the
point of use, might also play an important role in the long-term use of hydrogen as an
energy carrier (U.S. Department of Energy, 2015). Installing semi-central electrolysis
close to the point of use has the economic advantage of saving transport and delivery
costs. Losses during the transportation and delivery process could be added as a one of
the disadvantages of centralised production (Kim, Lee and Moon, 2008). In this chapter,
the central electrolyser will be considered alone, without any garage forecourts. The
hydrogen production will then be delivered to HRSs via truck. The two types of
electrolysis (alkaline and PEM) and two cost-scenarios (2015 and 2030) will be

investigated. Figure 9.1 below shows the overall process for this system.
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Figure 9.1: Summary of the system process when central electrolyser is applied without forecourt electrolysis

9.2 Cost of the system

The unit (i.e. £/kW, £/kWh, or £/kg) cost is inversely proportional to size due to
economies of scale, so the unit cost of centralised electrolyser should be less than for
small electrolysers (Steward et al., 2009). However, the central electrolyser in this
research is not classed as large by the DOE definition and could be considered as a semi-
central, therefore, the same cost assumptions as summarised in Table 7.1 and Table 7.2

will be used in this chapter.

9.3 2015-Cost scenario for Alkaline electrolysis

Two cost scenarios will be investigated for alkaline electrolysis: the 2015-Cost scenario
and the 2030-Cost scenario. The system size will be for the same production rate, in
kg/day, for both cost scenarios. However, the energy consumption will change because

of the expected efficiency improvements by 2030.

9.3.1 Sizing of the central electrolyser and the HRSS

The main goal of the system is to support grid balancing, so the central electrolyser size
will be based on the energy availability side. The system will test different sizes of
electrolyser; which will affect the percentage of energy absorbed. At the same time, the
hydrogen demand should be met with an acceptable sale price. The testing will include

four different sizes, as based on the amount of energy consumed. The system efficiency
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in this scenario is 54.6 kWh/kg for alkaline electrolysers. The sizes are 130,105 kWh
(2383 kg/day), which will consume 57% of total surplus energy, 260,210 kWh (4766
kg/day), which will consume 87% of total surplus energy, 300,000 kWh (5,495 kg/day),
which will consume 92% of total surplus energy, and 350,000 kWh (6,410 kg/day), which
will consume 96% of total surplus energy. Figure 9.2 show the share of these sizes in

contrast with the surplus energy.
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Figure 9.2: Electrolyser size limits compared to the total surplus power available for each day of the year

The storage size will vary depending on the electrolyser size. Five days’ production is
considered the optimal storage size for each electrolyser size. The compression system
has a capacity equal to one day’s production.Table 9.1 shows the alkaline central
electrolyser and HRSs components for all scenarios. There is no surplus energy available
during the first few days of the year; however, the assumption is made that there is some
hydrogen in the store from the end of previous year. With the caveat that the simulated
year must have at least the same amount in the store at the end of the sampled year. The
central storage should have an initial amount in its tank. The storage tank size will
therefore be considered 80% full at the beginning of the year. Each garage forecourt has
a medium-sized storage tank to hold the imported hydrogen. The details of the garage
forecourts are given in Table 9.2:
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Scenario No. . .
c W < & w c W| & W s
DetailsDetails 835 8 385 S 38 I 4
HRS 1 X X X x
HRS 2 X X x x
HRSs Electrolyser size HRS 3 X X x x
(Kg/day) HRS 4 X X X X
HRS 5 X X X X
HRS 6 X b X X
HRS 1 560 560 560 560
HRS 2 630 630 630 630
HRS
) HRS 3 1840 1840 1840 1840
Storage size
(ko) HRS 4 1190 1190 1190 1190
g
HRS 5 2464 2464 2464 2464
HRS 6 1540 1540 1540 1540
HRS 1 149 149 149 149
HRS 2 226 226 226 226
HRS
. HRS 3 449 449 449 449
Compressor size
HRS 4 282 282 282 282
(Kg/day)
HRS 5 744 744 744 744
HRS 6 372 372 372 372
Central Electrolyser size (Kg/day) 2383 4766 5495 6410
Central Electrolyser Storage size (kg) 12000 24000 27500 | 32000
Central Electrolyser compressor size 2383 4766 5495 6410
Electrolyser efficiency (kWh/kg) 54.6 54.6 54.6 54.6
Year of the components cost 2015 2015 2015 2015

Table 9.1: Alkaline central electrolyser and HRSs components size (2015-Cost scenario)
Where: Cen. LAE Sc. 1: 2,383 kg/day alkaline central electrolyser with 12,000 kg

hydrogen storage without electrolyser at the HRSs under 2015-Cost scenario.

Cen. LAE Sc. 2: 4,766 kg/day alkaline central electrolyser with 24,000 kg hydrogen

storage without electrolyser at the HRSs under 2015-Cost scenario.

Cen. LAE Sc. 3: 5,495 kg/day alkaline central electrolyser with 27,500 kg hydrogen

storage without electrolyser at the HRSs under 2015-Cost scenario.

Cen. LAE Sc. 4: 6,410 kg/day alkaline central electrolyser with 32,000 kg hydrogen

storage without electrolyser at the HRSs under 2015-Cost scenario.
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Components Storage tank (kg) Number of
Max Initial | Min dispensers
HRSs value

HRS 1 560 448 65 3

HRS 2 630 504 63 3

HRS 3 1840 1472 182 3

HRS 4 1190 952 112 3

HRS 5 2464 1971 245 3

HRS 6 1540 1232 140 3

Table 9.2: Garage forecourt components size under 2015-Cost scenario
9.3.2 Alkaline central electrolyser and garage forecourts assessments

In this scenario, the central electrolyser has an investment cost, and each garage forecourt
also has an investment cost; the same cost calculation process as in Figure 8.6 will be
applied to calculate the total cost of the this system, and the same assumptions as in the
last two chapters will be applied (financed by a loan with an interest rate of 5% over seven

years).

The investment cost of the garage forecourts includes the storage and dispenser costs,
while the central electrolyser cost includes the electrolyser, storage, compressor and fixed
costs. As in previous scenarios, three aims need to be investigated: grid balancing,
hydrogen demand satisfaction and average hydrogen price at the point of sale. Starting
with the Cen. LAE Sc. 1, an economically viable energy price, based on the daily
hydrogen demand and the daily investment cost for the central electrolyser has to be

calculated.

There is no option or chance on the energy producer side to make money based on the
trading as in onsite scenario because only one price will be released by central electrolyser
and this price will be the daily energy settlement price as it shown in Figure 9.3 below.
Therefore, the daily released price for the central unit will be the settlement energy price.
The electricity price can be calculated using Equation (9.1).

kg
(hydrogen demand (kg) x 54.6(KWh/kg)

Hydrogen cost (i) X demandy, g) — Dailylnvestment Cost)(£) (9'1)
PriceElectric(E/kWh) =
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HRS 1
hydrogen demand
126 kg

HRS 2
hydrogen demand
296 kg

One day energy demand

One day surplus energy R 196069 KWh 10.86 £/kg " HRSd3 ;
180111.352 kwh ”| Electricity settlement price ydrogen aeman

0.0213£/kWh 619 kg

Y

Grid Alkaline central

electrolyser HRS 4

hydrogen demand
185 kg

HRS 5
hydrogen demand
1010 kg

Electricity

Hydrogen

HRS 6
hydrogen demand
331kg

HRSs

Figure 9.3: Central electrolyser electricity pricing mechanism , hydrogen production , and settlement hydrogen
price to the HRSs

The amount of hydrogen required is the production target for the central electrolyser, and
is dependent on the storage capacity and electrolyser size.The hydrogen production could
be less than the maximum capacity of the central electrolyser based on the amount of
surplus power available on any given day.The central electrolyser hydrogen production,
the total hydrogen imported by the garage forecourts and central electrolyser storage

profile are shown in Figure 9.4.
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Figure 9.4: Central hydrogen production, garage forecourts imported hydrogen and central storage profile

(2383 kg/day alkaline central electrolyser under 2015-Cost scenario (Cen. LAE Sc. 1))

For the first few days of the year, the imported hydrogen comes from storage until the

central electrolyser starts production. As can be seen, the central production profile is

very similar to the imported hydrogen profile, which means the hydrogen produced passes

from storage to the garage forecourt areas without remaining in central storage. This

explains why the central storage is empty at the end of the majority of days. Figure 9.5

and Figure 9.6 show the amount of imported hydrogen and the storage profile per garage

forecourt, respectively.
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Figure 9.5: Imported hydrogen at each garage forecourt throughout the year (2383 kg/day
alkaline central electrolyser under 2015-Cost scenario (Cen. LAE Sc. 1))
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Figure 9.6: Daily variation of hydrogen level in storage tank throughout the year (2383 kg/day alkaline
central electrolyser under 2015-Cost scenario (Cen. LAE Sc. 1))

Hydrogen is supplied to each garage forecourt in order of hierarchy from the one with the
highest demand to the lowest. Hence, the storage at HRS 5, which has the highest demand
reach full capacity many times more than other HRSs. The average settlement price will
be based on the total cost and total hydrogen demand, including the amount in storage at
the beginning of the year as per Equation (9.2).

Total cost (£ /year) ) (9.2)
Hydrogen imported (kg/year)

Average hydrogen price (E/kg) = (
The total cost includes the investment cost, fixed cost and variable cost. In terms of garage
forecourt price, the investment cost (storage and dispenser) should be added to the
average central cost. Delivery and transportation can be undertaken in different ways and
different states of hydrogen such as gas or liquid. Because of the economics of hydrogen
production, a tube trailer could be the best option for delivery. Delivery from the central
electrolyser to the HRSs is ignored because the distance between the assumed central
location (which is close to the renewable power generators) to the HRSs is not far (this
fluctuates between 0.5 to 1 mile). Another compression system must be added to the

HRSs to meet the required pressure at sale point because most tube trailers’ pressure is

285



Chapter 9: Techno-Economic Analysis of Dispatchable Operation of Central Electrolyser for Demand Side Response and
Hydrogen Fuel Production

250 bar, while 700 bar has been chosen by the manufactures for the first market-ready
and 350 bar for lift trucks and buses (U.S. Department of Energy, 2015). The central
electrolyser’s hydrogen production, the total hydrogen imported by the garage forecourts
and the central electrolyser storage profile of Cen. LAE Sc. 2 are shown in Figure 9.7.
Figure 9.8 shows the imported hydrogen at each HRS and Figure 9.9 show the hydrogen

storage profile per garage forecourt.

5000 Central alkaline electrolyser hydrogen production (kg)
|

— 0O 50 100 150 200 250 300 350 400
£ 5000 :
~—" Total imported hydrogen to HRSs (kg)
2 \\_MMNNV"'\N
(<3}
=2 A,
g VA i M-ty
f 00 50 100 150 200 250 300 350 400

4% 10"

Central alkaline ele¢trolyser hydrogen storage profile (kg)
00 50 100 150 200 250 300 350 400
Days

Figure 9.7: Central hydrogen production, hydrogen imported at HRSs and central storage profile
(4,766 kg/day alkaline central electrolyser under 2015-Cost scenario (Cen. LAE Sc. 2))
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Figure 9.8: Imported hydrogen at each garage forecourt throughout the year (4,766 kg/day alkaline central
electrolyser under 2015-Cost scenario (Cen. LAE Sc. 2))
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Figure 9.9: Daily variation of hydrogen level in storage tank throughout the year

(4,766 kg/day alkaline central electrolyser under 2015-Cost scenario (Cen. LAE Sc. 2))

Increase the size of central electrolyser and the storage gives the opportunity for all the
HRSs to import amount of hydrogen compared to the first size. However, the central

electrolyser cost will increase, as driven by the new investment cost.

For this size, the average price for all the HRSs except HRS 1 either increases or remains
unchanged because of the increase in price of the imported hydrogen. HRS 1’s price is
reduced because the amount of hydrogen imported reached 79% of the total, compared to
21% with the first, smaller size.

Figure 9.10 shows the central electrolyser’s hydrogen production, the total hydrogen
imported at the garage forecourts and the second size of central electrolyser’s storage
profile (Cen. LAE Sc. 3). Figure 9.11 shows the imported hydrogen at each HRS and

Figure 9.12 show the storage profile per garage forecourt.
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Figure 9.10: Central hydrogen production, hydrogen imported at HRSs and central storage profile (5,495 kg/day

alkaline central electrolyser under 2015-Cost scenario (Cen. LAE Sc. 3))
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Figure 9.11: Imported hydrogen at each garage forecourt throughout the year (5,495 kg/day alkaline central
electrolyser under 2015-Cost scenario (Cen. LAE Sc. 3))
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Figure 9.12: Daily variation of hydrogen level in storage tank throughout the year (5,495 kg/day alkaline central
electrolyser under 2015-Cost scenario (Cen. LAE Sc. 3))
Figure 9.13 shows the central electrolyser hydrogen production, the total hydrogen

imported by the garage forecourts and the storage profile of the third size of central
electrolyser (Cen. LAE Sc. 4).

The increase in size of the central electrolyser will solve certain issues such as grid
balancing and hydrogen demand being met, but the price of hydrogen will still be
expensive.

Figure 9.14 shows the imported hydrogen at each HRS whereas Figure 9.15 shows daily
variation of hydrogen level in storage tank throughout the year.
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Figure 9.13: Central hydrogen production, hydrogen imported at HRSs and central storage profile (6,410 kg/day
alkaline central electrolyser under 2015-Cost scenario (Cen. LAE Sc. 4))
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Figure 9.14: Imported hydrogen at each garage forecourt throughout the year (6,410 kg/day alkaline central
electrolyser under 2015-Cost scenario (Cen. LAE Sc. 4))
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Figure 9.15: Daily variation of hydrogen level in storage tank throughout the year (6410 kg/day alkaline
central electrolyser under 2015-Cost scenario (Cen. LAE Sc. 4))

Table 9.3 shows the economic summary of the system with different electrolyser sizes.
From the second to the fourth sizes, the energy consumed and hydrogen demand being
met are similar, even with the different electrolysers and storage sizes. However, the
average hydrogen price of the central and garage forecourts is increased because of the
new investment costs. The similarity in energy consumption between the last three sizes
is due to the amount, and value, of the surplus energy. For the second size (260,210 kwWh
or 4766 kg/day), maximum production capacity was used 44 times during the year, which
means that most days the electrolyser is running at less than its maximum production rate,
while maximum hydrogen porduction was seen 21 and 11 times during the year for the
second and third sizes, respectively. So, increasing the size does not seem to be the best
option to meet the main goals. A central alkaline electrolyser under the 2015-Cost
scenario can partly enhance renewable energy penetration by absorbing the surplus power
and also providing clean fuel for vehicles. The central production method is relatively
simple compared with the onsite production, especially for short distance delivery. The
electricty mechnism is easer than for decentrlised production. This system could also be
safer because the production is away from the consumption area. Despite the advantages

of central production, the system price is nevertheless quite expensive. The 2030-Cost
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scenario will be tested to asses effectivness of deploying central hydrogen production by

electrolysis in the coming years.

HRS HRS1 | HRS2 | HRS3 | HRS4 | HRS5 | HRS6

Scenario

Satisfaction of Hydrogen
demand (%)
Average hydrogen price (E/kg) | 23.30 16.80 13.70 16.40 | 12.50 14.40

21 32 75 48 87 64

Total surplus energy consumed
(%)
Satisfaction of total hydrogen
demand for HRSs (%)

Average central electrolyser
hydrogen price (£/kg)
Satisfaction of Hydrogen

demand (%)
Average hydrogen price (E/kg) | 17.60 | 16.80 | 17.40 | 17.70 | 16.70 | 17.40

57

66

Cen. LAE Sc. 1

9.60
79 82 90 88 93 91

Total surplus energy consumed 77

(%)
Satisfaction of total hydrogen

demand for HRSs (%)

Average central electrolyser
hydrogen price (£/kg)
Satisfaction of Hydrogen

demand (%)
Average hydrogen price (E/kg) | 19.20 | 18.40 | 19.00 | 19.40 | 18.40 | 19.10
Total surplus energy consumed
(%)
Satisfaction of total hydrogen
demand for HRSs (%)

89

Cen. LAE Sc. 2

14.00

83 84 92 89 94 91

78

91

Cen. LAE Sc. 3

Average central electrolyser

hydrogen price (£/kg) 15.80

Satisfaction of Hydrogen
demand (%)
Average hydrogen price (E/kg) | 21.40 | 20.70 | 21.30 | 21.60 | 20.70 | 21.40
Total surplus energy consumed
*)
Satisfaction of total hydrogen
demand for HRSs (%)

86 87 92 91 94 92

78

92

Cen. LAE Sc. 4

Average central electrolyser

hydrogen price (£/kg) 18.00

Table 9.3: Economic assessment of this scenario under different system component sizes (under 2015-Cost

scenario)
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9.4 2030-Cost scenario for alkaline electrolysis

This cost scenario is summarised in Table 7.1. The 2030-Cost scenario also includes

electrolysis efficiency improvements.

9.4.1 Sizing of the central electrolyser and the HRSS

The system size will be the same as described in Section 9.3.1. Only the system cost and
efficiency will change. Table 9.4 below shows the alkaline central electrolyser and HRSs

components size and scenarios.

< < < <
. Lo [{e] ~ oo}
Scenario No. - - P I 4 %
) = w c [9p] = w c w
Details 3 3 3 3
HRS 1 X x X X
HRSs HRS 2 X X X X
Electrolyser HRS 3 X X X X
size HRS 4 X X X X
(Kg/day) HRS 5 x X x x
HRS 6 X x x X
HRS 1 560 560 560 560
HRS 2 630 630 630 630
HRS
) HRS 3 1840 1840 1840 1840
Storage size
(ko) HRS 4 1190 1190 1190 1190
g
HRS 5 2464 2464 2464 2464
HRS 6 1540 1540 1540 1540
HRS 1 149 149 149 149
HRS HRS 2 226 226 226 226
Compressor HRS 3 449 449 449 449
size HRS 4 282 282 282 282
(Kg/day) HRS 5 744 744 744 744
HRS 6 372 372 372 372
Central Electrolyser size 2383 4766 5495 6410
Central Ele_ctrolyser Storage 12000 24000 27500 32000
size (kg)
Central Electrolyser 2383 4766 5495 6410
compressor size (kg/day)
Electrolyser efficiency 50 50 50 50
(kWh/kg)
Year of the components cost 2030 2030 2030 2030

Table 9.4: Alkaline central electrolyser and HRSs size details under 2030-Cost scenario
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Where: Cen. LAE Sc. 5: 2,383 kg/day alkaline central electrolyser with 12,000 kg

hydrogen storage without electrolyser at the HRSs under 2030-Cost scenario.

Cen. LAE Sc. 6: 4,766 kg/day alkaline central electrolyser with 24,000 kg hydrogen

storage without electrolyser at the HRSs under 2030-Cost scenario.

Cen. LAE Sc. 7: 5,495 kg/day alkaline central electrolyser with 27,500 kg hydrogen

storage without electrolyser at the HRSs under 2030-Cost scenario.

Cen. LAE Sc. 8: 6,410 kg/day alkaline central electrolyser with 32,000 kg hydrogen

storage without electrolyser at the HRSs under 2030-Cost scenario.

9.4.2 Alkaline central electrolyser and garage forecourts assessments

This scenario will be capable of producing hydrogen at a cheaper price than the 2015-
Cost scenario. However, the other goals should be investigated. The hydrogen price here
should also compare with the forecasted price of fossil fuels to evaluate the possibility of
competition. Table 9.5 summarises the economic assessments of this scenario with
different system sizes. The hydrogen prices are reduced in this scenario, as enabled by
the reduction in the investment cost, and a slightly higher electricity price (the electricity
price fluctuates between £0.030-0.0372/kWh depending on the size of the central
electrolyser). Even with lower energy consumption, the satisfaction of hydrogen demand
is higher than in the 2015-Cost scenario. Figure 9.16 compares the average hydrogen

prices with the central electrolyser prices for the two different cost scenarios.

1g/IM2015-Cost scenario Cen. LAE Sc.a
l2030-Cost scenario

16 Cen. LAE Sct.

Cen. LAE Sc. 2

14

Cen. LAE Sc .8
Cen. LAE Sc .7

Cen. LAE Sc .6

Cen. LAE Sc .5

Hydrogen price (£/kg)

Figure 9.16: Central alkaline electrolyser hydrogen price for different cost scenarios and under different

system sizes
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HRS

Scenario

HRS 1

HRS 2

HRS 3

HRS 4

HRS 5

HRS 6

Cen. LAE Sc.

Satisfaction of Hydrogen demand (%)

23

32

76

50

87

66

Average hydrogen price (£/kg)

10.60

8.40

7.20

8.20

6.70

7.40

Total surplus energy consumed (%)

53

Satisfaction of total hydrogen demand
for HRSs (%)

67

Average central electrolyser hydrogen
price (£/kg)

5.60

Satisfaction of Hydrogen demand (%)

85

86

92

88

93

92

Average hydrogen price (£/kg)

8.60

8.20

8.50

8.60

8.20

8.50

Total surplus energy consumed (%)

72

Satisfaction of total hydrogen demand
for HRSs (%)

91

Average central electrolyser hydrogen
price (£/kg)

7.20

Satisfaction of Hydrogen demand (%)

88

88

93

91

95

93

Average hydrogen price (£/kg)

9.20

9.00

9.20

9.30

8.90

9.20

Total surplus energy consumed (%)

73

Satisfaction of total hydrogen demand
for HRSs (%)

93

Average central electrolyser hydrogen
price (£/kg)

7.90

Cen. LAE Sc. 8 | Cen. LAE Sc. 7 | Cen. LAE Sc.

Satisfaction of Hydrogen demand (%)

91

91

94

94

95

94

Average hydrogen price (£/kg)

10.10

9.90

10.10

10.20

9.90

10.10

Total surplus energy consumed (%)

74

Satisfaction of total hydrogen demand
for HRSs (%)

94

Average central electrolyser hydrogen
price (£/kg)

8.90

Table 9.5: Economic assessment of this scenario under different system component sizes (under 2030-Cost

scenario)

9.5 2015-Cost scenario for PEM electrolysis

Two cost scenarios will be investigated using PEM electrolysis: the 2015-Cost scenario

and the 2030-Cost scenario. The system size will be the same in terms of production in

kg/day for both scenarios.

9.5.1 Sizing of the central electrolyser and the HRSS

The main goal of the system is to support grid balancing, so the central electrolyser size
should be based on the energy availability. The system will test different electrolyser
sizes. At the same time, the hydrogen demand should be met at an acceptable sale price.

The system sizes will be the same as for the alkaline 2015-Cost scenario (see Section

9.3.1). Table 9.6 below summarises the PEME and HRSs components size.
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: . w . w . w . w
_ Scenario No. < E : g E 3 < E 08 g E z
Details OWon OWn|OWs OW®
HRS 1 X b X X
HRS 2 X X x X
HRSs HRS 3 x x x x
Electrolyser
size
X X X X
(Kg/day) HRS 4
HRS 5 o % - %
HRS 6 X X x X
HRS 1 560 560 560 560
HRS 2 630 630 630 630
HRS HRS 3 1840 1840 1840 1840
Storage size
(kg) HRS 4 1190 1190 1190 1190
HRS 5 2464 2464 2464 2464
HRS 6 1540 1540 1540 1540
HRS 1 149 149 149 149
HRS 2 226 226 226 226
HRS HRS 3 449 449 449 449
Compressor
size
(Kg/day) HRS 4 282 282 282 282
HRS 5 744 744 744 744
HRS 6 372 372 372 372
Central Electrolyser size (Kg/day) 2383 4766 5495 6410
Central Electrolyser Storage size (kg) 12000 24000 27500 32000
Central Electrolyser compressor size (kg/day) 2383 4766 5495 6410
Electrolyser efficiency (kWh/kg) 54.6 54.6 54.6 54.6
Year of the components cost 2015 2015 2015 2015

Table 9.6: PEM central electrolyser and HRSs size details under 2015-Cost scenario
Where: Cen. PEME Sc. 1: 2,383 kg/day PEM central electrolyser with 12,000 kg

hydrogen storage without electrolyser at the HRSs under 2015-Cost scenario.

Cen. PEME Sc. 2: 4,766 kg/day PEM central electrolyser with 24,000 kg hydrogen

storage without electrolyser at the HRSs under 2015-Cost scenario.
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Cen. PEME Sc. 3: 5,495 kg/day PEM central electrolyser with 27,500 kg hydrogen
storage without electrolyser at the HRSs under 2015-Cost scenario.

Cen. PEME Sc. 4: 6,410 kg/day PEM central electrolyser with 32,000 kg hydrogen

storage without electrolyser at the HRSs under 2015-Cost scenario.

9.5.2 PEM central electrolyser and garage forecourts assessments

Figure 9.17 shows the hydrogen production for the first size of central electrolyser (Cen.
PEME Sc. 1), the total hydrogen imported by the garage forecourts and the central
electrolyser’s storage profile.
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Figure 9.17: Central hydrogen production, hydrogen imported at HRSs and central storage profile (2383
kg/day PEM central electrolyser (Cen. PEME Sc. 1)) under 2015-Cost scenario

The energy-selling price for the first size (Cen. PEME Sc. 1) is £0.0206/kWh. The amount
of imported hydrogen is quite similar to the central electrolyser’s hydrogen production.
In other words, at the end of most days the storage is empty because all hydrogen
produced has been transferred to the garage forecourts where it is stored until sold. Figure

9.18 shows the imported hydrogen at each HRS and Figure 9.19 shows the daily variation
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of hydrogen level in storage tank throughout the year for the first size of central
electrolyser (Cen. PEME Sc. 1).
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Figure 9.18: Imported hydrogen at each garage forecourt throughout the year profile (2383 kg/day PEM
central electrolyser (Cen. PEME Sc. 1)) under 2015-Cost scenario
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Figure 9.19: Daily variation of hydrogen level in storage tank throughout the year profile (2383 kg/day
PEM central electrolyser (Cen. PEME Sc. 1)) under 2015-Cost scenario

Table 9.7 summarises the economic assessment of this scenario for different sizes
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. HRS HRS 1|HRS 2| HRS 3|HRS 4|HRS 5| HRS 6
cenario

L Satisfaction of Hydrogen demand (%) 21 32 75 48 87 64
E — Average hydrogen price (£/kg) 25.00 | 18.20 | 15.20 | 17.90 | 14.00 | 16.00
o o Total surplus energy consumed (%) 57

GC_; @ Satisfaction of total hydrogen demand for HRSs (%) 66

@) Average central electrolyser hydrogen price (£/kg) 11.20

w Satisfaction of Hydrogen demand (%) 79 82 90 88 93 91
E ~ Average hydrogen price (£/kg) 20.00 | 19.10 | 19.70 | 20.00 | 19.00 | 19.70
a g Total surplus energy consumed (%) 77

S @ Satisfaction of total hydrogen demand for HRSs (%) 89

o Average central electrolyser hydrogen price (£/kg) 16.40

L Hydrogen demand satisfaction (%) 83 84 92 89 94 91
E o Average hydrogen price (E/kg) 22.00 | 21.10 | 21.80 | 22.10 | 21.10 | 21.80
o s Total surplus energy consumed (%) 78

= @ Total hydrogen demand satisfaction (%) 91

O Average central electrolyser hydrogen price (£/kg) 18.50

| Satisfaction of Hydrogen demand (%) 86 87 92 91 94 92
E < Average hydrogen price (E/kg) 24.60 | 24.00 | 24.60 | 24.90 | 24.00 | 24.60
o o Total surplus energy consumed (%) 78

S @ Satisfaction of total hydrogen demand for HRSs (%) 92

o Average central electrolyser hydrogen price (£/kg) 21.40

Table 9.7: Economic assessment of this scenario under different system component sizes (for 2015-

Cost scenario)

Of PEME with the 2015-Cost scenario, which does not result in any changes in terms of

the energy absorbed and hydrogen demand met. However, the hydrogen price at the

central electrolyser and garage forecourts is increased because of the cost of the PEM

electrolyser. The 2030-Cost scenario could lead to greater absorption of energy, and thus

greater satisfaction of hydrogen demand is achieved because of the reduction in system

cost and the projected efficiency improvements in electrolysis. The energy price range
was £0.0081-0.0087/kWh.

9.6 2030-Cost scenario for PEM electrolysis

The system will follow the same steps as for the 2015-Cost scenario with new cost system

data and new efficiencies for the electrolysis and compression systems as it is shown in

Table

9.8 below.
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LW, RTT RNTTNG LW
ScenarioNo.| & = &2 g S 525
w L ] w
Details On.m UD_U) (.)ﬂ_m Ou_cn
HRS 1 X X X X
HRS 2 X X X X
HRSs % % N %
Electrolyser RS2
size HRS 4 x x x x
(Kg/day)
HRS 5 X X X X
HRS 6 X X X X
HRS 1 560 560 560 560
HRS 2 630 630 630 630
HRS HRS 3 1840 1840 1840 1840
Storage size
(kg) HRS 4 1190 1190 1190 1190
HRS 5 2464 2464 2464 2464
HRS 6 1540 1540 1540 1540
HRS 1 149 149 149 149
HRS 2 226 226 226 226
HRS
Compressor HRS 3 449 449 449 449
slze HRS 4 282 282 282 282
(Kg/day)
HRS 5 744 744 744 744
HRS 6 372 372 372 372
Central Electrolyser size (Kg/day) 2383 4766 5495 6410
Central Electrolyser Storage size (kg) 12000 24000 27500 32000
Central Electrolyser compressor size (kg/day) 2383 4766 5495 6410
Electrolyser efficiency (kWh/kg) 47 47 47 47
Year of the components cost 2030 2030 2030 2030

Table 9.8: PEM central electrolyser and HRSs size details under 2030-Cost scenario

Where: Cen. PEME Sc. 5: 2,383 kg/day PEM central electrolyser with 12,000 kg

hydrogen storage without electrolyser at the HRSs under 2030-Cost scenario.

Cen. PEME Sc. 6: 4,766 kg/day PEM central electrolyser with 24,000 kg hydrogen
storage without electrolyser at the HRSs under 2030-Cost scenario.
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Cen. PEME Sc. 7: 5,495 kg/day PEM central electrolyser with 27,500 kg hydrogen
storage without electrolyser at the HRSs under 2030-Cost scenario.

Cen. PEME Sc. 8: 6,410 kg/day PEM central electrolyser with 32,000 kg hydrogen

storage without electrolyser at the HRSs under 2030-Cost scenario.

Regarding size, the system sizes listed in Table 9.8 will be tested. The new cost details
are given in Table 7.2. Figure 9.20 shows the central electrolyser’s hydrogen production,
hydrogen imported at the garage forecourts and the storage profile of the first size of PEM

central electrolyser (Cen. PEME Sc. 5) throughout the year.

4000

Central PEM electrofyser hydrogen production (kg)
|

|

00 50 100 150 200 250 300 350 400
g 5000 | | Total imported hydrogen to HRSs (kg)
c
(<)
(@)
o
£, AN
f‘ 0 50 100 150 200 250 300 350 400

10000 Central PEM electrolyser hydrogen storage profile (kg)
5000
Ob\ AW YN
0 50 100 150 200 250 300 350 400

Days

Figure 9.20: Central hydrogen production, hydrogen imported at HRSs and central storage profile (2,383
kg/day PEM central electrolyser (Cen. PEME Sc. 5)) under 2030-Cost scenario

Figure 9.21 shows the imported hydrogen at each HRS and Figure 9.22 show the storage

profile per garage forecourt.

The calculation are similar to those of the equivalent scenario using an alkaline 2030-
Cost profile, with slightly more hydrogen demand being met since the efficiency of the

electrolysis is improved.
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Figure 9.21: Imported hydrogen at each garage forecourt throughout the year (2,383 kg/day PEM central
electrolyser (Cen. PEME Sc. 5)) under 2030-Cost scenario
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Figure 9.22: Daily variation of hydrogen level in storage tank throughout the (2,383 kg/day PEM central
electrolyser (Cen. PEME Sc. 5)) under 2030-Cost scenario
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Figure 9.23, Figure 9.24 and Figure 9.25 show summaries for the second size of
electrolyser (Cen. PEME Sc. 6).

5000 Central PEM electroiiyse,r hydrogen production (kg).

- 00 50 100 150 200 250 300 350 400
(@]
\x_, 5000 ‘ Total imported hydrogen to HRSs (kg)
c
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(.
S 0 ‘ ‘
T 0 50 100 150 200 250 300 350 400

4% 10°

Central PEM electrolyser hydrogen storage profile (kg)
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Days

Figure 9.23: Central hydrogen production, hydrogen imported at HRSs and central storage profile (4,766
kg/day PEM central electrolyser (Cen. PEME Sc. 6)) under 2030-Cost scenario
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Figure 9.24: Imported hydrogen at each garage forecourt throughout the year (4,766 kg/day PEM central
electrolyser (Cen. PEME Sc. 6)) under 2030-Cost scenario

303



Chapter 9: Techno-Economic Analysis of Dispatchable Operation of Central Electrolyser for Demand Side Response and
Hydrogen Fuel Production

500
500
O ‘ ‘ ‘ O ‘HRSZ‘ ‘
0 100 200 300 400 0 100 200 300 400
g 2000
- 1000
S 1000 500
o HRS3 ‘ HRS 4
© 0 j 0
f‘ 0 100 200 300 400 0 100 200 300 400
1000
0 HRSS‘ ‘
% 100 200 300 400 0 100 200 300 400
Days

Figure 9.25: Daily variation of hydrogen level in storage tank throughout the year (4,766 kg/day PEM central
electrolyser (Cen. PEME Sc. 6)) under 2030-Cost scenario

Based on the storage profile of the central electrolyser, hydrogen imported and storage
variation per garage forecourt, this scenario represents a certain improvement over the
last scenario because the amount of imported hydrogen is greater and more hydrogen can
be stored in the central tank, which means all garage forecourts can have their daily

requirements for hydrogen on the majority of days.

However, the price of the hydrogen will be higher due to the increased investment for the

new system size.

Figure 9.26 shows the hydrogen production of the central electrolyser, the total hydrogen
imported at each garage forecourt and the hydrogen storage variation at the central

electrolyser under third system size (Cen. PEME Sc. 7) throughout the year.
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Figure 9.26: Central hydrogen production, hydrogen imported at HRSs and central storage profile (5,495
kg/day PEM central electrolyser (Cen. PEME Sc. 7)) under 2030-Cost scenario

The amount of hydrogen imported is less than that produced for the period between day
1 and day 304 with the rest staying in storage, after this period the central storage became

empty and the amount of hydrogen imported to HRSs is very similar to the production of

hydrogen at the central electrolyser. Figure 9.27 shows the imported hydrogen at each

HRS and Figure 9.28 shows the daily variation of hydrogen level in storage tank

throughout the year for the central size of electrolyser (Cen. PEME Sc. 7).
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Figure 9.27: Imported hydrogen at each garage forecourt throughout the year (5495 kg/day PEM central
electrolyser (Cen. PEME Sc. 7)) under 2030-Cost scenario
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Figure 9.28: Daily variation of hydrogen level in storage tank throughout the year (5495 kg/day PEM central
electrolyser (Cen. PEME Sc. 7)) under 2030-Cost scenario

This system size does not result in any significant change in terms of energy consumption
when compared with the previous size (Cen. PEME Sc. 6); 68% of the energy is
consumed at the previous size, whereas 69% is absorbed with this size. The reason can
be understood from the maximum production times for each size: the previous size’s
maximum production occurred 48 times over the year while the maximum production
with this size occurred only 32 times during the year. Figure 9.29, Figure 9.30 and Figure
9.31 summaries this scenario with the longest size of electrolyser (Cen. PEME Sc. 8).
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Figure 9.29: Central hydrogen production, hydrogen imported at HRSs and central storage profile (6410
kg/day PEM central electrolyser (Cen. PEME Sc. 8)) under 2030-Cost scenario

306



Chapter 9: Techno-Economic Analysis of Dispatchable Operation of Central Electrolyser for Demand Side Response and
Hydrogen Fuel Production

500
HRS 1 HRS 2
500 '
0 i i i 0 i i i
0 100 200 300 400 0 100 200 300 400
S 2000
X
~—~ HRS 3 HRS 4
% | 1000 |
g 1000 500
s
-g 0 | | | 0 | | |
T 0 100 200 300 400 0 100 200 300 400
HRS 5 HRS 6
2000 1000
1000}, | 500
0 i i i 0 i i i
0 100 200 300 400 0 100 200 300 400
Days

Figure 9.30: Imported hydrogen at each garage forecourt throughout the year (6410 kg/day PEM central
electrolyser (Cen. PEME Sc. 8)) under 2030-Cost scenario
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central electrolyser (Cen. PEME Sc. 8)) under 2030-Cost scenario
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Table 9.9 below shows a summary of 2030-Cost scenario under different system sizes.

. HRS HRS | HRS | HRS | HRS | HRS | HRS
Scenario 1 2 3 4 5 6
Satisfaction of Hydrogen demand (%) 25 34 77 51 88 67
g Average hydrogen price (£/kg) 10.20 | 8.30 | 7.20 | 8.10 | 6.70 | 7.40
H_J Lz Total surplus energy consumed (%) 51
S @ Satisfaction of total hydrogen demand for HRSs (%) 68
© Average central electrolyser hydrogen price (£/kg) 5.70
" Satisfaction of Hydrogen demand (%) 87 87 92 89 94 92
S Average hydrogen price (£/kg) 8.80 | 850 | 870 | 8.90 | 8.50 | 8.80
H_J ﬁ Total surplus energy consumed (%) 68
GC_; @ Satisfaction of total hydrogen demand for HRSs (%) 92
© Average central electrolyser hydrogen price (£/kg) 7.50
w Hydrogen demand satisfaction (%) 89 89 94 91 95 93
E ~ Average hydrogen price (£/kg) 9.50 | 9.30 | 9.50 | 9.60 | 9.30 | 9.50
o o Total energy consumed (%) 69
S @ Total hydrogen demand satisfaction (%) 93
O Average central electrolyser hydrogen price (£/kg) 8.30
w Hydrogen demand satisfaction (%) 94 93 95 95 96 94
E o Average hydrogen price (£/kg) 10.50 | 10.20 | 10.50 | 10.60 | 10.30 | 10.50
D_. 8 Total energy consumed (%) 70
é Total hydrogen demand satisfaction (%) 95
Average central electrolyser hydrogen price (£/kg) 9.30
Table 9.9: Economic assessment of this scenario under different system component sizes under 2030-Cost
scenario

This scenario will absorb only 1% more at the surplus energy than the previous size, even
with its considerable increase in investment costs (nearly 15% higher for this size). The
energy price of this scenario under different electrolyser sizes fluctuates between
£0.0351/kWh and £0.0353 /kWh.

9.7 Potential economic benefits of previous scenarios through CO:

reduction

Regardless of the environmental benefit that can be achieved when renewable energy
sources are integrated into the energy system and hydrogen is used as a replacement for
fossil fuel, the economic benefits are the main engine of any project. So, the economic
benefits that can be gained due to deployment of renewable sources will be assessed.

Economic benefits can be determined in different ways based on the intention of the
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government. In other words, if the target is to reduce the CO, emissions, some fossil fuel

production must be cut and replaced by renewable energy sources and hydrogen.

There are also “external cost’ arising from the use of fossil fuels, which include the cost
of dealing with negative environmental and health effects. The use of CO taxes is a way

of internalising external cost.

The economic benefits of this scenario can be obtained by the introduction of the CO,-
based taxes. Another option to gain economic benefits is to keep the oil production at the
same levels when the renewable energy integration starts, and rather than being used for
local consumption, it can be used to increase oil export levels, which in turn will lead to
an increase in income, but with the same levels of CO, emission. Two potential benefits

will be tested under all previous scenarios in Chapter 8.

9.7.1 CO2 emission reduction and associated benefits (reduction in fossil
use due to renewable energy integration into the grid)

In this case, there are two components that need to be calculated, namely those of the
energy injected to the grid and used to meet demand, and the surplus energy that is
exploited to produce hydrogen. However, the calculation in this case will be based on the
fossil fuel reduction when the hydrogen is used as a substitute. Figure 9.32 below explains

the CO2 reduction process.

The cost of any CO. produced differs between countries. In the UK, this cost will increase
to £116.05 /tCO,e by 2030. Total energy consumed can be straightforwardly calculated
since the total energy production via renewable energy and the surplus energy are known
(UK Government, 2016).

Total consumed energy = total RE energy production - total surplus energy  (9.3)

Total consumed energy = 143481- 47488 = 95993 MWh

Based on the general electricity company of Libya, the Libyan emission factor is 0.8843
tCO, /MWh in 2012. So, the total CO, emissions from energy sources that will be

replaced by the renewable energy can be calculated as in Equation (9.4).

Total CO, emissions = total consumed energy X CO, emission factor (9,4)
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Total CO, emissions =

Renewable
Energy
Sources

First CO, Reduction

A 4

Energy Balance

A

95993 x 0.8843 = 84887 tC0,e

Electrical
Demand

Surplus Energy

Electrolysis

Second CO, Reduction

€

Energy wasted

<€

The social cost of carbon (SCC) in Libya seems to be ambiguous and difficult to estimate
and thus an assumption will be applied for 2015 and future (2030) prices based on the
prices in (Litterman, 2013). In this paper, the 2015 SCC is small at nearly $10/ tC02
(E7.76/ tCO,), whilst a future price of between $100 — 200/ tCO, will be assumed to

A 4

Figure 9.32: Summary of CO2 reduction process

be $150 / tCO, (£116.42/ tCO,), as based on 2017 exchange rates.

Based on these prices, the monetary savings that can be achieved due to the energy used

in the electricity sector can be computed as follows:

Current total money saving = Total CO, emissions X SCCeyrrent

(9.5)

Current total money saving = 84887 X 7.76 = 658,723 £

Future total money saving = Total CO, emissions X SCCryryre
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Future total money saving = 84887 X 116.42 = 9,882,545 £

The future monetary saving is promising, and could well encourage many companies and
states to reduce their emissions, in contrast with the low savings that are currently

possible.

The cost reduction due to the use of hydrogen as a fuel instead of fossil fuels will be
calculated in all scenarios under the 2015- and 2030-Cost scenarios for alkaline and PEM

electrolysers.

Because of difficulties in determining CO> emissions in the case of Libya, the latest
available information from the UK will be applied (UK Government, 2016). Based on
this information, burning 1ton of fossil fuel (mainly diesel) will produce
around 3,108.5 kgCO,,,.

Meeting hydrogen demand in each scenario represents an equivalent fossil fuel reduction,
and thus the cost can be calculated for the 2015 and future costs of SCC. The calculation
steps are presented in Figure 9.33 .

Hydrogen production already computed in every scenario

A 4

Convert hydrogen fuel into fossil fuel equivalent using equation

Qu, X LHV 5, X pig,
LHVp = gy

Qry =

A 4

Calculate the total co, emissions
= total fuel consumed x co, emission factor

v

Calculate the money saving due to hydrogen deployment
=total co, emissions x SCC current, future

Figure 9.33: Process of saving money due to hydrogen energy penetration
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The total savings for the system under the 2015- and 2030-Cost scenarios can be

calculated by Equation (9.7)

Total monetary savings = total money saved from energy + total money saved from fuel (9.7)

A summary of CO: reduction and monetary savings due to hydrogen fuel penetration for
alkaline operation under the 2015-Cost scenario is presented in Table 9.10. In this
scenario, due to the lower cost of SCC, the total savings resulting from fuel and energy
reduction does not represent any real incentive to encourage governments to reduce
emissions, at least from an economic perspective. However, in the future scenario, the

SCC will be considerably higher in order to enhance renewable energy penetration.

Table 9.11 shows the summary of CO> reduction and monetary savings due to hydrogen
fuel penetration for alkaline operation and under the 2030-Cost scenario. A summary of
the total monetary savings for alkaline electrolyser operation under the 2015- and 2030-
Cost scenarios due to replacing conventional sources of electricity and fuel by renewable

energy sources are presented in Table 9.12 and Table 9.13, respectively.

PEME scenarios are very similar to alkaline electrolyser scenarios, showing very little
difference in CO, emission reductions or monetary savings due to the overall system
efficiency. Table 9.14 and Table 9.15 show the Summary of CO; reduction and monetary
savings due to hydrogen fuel penetration for PEM under the 2015 and 2030-cost
scenarios, respectively, whereas Table 9.16 and Table 9.17 represent the total monetary
savings due to fossil source reductions, in terms of both energy and fuel.

There is no clear difference between the savings derived from alkaline or PEM
electrolysers. The electrolyser efficiency could, relatively speaking, affect monetary
savings. In 2030, PEM electrolysis savings are expected to be higher than those from
alkaline electrolysers due to the anticipated efficiency improvements in the former
technology. This efficiency improvement should lead to increased hydrogen production
and less fossil fuel consumption, and thus greater monetary savings. Generally, the
improvement characteristics have a direct impact on average hydrogen prices.
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Alkaline electrolyser, 2015-Cost scenario
Total Total fossil | Total CO2 Total
Cost hydrogen fuel reduction saving
production reduction | (tCO,,/year) | (Elyear)
Scenarios (ton/year) (ton/year)
LAE Sc. 1 469 3,243 10,081 78,226
LAE Sc. 2 583 4,032 12,533 97,258
Increase Triple LAE Sc. 3 627 4,339 13,487 10,4662
thesystem | default =) AESc g 659 4,556 14162 | 109,895
size electrolyser
size LAE Sc. 5 682 4,719 14,668 113,820
Central electrolyser LAE Sc. 6 588 4,068 12,644 98,121
operates under a LAE Sc. 7 635 4,393 13,656 105,971
orerent electyiclty . | LAE Sc. 8 674 4,664 14499 | 112,512
P LAE Sc. 9 698 4,827 15005 | 116,437
Central electrolyser LAE Sc. 11 588 4,068 12,644 98,121
Oiiggiﬁfcﬁgiiztfgﬁéi?e LAE Sc. 12 635 4,393 13656 | 105,971
price as the HRSs LAE Sc. 13 674 4,664 14,499 112,512
LAE Sc. 14 698 4,827 15,005 116,437

Table 9.10: Summary of CO:2 reduction and monetary savings due to hydrogen fuel penetration for alkaline

electrolyser and under the 2015-Cost scenario

Alkaline electrolyser- 2030-Cost scenario

Total Total fossil | Total CO2 Total
Cost | hydrogen fuel reduction saving
. production | reduction | (¢tCO, /year) (Elyear)

Scenarios (ton/year) (ton/year)

LAE Sc. 16 511 3,532 10,980 1,278,292

LAE Sc. 17 610 4,216 13,107 1,525,917

Increase Triple LAE Sc. 18 651 4,502 13,993 1,629,065

the system | default 682 4,719 14,668 | 1,707,649

size electrolyser LAE Sc. 19 ’ ' o

size LAE Sc. 20 698 4,827 15,005 1,746,882

Central electrolyser LAE Sc. 21 612 4,230 13,150 1,530,923

operates under a LAE Sc. 22 659 4,556 14,162 | 1,648,740

different electricity
settlement price to LAE Sc. 23 690 4,773 14,836 1,727,207
HRSs

LAE Sc. 24 714 4,935 15,342 1,786,116

Central electrolyser LAE Sc. 26 612 4,230 13,150 1,530,923

operates under the same | | AE Sc. 27 659 4,556 14,162 1,648,740

electricity settlement
SR e A HIR LAE Sc. 28 690 4773 14,836 1,727,207
LAE Sc. 29 714 4,935 15,342 1,786,116

Table 9.11: Summary of CO2 reduction and monetary savings due to hydrogen fuel penetration for alkaline

electrolyser and under the 2030-Cost scenario
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Alkaline electrolyser, 2015-Cost scenario

Cost Money saved Money saved Total saving

(Elyear) (Elyear) (Elyear)

Scenarios (energy reduction) (fuel reduction)
LAE Sc. 1 658,723 78,226 736,949
LAE Sc. 2 658,723 97,258 755,981
Increase Triple LAE Sc. 3 658,723 104,662 763,385
the system | default LAE Sc. 4 658,723 109,895 768,618
size e'ecggéyser LAE Sc.5 658,723 113,820 772,543
Central electrolyser LAE Sc. 6 658,723 98,121 756,844
operates under a LAE Sc. 7 658,723 105,971 764,694
setﬂgﬁgﬁ?gilggt&c% . LAE Sc. 8 658,723 112,512 771,235
LAE Sc. 9 658,723 116,437 775,160
central electrolyser LAE Sc. 11 658,723 98,121 756,844
operates under the same LAE Sc. 12 658,723 105,971 764,694
R LAE Sc. 13 658,723 112,512 771,235
LAE Sc. 14 658,723 116,437 775,160

Table 9.12: Summary of total cost reduction due to renewable energy and hydrogen fuel penetration

of alkaline electrolyser under the 2015-Cost scenario

Alkaline electrolyser, 2030-Cost scenario

Cost Money saved Money saved Total saving
) (Elyear) (Elyear) (Elyear)
Scenario (energy reduction) (fuel reduction)
LAE Sc. 16 9,882,545 1,278,292 11,160,837
LAE Sc. 17 9,882,545 1,525,917 11,408,462
Increase Triple LAE Sc. 18 9,882,545 1,629,065 11,511,610
the system default
size sl v LAE Sc. 19 9,882,545 1,707,649 11,590,194
S LAE Sc. 20 9,882,545 1,746,882 11,629,427
Central electrolyser LAE Sc. 21 9,882,545 1,530,923 11,413,468
operates under a LAE Sc. 22 9,882,545 1,648,740 11,531,285
Setﬂ'ef:ﬁgﬁ?t i:ggt{('f%SS LAE Sc. 23 9,882,545 1,727,207 11,6097 ,52
P LAE Sc. 24 9,882,545 1,786,116 11,668,661
central electrolyser LAE Sc. 26 9,882,545 1,530,923 11,413,468
Opﬁratte? %Jt”de;ttlhe Saft“e LAE Sc. 27 9,882,545 1,648,740 11,531,285
electricity settlemen
price as the HRSs LAE Sc. 28 9,882,545 1,727,207 11,609,752
LAE Sc. 29 9,882,545 1,786,116 11,668,661

Table 9.13: Summary of total cost reduction due to renewable energy and hydrogen fuel penetration of

alkaline electrolyser under the 2030-Cost scenario
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PEM electrolyser, 2015-Cost scenario

Cost Total Total fossil Total CO2 Total
hydrogen fuel reduction saving
. production | reduction | (tCO, /year) (Elyear)
Scenario (ton/year) (ton/year)
PEME Sc. 1 468 3,241 10,073 78,168
Increase PEME Sc. 2 562 3,890 12,092 93,833
the Triple PEME Sc. 3 612 4,230 13,150 102,046
system default
size electrolyser PEME Sc. 4 651 4,502 13,993 108,587
size PEME Sc. 5 674 4,664 14,499 112,512
Central electrolyser PEME Sc. 6 588 4,068 12,644 98,121
operates unde.r a PEME Sc. 7 635 4,393 13,656 105,971
‘ig‘t‘;‘i‘g;”:net'ecrtlgg'ttg PEME Sc. 8 674 4,664 14,499 | 112,512
HRSIZ PEME Sc. 9 698 4,827 15,005 116,437
central electrolyser PEME Sc. 11 588 4,068 12,644 98,121
Oggﬁ‘;e;;;‘:iecfitt;‘e PEME Sc. 12 635 4,393 13,656 | 105,971
settlement price as the PEME Sc. 13 674 4,664 14,499 112,512
HRSs PEME Sc. 14 698 4,827 15,005 116,437

Table 9.14: Summary of CO:2 reduction and monetary savings due to hydrogen fuel penetration for PEME

under the 2015-Cost scenario

PEM electrolyser- 2030-Cost scenario

Cost Total Total fossil Total CO2 Total

hydrogen fuel reduction saving

production | reduction | (tCO, /year) (Elyear)

Scenario (ton/year) (ton/year)
PEME Sc. 16 539 3,725 11,579 1,347,990
PEME Sc. 17 617 4,274 13,286 1,546,780
'”CtLeease Triple PEME Sc. 18 666 4,610 14,330 | 1,668,342
system ele?:?;?)lf;er PEME Sc. 19 698 4,827 15005 | 1,746,852
size size PEME Sc. 20 721 4,990 15,511 1,805,737
Central electrolyser PEME Sc. 21 635 4,393 13,656 1,589,832
operates under a PEME Sc. 22 674 4,664 14,499 | 1,687,974
‘ig‘t“t‘i‘g;”:net'ecrtlgg'ttg PEME Sc. 23 706 4,881 15173 | 1,766,482
ety PEME Sc. 24 729 5,044 15,679 | 1,825,364
central electrolyser PEME Sc. 26 635 4,393 13,656 1,589,832
operates Und?"_ the PEME Sc. 27 674 4,664 14,499 1,687,974
same electricity

settlement price as the PEME Sc. 28 706 4,881 15,173 1,766,482
HRSs PEME Sc. 29 729 5,044 15,679 1,825,364

Table 9.15: Summary of CO2 reduction and monetary savings due to hydrogen fuel penetration for PEM

electrolyser under the 2030-Cost scenario
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PEM electrolyser, 2015-Cost scenario

Cost Money saved Money saved Total saving

) (Elyear) (Elyear) (Elyear)
Scenario (energy reduction) (fuel reduction)

PEME Sc. 1 658,723 78,168 736,949

PEME Sc. 2 658,723 93,833 755,981

Increase Triple PEME Sc. 3 658,723 102,046 763,385

the system default

Size electrolyser PEME SC 4 658,723 108,587 768,618

size PEME Sc. 5 658,723 112,512 772,543

Central electrolyser PEME Sc. 6 658,723 98,121 756,844

operates under a PEME Sc. 7 658,723 105,971 764,694

ifferent electriclty PEME Sc. 8 658,723 112,512 771,235

settiement price 1o Fikss PEME Sc. 9 658,723 116,437 775,160

central electrolyser PEME Sc. 11 658,723 98,121 756,844

operats e e e | pEMESo.12 | 656723 | 105071 | 7oaed

price as the HRSs PEME Sc. 13 658,723 112,512 771,235

PEME Sc. 14 658,723 116,437 7751,60

Table 9.16: Summary of total cost reduction due to renewable energy and hydrogen fuel penetration of PEM

electrolyser under the 2015-Cost scenario

PEM electrolyser- 2030-Cost scenario

Cost Money saved Money saved Total saving
) (Elyear) (Elyear) (Elyear)
Scenario (energy reduction) (fuel reduction)
PEME Sc. 16 9,882,545 1,347,990 11,230,535
PEME Sc. 17 9,882,545 1,546,780 11,429,325
Increase

the Triple PEME Sc. 18 9,882,545 1,668,342 11,550,887
system default PEME Sc. 19 9,882,545 1,746,852 11,629,397

size electrolyser '
size PEME Sc. 20 9,882,545 1,805,737 11,688,282
Central electrolyser PEME Sc. 21 9,882,545 1,589,832 11,472,377
operates under a PEME Sc. 22 9,882,545 1,687,974 11,570,519
‘:gtft‘igf:gnet'ecrﬁrc'g'ttg PEME Sc. 23 9,882,545 1,766,482 11,649,027
R PEME Sc. 24 9,882,545 1,825,364 11,707,909
central electrolyser PEME Sc. 26 9,882,545 1,589,832 11,472,377
bperates Under the PEME Sc. 27 9,882,545 1,687,974 11,570,519

same electricity

settlement price as the PEME Sc. 28 9,882,545 1,766,482 11,649,027
HRSs PEME Sc. 29 9,882,545 1,825,364 11,707,909

Table 9.17: Summary of total cost reduction due to renewable energy and hydrogen fuel penetration of PEM

electrolyser under the 2030-Cost scenario
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9.7.2 Exporting crude oil instead of stopping production

The total energy consumed via the electricity sector and the production of hydrogen fuel
is equal to the energy which could be exported as a fuel. Two cost scenarios, under
operation of two common types of electrolyser, will be investigated. The current fuel
prices are 69.69 LD/barrel (£34.85/barrel) of oil and for barrel of oil equivalent (boe)
natural gas the price was 21.17 LD (£11.61) in 2015 (Agha and Zaed, 2013; bloomberg,
2017). In Libya, the power sector is fuelled by a variety of oil and natural gas resources.
Based on the renewable GECOL reports in 2012, the total fuel consumption by the
electricity sector was 10,197 thousand tonne of oil equivalent (toe), of this, 65% is
supplied by natural gas, 23% from light fuel oil and 12% from heavy fuel oil (Agha and
Zaed, 2013; GECOL, 2012). 65% of the fuel saved in the power sector could be exported
as natural gas and 35% as oil. The emissions during the natural gas and oil extraction
process should be calculated and subtracted from the revenue generated by sales of fuel.
The general formula to calculate the profit due to renewable energy penetration plus the

sale of fuel is given below.
Revenue = FS + E rcoz + F rcoz - E CCOZ (98)

Where F.S is fuel sales, E.r¢q, is the monetary saving due to the reduction of CO:
emissions in electricity generation. F.r¢o, is the monetary saving due to the reduction of
CO2 from fuel use and E. c.o, are CO2 emissions due to oil and natural gas extraction.
The world average of CO. emission intensity for oil and gas extraction is
130 kg CO,/toe (Gavenas, Rosendahl and Skjerpen, 2015). Equation (9.9) shows the

fuel sale calculation.

F.S = NG_export X NG_price + Oil_export X Oil_price (9.9)

E.r¢co, and F.r¢p, are calculated in the last scenario where oil production reduced in

response to renewable energy generation, whereas E.c.o, can be calculated from
Equation (9.10):

E.cco, = CO,_emissions X SCC (9.10)
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This scenario is clearly better than the previous scenario from an economic perspective
because more money will be earned from selling the oil and natural gas. The effect of
carbon tax credit is very low due to SCC having low values.

Table 9.18 and Table 9.20 shows the 2015-cost scenarios under alkaline and PEM
operation, respectively, whereas Table 9.19 and Table 9.21 show the future scenario for
both electrolysers.

Future oil prices are assumed to be higher than current prices, based on various recent
studies and reports (Lee and Huh, 2017; eia, 2017; eia, 2016). It is anticipated to fluctuate
between $111 and $131 /Bbl (assumed to be $121/Bbl = £93.65/Bbl, whereas the
future price for natural gas is projected to be low, at between $5 and $6 /million Btu ~
£4.266 /million Btu (eia, 2017; eia, 2016).

In terms of the central electrolyser only, the satisfaction of hydrogen demand and energy
consumption are similar to the onsite electrolyser scenarios, so the CO2 reduction

calculation will be similar to those of the previous calculations.

Alkaline electrolyser, 2015-Cost scenario
Cost Total saving | Fuel sale CO: Revenue
money (F.S) emission (Elyear)
. (E.rco, + F.1co,) (Elyear) cost (E. cco,)
Scenario (Elyear) (Elyear)
LAE Sc. 1 736,949 | 1,164,043 | 8,329 | 1,892,663
LAE Sc. 2 755,981 1,164,045 8,330 1,911,696
'”‘iLeease Triple LAE Sc. 3 763,385 | 1,164,045 | 8330 | 1,919,100
system | df:falli't LAE Sc. 4 768,618 | 1,164,045 | 8,330 | 1,924,333
size | ©€C sf;’eyser LAE Sc. 5 772,543 | 1,164,046 | 8330 | 1,928,259
Central electrolyser LAE Sc. 6 756,844 1,164,045 8,330 1,912,559
d‘_}geratis :mi'e,fi LAE Sc. 7 764,694 | 1,164,045| 8,330 | 1,920,409
Irrerent electricity
settlement price to LAE Sc. 8 771,235 | 1,164,046 | 8,330 | 1,926,951
HRSs LAE Sc. 9 775,160 | 1,164,046 | 8,330 | 1,930,876
central electrolyser LAE Sc. 11 756,844 1,164,045 8,330 1,912,559
Operatesluntd?r_tthe LAE Sc. 12 764,694 | 1,164,045| 8,330 | 1,920,409
same electricity
settlement price as the LAE Sc. 13 771,235 | 1,164,046 | 8,330 | 1,926,951
HRSs LAE Sc. 14 775,160 1,164,046 8,330 1,930,876

Table 9.18: Summary of oil sale scenario for alkaline electrolyser under the 2015-Cost scenario
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Alkaline electrolyser, 2030-Cost scenario

Cost Total saving | Fuel sale CO:2 Revenue
money (F.5) emission (Elyear)
. (E.rco, + F.reo,) (Elyear) Cost (E. cco,)
Scenario (Elyear) (Elyear)
LAE Sc. 16 11,160,837 | 2,507,941 124,554 13,544,224
| LAE Sc. 17 11,408,462 | 2,508,070 124,569 13,791,963
e | Triple LAE Sc. 18 | 11,511,610 | 2,508,123 | 124569 | 13,895,164
system ele?:(::?)lljyl/ger LAE Sc. 19 11,590,194 | 2,508,164 124,569 13,973,789
size e LAE Sc. 20 11,629,427 | 2,508,185 124,569 14,013,043
Central electrolyser LAE Sc. 21 11,413,468 | 2,508,073 124,569 13,796,972
dpfrfJerat(:s :m(ge_rf’i‘( LAE Sc. 22 11,531,285 | 2,508,134 124,569 13,914,850
ifferent electricity
settlement price to LAE Sc. 23 11,609,752 | 2,508,174 124,569 13,99,3357
HRSs LAE Sc. 24 11,668,661 | 2,508,206 124,569 14,052,298
central electrolyser LAE Sc. 26 11,413,468 | 2,508,073 124,569 13,796,972
Oggﬁe;:c“t‘:fcfittyhe LAE Sc. 27 | 11,531,285 | 2,508,134 | 124569 | 13,914,850
settlement price as the LAE Sc. 28 11,609,752 | 2,508,174 124,569 13,993,357
HRSs LAE Sc. 29 11,668,661 | 2,508,206 124,569 14,052,298
Table 9.19: Summary of oil sale scenario for alkaline electrolyser under the 2030-Cost scenario
PEM electrolyser- 2015-Cost scenario
Cost Total saving Fuel sale CO:2 Revenue
money (F.S) emission (Elyear)
. (E.rco, + F.1co,) (Elyear) cost (E. cco,)
Scenario (Elyear) (Elyear)
PEME Sc. 1 736,891 1,164,347 8,329 1,892,909
PEME Sc. 2 752,556 1,164,410 8,330 1,908,636
Increase Triple PEME Sc. 3 760,769 1,164,443 8,330 1,916,882
the system | default 767,310 | 1,164,468 | 8330 | 1,923,448
alids electrolyser PEME Sc. 4 ' o ' o
size PEME Sc. 5 771,235 1,164,484 8,330 1,927,389
Central electrolyser PEME Sc. 6 756,844 1,164,427 8,330 1,912,941
deFfJeratiS :m‘ge_rf’i‘( PEME Sc. 7 764,694 1,164,458 8,330 1,920,822
ifferent electricity
settlement price to HRSs PEME Sc. 8 771,235 1,164,484 8,330 1,927,389
PEME Sc. 9 775,160 1,164,500 8,330 1,931,330
central electrolyser PEME Sc. 11 756,844 1,164,427 8,330 1,912,941
Oielggfﬁfcn’;‘iee;ttlsfnj;‘{t”e PEME Sc. 12 764,694 | 1,164,458 | 8,330 | 1,920,822
price as the HRSs PEME Sc. 13 771,235 1,164,484 8,330 1,927,389
PEME Sc. 14 775,160 1,164,500 8,330 1,931,330

Table 9.20: Summary of oil sale scenario for PEM electrolyser under the 2015-Cost scenario
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PEM electrolyser- 2030-Cost scenario
Cost Total saving Fuel sale CO:2 Revenue
money (F.5) emission (Elyear)
. (E.rco, + F.reo,) (Elyear) Cost (E. cco,)
Scenario (Elyear) (E/year)
PEME Sc. 16 11,230,535 | 2,507,935 | 124,554 | 13,613,916
PEME Sc. 17 11,429,325 | 2,508,031 | 124,554 | 13,812,802
In(f[Leease Triple PEME Sc. 18 11,550,887 | 2,508,091 | 124,569 | 13,934,409
default

S);sitze;m o PEME Sc. 19 11,629,397 | 2,508,130 | 124,569 | 14,012,958
size PEME Sc. 20 11,688,282 | 2,508,158 | 124,569 | 14,071,871
Central electrolyser PEME Sc. 21 11,472,377 | 2,508,053 | 124,554 | 13,855,876
operates under a PEME Sc. 22 11,570,519 | 2,508,101 | 124,569 | 13,954,051
different electricity |5 F e e s | 11,649,027 | 2,508,140 | 124,569 | 14,032,598

settlement price to . it it ! il
HRSs PEME Sc. 24 11,707,909 | 2,508,168 | 124,569 | 14,091,508
central electrolyser PEME Sc. 26 11,472,377 | 2,508,053 | 124,554 | 13,855,876
Oggﬁe;:c“t‘:fcfittyhe PEME Sc. 27 11,570,519 | 2,508,101 | 124,569 | 13,954,051
settlement price as the PEME Sc. 28 11,649,027 | 2,508,140 | 124,569 | 14,032,598
HRSs PEME Sc. 29 11,707,909 | 2,508,168 | 124,569 | 14,091,508

Table 9.21: Summary of oil sale scenario for PEM electrolyser under the 2030-Cost scenario
The difference between the two possible options in terms of oil and natural gas production
when some of the electricity and fuel will be supplied via renewable energy is huge when
2015 prices are applied, even with a clear drop in oil prices. However, by 2030, and due
to the increase of SCC, the difference becomes less than the 2015-Cost scenario, although
the expectation is for oil prices to be high. It can be said that the main factor driving the
move away from fossil fuel, at least when energy comes from renewable resources, is
government policy and regulation. For example, increasing the social carbon cost could

encourage companies to reduce their fossil fuel usage.

9.8 Summary of the chapter

The first part of this chapter tested the central hydrogen production as a grid-balancing
tool, which required hydrogen to be delivered to the HRSs. Generally, this technique is
less complex and safer than onsite hydrogen production, especially if the consumption
areas are not far from the production site. However, the techno-economic assessments are
the criteria under assessment for this project. As presented, different sizes of central
electrolyser components, as based on the absorbed amount of surplus energy, have been
tested. After that, a general comparison between the central electrolyser and all scenarios

of onsite hydrogen production was undertaken. These calculations were further
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considered for alkaline and PEM electrolysers under two cost scenarios, 2015 and 2030.
Increasing the size of the central electrolyser allows for the two main issues, those of
energy consumption and satisfaction of hydrogen demand, to be solved, but the average
hydrogen price becomes expensive. The 2030-Cost scenario could support central
hydrogen production due to allowing for an acceptable price of hydrogen. The last part
of this chapter focused on the economic benefits that can be realised from the integration
of renewable resources. Two possible options for the economic calculations have been
investigated, under two cost scenarios, and for both alkaline and PEM electrolysers. For
the first option, due to renewable energy integration into the grid, the same reduction in
fossil fuel use will be achieved. The economic benefit will be gained from the CO,
reduction from the electricity and transportation sectors. The second option is to continue
producing and exporting fossil fuels when renewable resources have been fully integrated
into the Libyan power system. The assessment showed that the second option is better
than the first, especially for the current cost scenario. By 2030, the first option will be
competitive with the second option due to the anticipated increase in the social carbon

cost, investment cost reduction and system efficiency improvement.
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Chapter 10: Comparison of Decentralised and
Centralised Hydrogen Production Results

10.1 Introduction

This chapter presents a general comparison and analysis of the scenarios presented in
Chapters 8 and 9 to give the reader the chance to understand the differences between these

scenarios and also to show their advantages and disadvantages.

Chapter 8 investigated different scenarios of onsite hydrogen production under two different
cost scenarios using both alkaline and PEM electrolysis. In Chapter 9, central production was
investigated in detail and the potential economic benefits of CO2 reduction for the scenarios

presented in both Chapters 8 and 9 has been calculated.

In this chapter, the onsite and central hydrogen production will be compared and analysed.
The main aims of the research in each chapter will be investigated to determine the best
options for hydrogen production in the instance of Libya. Only alkaline electrolysis scenarios
will be tested because the PEM scenarios are expected to be essentially similar, with only a

slight change in hydrogen cost and satisfaction of demand.

10.2 Only onsite alkaline electrolyser without central electrolyser (LAE Sc.
1) versus 2,383 kg/day (Cen. LAE Sc. 1) and 6,410 kg/day (Cen. LAE
Sc. 4) central alkaline electrolysers without electrolyser at HRSs
(2015-Cost scenario)

In this section, different scenarios for onsite hydrogen production (onsite electrolysis only,
with increased system size and finally adding a central unit to the onsite electrolysers) will
be compared with central production under the 2015-Cost assumptions for alkaline-type
electrolysis. Figure 10.1 shows a comparison of hydrogen demand satisfaction between the
LAE Sc. 1 and the Cen. LAE Sc. 1 whereas Figure 10.2 shows a comparison of hydrogen
demand satisfaction between the LAE Sc. 1 and the Cen. LAE Sc. 4 for each HRS.
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Figure 10.1: Comparison of Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 1) and 2383
kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 1)
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Figure 10.2: Comparison of Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 1) and 6410
kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 4)

In the first figure, the level of satisfication of hydrogen demand varies between HRSs, with
some HRSs finding that a central unit is better than an onsite, whilst the opposite is seen in
others. The interpretation of this is that, for HRSs with high demand (3 and 5), Cen. LAE Sc.
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4 and Cen. LAE Sc. 1 is better than LAE Sc. 1. The reason for this is because there is no
electricity pricing mechanism for the central production, and demand is met in order of

hierarchy from the highest demand to the lowest.

For other HRSs, the first scenario is better because the electricity pricing mechanism gives
them the chance to consume hydrogen if its big price has been accepted by the utility

company.

From Figure 10.2, it is clear that all HRSs can meet more than 80% of their demand when a
Cen. LAE Sc. 4 is used. However, other factors need to be investigated, mainly the average

hydrogen price.

Figure 10.3 shows the energy consumed via the LAE Sc. 1, with both a Cen. LAE Sc. 4 and
Cen. LAE Sc. It is clear that the energy consumption is increased when the electrolyser size
increases. The highest consumption of energy implies a greater chance of achieving grid
balancing.

80 B LAESCc. 1

[ Cen. LAE Sc. 4
Bl cen. LAESC. 1

60

Surplus energy consumption (%)

0

Figure 10.3: Energy consumption of Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 1),
2,383 kg/day(Cen. LAE Sc. 1) and ,6410 kg/day (Cen. LAE Sc. 4) alkaline central electrolysers without

electrolyser at the HRSs
Figure 10.4 shows a comparison of average hydrogen price between Cen. LAE Sc. 1
production and LAE Sc. 1 hydrogen production for each HRS.
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Figure 10.4: Comparison of Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 1)
and 2,383 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 1)

Figure 10.5 shows the average hydrogen price per HRS under LAE Sc. 1 and Cen. LAE Sc.
4.
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Figure 10.5: Comparison of Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 1) and 6,410

kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 4)

As expected, there is a proportional relationship between energy consumption, satisfaction
of hydrogen demand and average hydrogen price. For all HRSs, the average hydrogen price
for the Cen. LAE Sc. 4 and Cen. LAE Sc (central production) is higher than for LAE Sc. 1.
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For the central production, the average hydrogen price is highly variable with a Cen. LAE
Sc. 1 compared to a Cen. LAE Sc. 4 due to the variation in hydrogen demand satisfaction
levels between HRSs. However, for the Cen. LAE Sc. 4 (large central unit), the hydrogen
demand satisfaction of HRSs are closer to each other, which leads to the correlation in

hydrogen price between HRSs.

10.3 Double-sized electrolyser (LAE Sc. 2) and Triple-sized electrolyser
(LAE Sc. 5) versus 2,383 kg/day (Cen. LAE Sc. 1) and 6,410 kg/day
(Cen. LAE Sc. 4) alkaline central electrolysers without electrolyser at
the HRSs (2015-Cost scenario)

An increase in system size can tackle the limitations of LAE Sc. 1 hydrogen production.
There are two scenarios for increased system sizes (LAE Sc. 2 and LAE Sc. 5), which will
be compared with small and large central central electrolyser (LAE Sc. 2 and LAE Sc. 5)
sizes. The investigation will include hydrogen demand satisfaction levels, energy
consumption and hydrogen price for each HRS. Figure 10.6 presents the levels to which
hydrogen demand is satisfied at each HRS when the LAE Sc. 2(Double-sized default
electrolyser size) and Cen. LAE Sc. 1 (2,383 kg/day alkaline central electrolysers without
40
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electrolyser at the HRSs ) are compered.
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Figure 10.6: Comparison of Double-sized default electrolyser size (LAE Sc. 2) and 2383 kg/day alkaline central
electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 1)
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For all HRSs except HRS 5 (the HRS with highest demand), the LAE Sc. 2 (double-sized
electrolyser scenario) allowed each to meet a greater hydrogen demand than the Cen. LAE
Sc. 1. The electricity pricing mechanism gives all HRSs the ability to be supplied regardless
of the central production, which does not have a clear means of selling hydrogen and depends
on the hierarchy technique of selling first to the HRS with the highest demand down to the
lowest last. Figure 10.7 shows the comparison between a LAE Sc. 5 and Cen. LAE Sc. 4 in

terms of hydrogen demand satisfaction.
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Figure 10.7: Comparison of Triple-default electrolyser size (LAE Sc. 5) and 6,410 kg/day alkaline central
electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 4)

In this scenario, the ability of the Cen. LAE Sc. 4 to meet hydrogen demand is slightly higher
than, or equal to, the LAE Sc. 5 for all HRSs. A Cen. LAE Sc. 4 could produce hydrogen in
large amounts during the day, allowing all HRSs to be supplied, which is the same case as

would happen with the LAE Sc. 5 (triple-sized electrolyser scenario).

The main criterion in deciding which of these scenarios would be the best is that of average

hydrogen price. Figure 10.8 shows the energy consumption for each scenario.
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Figure 10.8: Energy consumption of Double-sized default electrolyser size (LAE Sc. 2) , Triple-sized default electrolyser
(LAE Sc. 5), 2,383 kg/day (Cen. LAE Sc. 1) and 6,410 kg/day (Cen. LAE Sc. 4) alkaline central electrolysers without
electrolyser at the HRSs

The Cen. LAE Sc. 4 and LAE Sc. 5 consume nearly the same amount of energy, which can
be interpreted in terms of the similarity in the proportion of hydrogen demand being meet.
The lowest was the Cen. LAE Sc. 1, followed by the LAE Sc. 2.

The average hydrogen prices of the various scenarios are presented in Figure 10.9 and Figure
10.10, respectively. The hydrogen price for central electrolyser (Cen. LAE Sc. 1 and Cen.
LAE Sc. 4) is quite expensive compared to the two increased-size scenarios.

For the LAE Sc. 2 (double-sized) and Cen. LAE Sc. 1 (small sized central electrolyser
scenarios), the difference between the hydrogen prices reflects the level of satisfaction of
hydrogen demand, since the LAE Sc. 2 can meet a greater proportion of the demand for
hydrogen, which will lead to a reduced cost.

However, for the LAE Sc. 5 (triple-sized) and Cen. LAE Sc. 4 (large central electrolyser),
both these scenarios can meet same amount of hydrogen demand with a relatively cheap

hydrogen price for the LAE Sc. 5 due to the higher investment cost of the central electrolyser
components.
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Figure 10.9: Comparison of Double-sized default electrolyser size (LAE Sc. 2) and 2383 kg/day alkaline central

electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 1)
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Figure 10.10: Comparison of Double-sized default electrolyser size (LAE Sc. 5) and 2383 kg/day alkaline central
electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 4)
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10.4 Combination of HRSs and 1,098 kg/day (LAE Sc. 6), 4,853 kg/day
(LAE Sc. 9) alkaline central electrolysers versus 2,383 kg/day (Cen.
LAE Sc. 1), 6,410 kg/day (Cen. LAE Sc. 4) alkaline central

electrolysers without electrolyser at the HRSs (2015-Cost scenario)

In this section, the LAE Sc. 6 and LAE Sc. 9 (onsite electrolysers with central electrolysis
scenario) will be compared with Cen. LAE Sc. 4 and Cen. LAE Sc. 1(central electrolysers
only). Like the other scenarios in Sections 10.3, three main issues have to be addressed, which
are those of surplus energy consumption, hydrogen demand being met and the average
hydrogen price for each HRS. There are two sizes of central electrolyser(1,098 kg/day and
2383 kg/day), which are connected to the onsite HRS electrolyser scenarios to consume the
remaining of surplus energy and to meet the shortage production at HRSs and also two sizes
of central electrolyser (Cen. LAE Sc. 4 and Cen. LAE Sc. 1). Figure 10.11 shows the
comparison between the LAE Sc. 6 and the Cen. LAE Sc. 1.
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Figure 10.11: Comparison of Combination of HRSs and 1098 kg/day alkaline central electrolysers
(LAE Sc. 6) and 2383 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 1)

As can be seen, the onsite with central electrolyser scenario is preferable for all HRSs expect
HRS 3 and 5. HRSs 3 and 5 have the highest demand of all HRSs throughout the year, so the
Cen. LAE Sc. 1 gives them priority due to the hierarchy of supply, whereas the LAE Sc. 6

330



Chapter 10: Comparison of Centralised and Decentralised Hydrogen Production Results

follows the electricity pricing mechanism, which gives all HRSs the chance to be supplied
first, depending on how they set their bid price. Figure 10.12 shows the same scenario but
with a Cen. LAE Sc. 4 and LAE Sc. 9.
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Figure 10.12: Comparison of Combination of HRSs and 4853 kg/day alkaline central electrolysers (LAE Sc. 9)
and 6410 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 4)

The level of hydrogen demand satisfaction for both production configurations in Figure 1.12

are very close to each other, with the greatest benefit, by a small margin, being evident for
the case with Cen. LAE Sc. 4.

Another advantage with the Cen. LAE Sc. 4 is that the complexity of this system is less than
that of LAE Sc. 9, since the system will deal with only one electrolyser rather than sever (i.e.

a central electrolysis unit plus six at the HRSS).

The LAE Sc. 9 requires two electricity pricing mechanism if the central bid price is set after
the HRS settlement price has been set, which will lead to a complex electricity trading

mechanism. The energy consumed in each scenario is shown in Figure 10.13.
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Figure 10.13: Total energy consumed in each hydrogen production scenario (alkaline, 2015-Cost scenario)
The of LAE Sc. 9 consumes nearly 80% of the total surplus energy, which can be considered

a good scenario for grid balancing. However, hydrogen price and demand satisfaction are
Important factors in the assessment of this scenario.

As can be seen in Figure 10.12 the Cen. LAE Sc. 4 can meet a greater hydrogen demand with

less energy consumption. Figure 10.14 shows the average hydrogen price when the Cen. LAE
Sc. 1 and LAE Sc. 6 are compared.

The LAE Sc. 6 is cheaper than the Cen. LAE Sc. 1, as it can meet a greater proportion of the
demand for hydrogen.

The highest cost is that of the Cen. LAE Sc. 1, which arises due to the higher cost of the

system (electrolyser, storage and compression system). Figure 10.15 shows average
hydrogen price with LAE Sc. 9 and Cen. LAE Sc. 4.
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Figure 10.14: Comparison of Combination of HRSs and 1,098 kg/day alkaline central electrolysers (LAE Sc. 6)

BCen. LAESC. 4

and 2,383 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 1)
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Figure 10.15: Comparison of Combination of HRSs and 4,853 kg/day alkaline central electrolysers
(LAE Sc. 9) and 6,410 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 4)
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The average hydrogen price for the Cen. LAE Sc. 4 and LAE Sc. 9 are almost identical but
with a slight increase when Cen. LAE Sc. 4 (large central production) is used. This is due to
the more expensive system components. The decision as to which of the two is the best needs
the consideration of numerous factors, such as safety issues and system complexity, in
addition to the main aims of the project. All these comparisons will be repeated with alkaline
electrolysis under the 2030-Cost assumptions. 2030-Cost assumptions will affect two
parameters: system components and electrolysis efficiency, which will lead to improved

system efficiency and reduced average hydrogen price.

10.5 Only onsite alkaline electrolyser without central electrolyser (LAE Sc.
16) versus 2,383 kg/day (Cen. LAE Sc. 5) and 6,410 kg/day (Cen. LAE
Sc. 8) central alkaline electrolysers without electrolyser at HRSs
(2030-Cost scenario)

The same steps as in Section 10.2 will be followed and then compared. Figure 10.16 and

Figure 10.17 reveal the hydrogen demand being met by onsite hydrogen production only

versus small and large central production, respectively.
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Figure 10.16: Comparison of Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 16)
and 2,383 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 5)
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Figure 10.17: Comparison of Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 16) and 6,410
kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 8)

Both scenarios achieve some increase in meeting hydrogen demand, but with the features of
the 2015-Cost assumptions. The LAE Sc. 16 is better compared to the Cen. LAE Sc. 5, with
an increase inability to meet hydrogen demand in both scenarios. In the Cen. LAE Sc. 8
versus that of LAE Sc. 16, a greater proportion of hydrogen demand can be met via the large
central electrolyser scenario (Cen. LAE Sc. 8), which can reach nearly 90% of hydrogen
demand, where as it is only 55-70% for the LAE Sc. 16. Figure 10.18 shows the total energy

consumed in each scenario.
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Figure 10.18: Energy consumption of Comparison of Only onsite alkaline electrolyser without central electrolyser (LAE
Sc. 16) , 2,383 kg/day(Cen. LAE Sc. 5) and 6,410 kg/day (Cen. LAE Sc. 8) alkaline central electrolysers without
electrolyser at the HRSs
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The energy consumption of the LAE Sc. 16 is higher than that of the Cen. LAE Sc. 5 (small
central electrolyser), whereas the Cen. LAE Sc. 8 (large central electrolyser) energy
consumption is higher than that of the LAE Sc. 16. The average hydrogen prices for the LAE
Sc. 16 hydrogen production compared with the Cen. LAE Sc. 5 and Cen. LAE Sc. 8 are
shown in Figure 10.19 and Figure 10.20, respectively.
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Figure 10.19: Comparison of Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 16) and
2383 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 5)
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Figure 10.20: Comparison of Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 16) and

6410 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 8)
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In Figures 1.19 and 1.20, the energy prices are dramatically reduced due to the reduction in
the capital cost of the system as well as the improvement in electrolysis efficiency. In Figure
10.20, the LAE Sc. 16 price is cheaper than for the Cen. LAE Sc. 5. Neither scenario can
satisfy a large proportion of the demand for hydrogen. For the Cen. LAE Sc. 8 price, the
average hydrogen price is higher than or equal to £10/kg with nearly 90% of hydrogen
demand being met, whereas the LAE Sc. 16 price is nearly £6.5/kg with only 65% of
hydrogen demand being met. Based on the energy consumption and satisfaction of hydrogen
demand, the Cen. LAE Sc. 8 is somewhat better than the LAE Sc. 16. However, the price of
hydrogen in this scenario is quite expensive compared with that of LAE Sc. 16.

10.6 Double-sized electrolyser (LAE Sc. 17) and Triple-sized electrolyser
(LAE Sc. 20) versus 2,383 kg/day (Cen. LAE Sc. 5) and 6,410 kg/day

(Cen. LAE Sc. 8) alkaline central electrolysers

As given in section 10.3, the hydrogen demand being met, energy consumption and average
hydrogen price will be tested. Figure 9.21 presents the satisfaction of hydrogen demand at
garage forecourts for two different electrolyser configuration: Cen. LAE Sc. 5 and the LAE
Sc. 17. Figure 10.22 also shows hydrogen demand being met by HRSs using Cen. LAE Sc.
8 and LAE Sc. 20.
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Figure 10.21: Comparison of Double-sized default electrolyser size (LAE Sc. 17) and 2383 kg/day alkaline
central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 5)
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Figure 10.22: Comparison of Triple-sized default electrolyser size (LAE Sc. 20) and 6410 kg/day alkaline
central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 8)

LAE Sc. 17 can meet a greater demand for hydrogen than the Cen. LAE Sc. 5 for all HRSs
except HRS 5 (HRS with highest demand). The electricity pricing mechanism gives all HRSs
the chance to be the first supplied regardless the small central production, which gives
priority to the highest demand (which, as shown, is HRS 5). Hydrogen production by the
Cen. LAE Sc. 8 can meet a high percentage of hydrogen demand than the LAE Sc. 20 due
to its large system components, which can produce enough hydrogen for all HRSs each day.

The total energy consumed in each scenario is presented in Figure 10.23.
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Figure 10.23: Energy consumption of Double-sized electrolyser (LAE Sc. 17) , Triple-sized electrolyser (LAE Sc. 20) ,
2,383 kg/day (Cen. LAE Sc. 5) and 6410 kg/day (Cen. LAE Sc. 8) alkaline central electrolysers
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Although the hydrogen consumed in the LAE Sc. 20 is higher than the Cen. LAE Sc. 8, the
Cen. LAE Sc. 8 can meet a greater proportion of hydrogen demand. The last parameter that
can be examined is that of average hydrogen price. Like other parameters, the LAE Sc. 17
will be compared with the Cen. LAE Sc. 5, whereas the Cen. LAE Sc. 8 will be compared
with the LAE Sc. 20, as shown in Figure 10.24 and Figure 10.25, respectively.
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Figure 10.24: Comparison of Double-sized default electrolyser size (LAE Sc. 17) and 2383 kg/day alkaline
central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 5)
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Figure 10.25: Comparison of Triple-sized default electrolyser size (LAE Sc. 20) and 6410 kg/day alkaline central
electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 8)
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The LAE Sc. 17 (double-sized default electrolyser) can meet a greater proportion of hydrogen
demand at a cheaper price than the Cen. LAE Sc. 5. This might be due to the system capital
cost for the LAE Sc. 17 being less than that of the Cen. LAE Sc. 5 since both systems
consume the same surplus power under the same circumstances. The LAE Sc. 20 price will
be higher than for the Cen. LAE Sc. 8 with a slightly lower satisfaction of hydrogen demand
than the Cen. LAE Sc. 8. Centralised hydrogen production (Cen. LAE Sc. 5 and Cen. LAE
Sc. 8) can be achieved away from the consumption area, which could be considered as
particular safety point. Consumption area reconstruction will be reduced when the production
process is not included, but when only the storage and high pressure compression system for
the dispenser is required. The main drawbacks of the central unit are the storage and delivery

process, especially when the distance between production and consumption area is large.

10.7 Combination of HRSs and 1,098 kg/day (LAE Sc. 21), 4,853 kg/day
(LAE Sc. 24) alkaline central electrolysers versus 2,383 kg/day (Cen.
LAE Sc. 5), 6,410 kg/day (Cen. LAE Sc. 8) alkaline central

electrolysers without electrolyser at the HRSs (2030-Cost scenario)

Adding a central electrolyser to the onsite ones could be one of the possible solutions to
tackling the shortages arising from having an onsite electrolyser only. In the long term
(2030), central production can replace onsite production if the hydrogen consumption reaches
the diffusion target. Various factors that could determine whether any given production type

will be the best option in 2030 will be investigated.

Figure 10.26 and Figure 10.27 show the production of LAE Sc. 21 compared to Cen. LAE
Sc. 5 and LAE Sc. 24 compared to with Cen. LAE Sc. 8, respectively. When the Cen. LAE
Sc. 5 is compared with LAE Sc. 21, all HRSs can satisfy a greater percentage of hydrogen
demand than the LAE Sc. 21, with the exception of HRS 5. This could be due to the sizing
of the system, since t LAE Sc. 21 is sized to tackle the drawbacks of the LAE Sc. 16 (onsite
only scenario). When the Cen. LAE Sc. 8 is applied, the satisfaction of hydrogen demand for
the two cases, as shown in Figure 10.27, will be almost identical, with very little benefit to
having the Cen. LAE Sc. 8.
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Figure 10.26: Comparison of Combination of HRSs and 1,098 kg/day alkaline central electrolysers (LAE Sc. 21) and
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Figure 10.27: Comparison of Combination of HRSs and 4,853 kg/day alkaline central electrolysers (LAE Sc. 24) and
6,410 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 8)

A second factor that needs to be investigated is the energy consumption of each scenario,
which will support any grid balancing targets. Figure 10.28 shows the energy consumed per

sector.
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Figure 10.28: Energy consumption of Combination of HRSs and 1,098 kg/day (LAE Sc. 21), 4,853 kg/day
(LAE Sc. 24) alkaline central electrolysers , 2383 kg/day (Cen. LAE Sc. 5) and 6,410 kg/day (Cen. LAE Sc. 8)
alkaline central electrolysers without electrolyser at the HRSs energy consumption

In terms of energy consumption, the LAE Sc. 24 could be considered the best option since
82% of the total surplus energy will be absorbed compared with 70% when the b Cen. LAE

Sc. 8 is applied. A comparison of the average hydrogen prices is presented in Figure 10.29
and Figure 10.30.
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Figure 10.29: Comparison of Combination of HRSs and 1,098 kg/day alkaline central electrolysers (LAE Sc. 21)
and 2,383 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 5)
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Figure 10.30: Comparison of Combination of HRSs and 4,853 kg/day alkaline central electrolysers (LAE Sc. 24)
and 6,410 kg/day alkaline central electrolyser without electrolyser at the HRSs (Cen. LAE Sc. 8)

When the Cen. LAE Sc. 5 is compared with the onsite with LAE Sc. 21, HRSs with low
demand find the LAE Sc. 21 is better and cheaper because of the electricity pricing
mechanism t, which gives them the chance to produce more hydrogen, as was found for HRSs
1 and 4.

However, the HRSs with high demand prefer the Cen. LAE Sc. 5 scenario since the demand
is supplied in order of hierarchy from the highest to the lowest demand, as for HRS 5. For
the second scenario in Figure 10.30, all HRSs find the Cen. LAE Sc. 8 cheaper than the LAE
Sc. 24. This is due to the greater amount of hydrogen that can be produced via the Cen. LAE
Sc. 8, which will lead to a reduction in the average cost of hydrogen.

The same result is true in PEM electrolysis scenarios, but there are a number of differences,
mainly in the average cost of hydrogen, due to the higher cost of PEM by comparison with
alkaline electrolysis when the 2015-Cost assumptions are applied. When 2030-cost
assumptions are applied, two main components will change: the capital cost will be reduced,

and the efficiency of the electrolysis will be improved.
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10.8 Comparison of CO: reduction benefits

This section will compare the possible benefits in terms of CO2 reduction when renewable
energy is integrated into the gird. There are two possible ways to gain benefits through this
integration: first, the integration of renewables into the grid will lead to an equivalent
reduction in fossil fuel consumption, economic benefits can be gained by reducing carbon
emissions through reduced energy and fuel consumption. This scenario will be worthwhile
in the future when the social carbon cost might be increased; for instance, the SCC is
projected to be £116/ton in 2030. Secondly, if less fossil fuels are consumed internally, the
option is to increase exports or reduce the production of crude oil. The former has the
advantage of increasing income to the country. Two types of electrolysers (PEM and
alkaline) will be considered under the 2015- and 2030-cost assumptions. There are 13

possible operational scenarios here, as presented in Chapter 9.

10.8.1 Alkaline financial benefits due to renewable energy and hydrogen fuel
deployment (2015- and 2030-Cost scenarios)

Figure 10.31 shows the comparison between the first and second possible options for gaining
benefits from the alkaline scenario under the 2015-Cost assumption for 13 operational cases,

where these scenarios are:

LAE Sc. 1: Only Onsite alkaline electrolyser without central electrolyser (default sizes)

(alkaline electrolyser under 2015-Cost scenario).

LAE Sc. 2: Double default electrolyser size with default storage size (alkaline electrolyser
under 2015-Cost scenario).

LAE Sc. 3: Triple default electrolyser size and 1.5 times default storage size (alkaline
electrolyser under 2015-Cost scenario).

LAE Sc. 4: Triple default electrolyser size and double the default storage size (alkaline

electrolyser under 2015-Cost scenario).

LAE Sc. 5: Triple default electrolyser size and triple the default storage size (alkaline

electrolyser under 2015-Cost scenario).
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LAE Sc. 6: Combination of HRSs (default electrolyser and storage sizes) and 1,098 kg/day
alkaline central electrolyser with 5,000 kg storage size (sized based on hydrogen production)
when the central alkaline electrolyser operates under a different electricity settlement price
to the HRSs (2015-Cost scenario).

LAE Sc. 7: Combination of HRSs (default electrolyser and storage sizes) and 1,923 kg/day
alkaline central electrolyser with 24,000 kg storage size (sized based on hydrogen
production) when the central alkaline electrolyser operates under a different electricity

settlement price to the HRSs (2015-Cost scenario).

LAE Sc. 8: Combination of HRSs (default electrolyser and storage sizes) and 3,021 kg/day
alkaline central electrolyser with 15,000 kg storage size (sized based on hydrogen
production) when the central alkaline electrolyser operates under a different electricity

settlement price to the HRSs (2015-Cost scenario).

LAE Sc. 9: Combination of HRSs (default electrolyser and storage sizes) and 4,853 kg/day
alkaline central electrolyser with 15,000 kg storage size (sized based on hydrogen
production) when the central alkaline electrolyser operates under a different electricity

settlement price to the HRSs (2015-Cost scenario).

LAE Sc. 10: Combination of HRSs (default electrolyser and storage sizes) and 1,098 kg/day
alkaline central electrolyser with 5,000 kg storage size (sized based on production) when the
central alkaline electrolyser operates under the same electricity settlement price as the HRSs
(2015-Cost scenario).

LAE Sc. 11: Combination of HRSs (default electrolyser and storage sizes) and 1,923 kg/day
alkaline central electrolyser with 24,000 kg storage size (sized based on hydrogen
production) when the central alkaline electrolyser operates under the same electricity

settlement price as the HRSs (2015-Cost scenario).

LAE Sc. 12: Combination of HRSs (default electrolyser and storage sizes) and 3,021 kg/day

alkaline central electrolyser with 15,000 kg storage size (sized based on hydrogen
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production) when the central alkaline electrolyser operates under the same electricity

settlement price as the HRSs (2015-Cost scenario).

LAE Sc. 13: Combination of HRSs (default electrolyser and storage sizes) and 4,853 kg/day
alkaline central electrolyser with 15,000 kg storage size (sized based on hydrogen
production) when the central alkaline electrolyser operates under the same electricity

settlement price as the HRSs (2015-Cost scenario).

X lO6

2.5 B First option(fossil fuel production reduced)

Ml Second option (more fossil fuel exported)

=
ol

Saving money (£/year)

o
ol
I

\

1 2 3 4 5 6 7 8 9 10 1 12 13
Operational scenarios

Figure 10.31: Comparison of two options for adjusting the oil market in response to renewable energy penetration
in terms of CO2 reduction for alkaline electrolysis under 2015-Cost assumptions
Even with the low current price of oil (= $50/barrel) , the export option is considerably

better than the reduction option.

This is due to low value of the social carbon cost in 2015 (£7.76/ tC02). The emission cost
due to the extraction process of oil and natural gas is added as a cost that can be subtracted
from the sale revenue. Figure 10.32 shows the same scenarios when the 2030-Cost

assumptions are applied.

346



Chapter 10: Comparison of Centralised and Decentralised Hydrogen Production Results

6
15X 10
Il First option(fossil fuel production reduced) IllSecond option (more fossil fuel export)| |
~—
—
(4]
3]
2> 10— 88— BB BER BE BR BB BE BE BE -
Q
N—r
>
1)
c
o
e
o
e N EE R B -
=
0]
(9p]
0

1 2 3 4 5 6 7 8 9 10 1 12 13
Operational scenarios

Figure 10.32: Comparison of two options for adjusting the oil market in response to renewable energy

penetration in terms of CO2 reduction for alkaline electrolysis under the 2030-cost assumptions

General expectations suggest higher oil prices in the coming years, which are expected to
reach$121/Bbl (= £93.65/Bbl). The social carbon cost will increase to £116.05 /tC0,e
in 2030, according to UK data (UK Government, 2016). This predicted increase will lead to
greater benefits under both scenarios, with higher financial savings in the second scenario
(where the production is reduced). If government regulations and policy focus on renewable
energy resource support, the first option would be better than the second, in which exports

are increased.

10.8.2 PEM financial benefits due to renewable energy and hydrogen fuel
deployment (2015- and 2030-Cost assumptions)

The effect of replacing alkaline electrolysers by PEM electrolysers will be apparent in
hydrogen fuel production since some fossil fuel will be replaced by hydrogen fuel and the
amount of hydrogen production will differ in the PEME case, due to the PEME price and
efficiency. Figure 10.33 shows the two possible options by which benefits can be obtained

under the 2015-Cost assumptions for the 13 operational scenarios where these scenarios are:
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PEME Sc. 1: Only Onsite PEME electrolyser without central electrolyser (default sizes)
(PEME electrolyser under 2015-Cost scenario)

PEME Sc. 2: Double default electrolyser size with default size storage (PEME electrolyser

under 2015-Cost scenario)

PEME Sc. 3: Triple default electrolyser size with 1.5 times default storage size (PEME

electrolyser under 2015-Cost scenario)

PEME Sc. 4: Triple default electrolyser size and double default storage size (PEME

electrolyser under 2015-Cost scenario)

PEME Sc. 5: Triple default electrolyser size and triple default storage size (PEME

electrolyser under 2015-Cost scenario)

PEME Sc. 6: Combination of HRSs (default electrolyser and storage sizes) and 1,098 kg/day
PEME central electrolyser with 5,000 kg storage size (sized based on hydrogen production)
when the central PEME electrolyser operates under a different electricity settlement price to
the HRSs (2015-Cost scenario)

PEME Sc. 7: Combination of HRSs (default electrolyser and storage sizes) and 1,923
kg/day PEME central electrolyser with 24,000 kg storage size (sized based on hydrogen
production) when the central PEME electrolyser operates under a different electricity

settlement price to the HRSs (2015-Cost scenario)

PEME Sc. 8: Combination of HRSs (default electrolyser and storage sizes) and 3,021 kg/day
PEME central electrolyser with 15,000 kg storage size (sized based on hydrogen production)
when the central PEME electrolyser operates under a different electricity settlement price to
the HRSs (2015-Cost scenario)

PEME Sc. 9: Combination of HRSs (default electrolyser and storage sizes) and 4,000 kg/day
PEME central electrolyser with 15,000 kg storage size (sized based on hydrogen production)
when the central PEME electrolyser operates under a different electricity settlement price to
the HRSs (2015-Cost scenario)
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PEME Sc. 10: Combination of HRSs (default electrolyser and storage sizes) and 1,098
kg/day PEME central electrolyser with 5,000 kg storage size (sized based on hydrogen
production) when the central PEME electrolyser operates under the same electricity

settlement price as the HRSs (2015-Cost scenario)

PEME Sc. 11: Combination of HRSs (default electrolyser and storage sizes) and 1,923
kg/day PEME central electrolyser with 24,000 kg storage size (sized based on hydrogen
production) when the central PEME electrolyser operates under the same electricity
settlement price as the HRSs (2015-Cost scenario)

PEME Sc. 12: Combination of HRSs (default electrolyser and storage sizes) and 3,021
kg/day PEME central electrolyser with 15,000 kg storage size (sized based on hydrogen
production) when the central PEME electrolyser operates under the same electricity

settlement price as the HRSs (2015-Cost scenario)

PEME Sc. 13: Combination of HRSs (default electrolyser and storage sizes) and 4,000
kg/day PEME central electrolyser with 15,000 kg storage size (sized based on hydrogen
production) when the central PEME electrolyser operates under the same electricity

settlement price as the HRSs (2015-Cost scenario)
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Figure 10.33: Comparison of two options for adjusting the oil market in response to high renewable energy

penetration in terms of CO2 reduction for PEM electrolysis under 2015-Cost assumptions
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Generally, the financial saving from oil export is less than £ 2x 10° /year due to the low
current price in contrast with less than 800,000 £/year in the alkaline electrolyser scenario.
Figure 10.34 shows the comparison when the predicted price of oil and social carbon cost for
2030 are applied.
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Figure 10.34: Comparison between the two options for adjusting the oil market in response to high renewable energy

penetration in terms of CO2 reduction for PEM electrolysis under 2030-Cost assumptions

This case is very similar to the alkaline electrolysers case, where the new social carbon cost
will increase the financial gain to the extent that it could be competitive with the second

option, even with a dramatic increase in oil prices.

10.9 Summary of the chapter

This chapter presents a comparison between the main results of this research in order to
encapsulate the main findings of this research. In terms on the main aims of the project, which
are those of grid balancing, meeting hydrogen demand and achieving acceptable hydrogen

prices, there is some considerable difficulty in deciding the best system configuration, as the
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centralised hydrogen production could be better in terms of one of the main goals of the
project whereas onsite hydrogen production is better for another. Inclusion of a large central
electrolyser could be a good option, since it is capable of meeting a large proportion of
hydrogen demand but it has the disadvantage of creating an expensive price for the hydrogen.
The same is true of the triple-sized electrolyser scenarios and when there is a large central
electrolyser in combination with onsite electrolysers. The average prices of the central
electrolyser hydrogen production will be reduced in 2030 due to investment cost reduction
and efficiency gains. In the second part of this chapter, the benefits of CO2 reduction have
been calculated based on the reduction in fossil fuel use due to renewable energy deployment.
Under the 2015-Cost scenario, exporting the fossil fuel thereby saved would be better than
reducing the production of an equivalent amount of fossil fuel, because a reasonable oil price
is anticipated and social carbon cost is low. Based on future forecasts for social carbon costs,
the option to reduce oil production would will be competitive with the export option, even
with the anticipated dramatic increase in oil prices in coming years. Government policy and
regulations could be used to support both renewable deployment in electricity and hydrogen

production and their symbiotic relationship.
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Chapter 11: Conclusions and future work

11.1 Reflection on the research

This thesis has concentrated on investigating hydrogen production, storage and use in order
to support its wider application and uptake in stabilising electricity grids in the presence of
high renewable generation. Each chapter’s findings are summarised below.

Chapter 1 gave a short summary about the history of energy crises and the reason for making
the decision to move away from conventional fuels. Furthermore, this chapter explained the
issues facing current electrical grid infrastructures with the fast growth of their integration
with renewable energy sources. The lack, and disadvantages, of existing tools to quickly

evaluate hydrogen storage as a potential choice for such issues was also discussed.

Chapter 2 discussed different energy storage methods. The advantages and disadvantages
of each method were addressed. Energy storage applications, and a general comparison

between them, was also given.

Chapter 3 presented a general overview of hydrogen energy storage, which included
hydrogen production methods and the ways and cases by which hydrogen can be stored. The
applications of hydrogen as a demand-side management system were explained. This chapter
also presented a comparison between conventional fuels and hydrogen fuel based on several
physical characteristics such as energy density and carbon content. This is important part as
one of the main targets of this research was to test the possibility of hydrogen replacing fossil

fuels.

Chapter 4 focused on the electrolytic method of hydrogen production because the research
was focused on absorbing surplus renewable power and producing hydrogen for the transport
sector. This chapter explained the hydrogen electrolysis process, including the main
electrolyser system components, particularly the cell arrangement, and challenges to the
establishment of widespread electrolysis industry. Economic details relating to the

electrolyser industry were also discussed in detail. This chapter gave the reader a general idea

352



Chapter 11: Conclusions and future work

of the current electrolysis industry. The economic details form a crucial part of the research

work because the model was focused on a techno-economic assessment of the system.

Chapter 5 summarised the production and consumption of energy in Libya, considering also
its future prospects. The fluctuation in oil production due to the security situation in Libya
and the decline in oil prices were also discussed as the basis on which to seek new sources
of energy and income. The Libyan electricity price and subsidy issues were also addressed.
Finally, renewable energy projects in the country were investigated in order to understand
the current and potential levels of renewable energy generation. All these steps were aimed
at establishing the initial conditions for simulating the integration of renewable energy into

the Libyan system, even in cases of partial integration.

Chapter 6 concentrated on the case study of the city of Darnah, giving descriptions of the
city’s location, the electricity demand for the Green Mountain area, and weather data for the
region. Details of hourly wind and solar energy were calculated for Darnah. Renewable
power is one of the main focuses of the research because the target is to maintain the balance
of a grid with a high penetration of renewable energy. A simple, and new, technique was
applied to determine the size of the renewable energy system based on the capacity factor of
wind turbines and photovoltaic systems, and the electricity demand. The sizing technique led
to saving in the system cost and an accurate match between supply and demand. All these
steps were considered a new research area as previous work had only focused on
investigating the renewable energy option in Libyan regions in isolation, rather than
additionally considering the integration of renewables into the Libyan grid. Finally, historical
fuel consumption, oil prices with government subsidies, and then the fuel consumption of

Darnah, including simulation of hydrogen consumption, have been addressed.

Chapter 7 investigated the effect of a variable electricity tariff price on the cost of hydrogen.
An optimisation system was applied to reduce hydrogen costs based on the electricity price.
A linear programming algorithm was used as all equations are linear. The studies were based
on two cost scenarios and for two different types of electrolyser. The results of the chapter

supported the hypothesis that it is a possible to reduce the cost of the hydrogen if off-peak
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(low-tariff) electricity is used. These results paved the way to further investigation of off-
peak hydrogen production. A simple model was also created to assess the system
economically. In contrast to similar studies (which normally ignore certain system costs),
this chapter took into account all the electrolysis costs such as fixed costs, water costs and
compressor electricity cost as well as the bank loan calculations with compound interest also

included in the study.

Chapter 8 investigated a new scenario for the Libyan case study where was used the
electrolyser as a grid balancing mechanism with two further constraints, which were that the
produced hydrogen should meet 20% of assumed hydrogen demand in Darnah city (which
was simulated in Chapter 6) and the hydrogen price should be competitive with that of fossil
fuels. A novel electricity pricing mechanism was applied, which allowed the seller (utility
company) and the buyer (HRSs) to both gain a profit. In this scenario, on-site hydrogen
production at the forecourt was applied and a techno-economic assessment was undertaken.
Under on-site hydrogen production scenarios, different cases were tested, such as increasing
the size of system components to try to mitigate certain associated problems, such as shortage
of hydrogen supply and inability to consume all of the remaining surplus energy. This chapter
also introduced the idea of adding a large central electrolyser to the system that could top-up
the forecourts with extra hydrogen and absorb some of the remaining power surpluses. All

these scenarios are new studies in the context of Libya.

Chapter 9 used a central electrolyser instead of on-site hydrogen production at the forecourt
for grid balancing and as a clean fuel. It was able to meet 20% of the anticipated hydrogen
demand. As the hydrogen price was also calculated, the total system was investigated both
technically and economically. All these steps can be considered a new study in the Libyan

context.

Chapter 10 presented an overall comparison between the onsite-only production scenarios
and the central hydrogen production. This comparison has been carried out on the basis of
the energy absorption, the level of satisfaction of hydrogen demand and the average hydrogen

price of each scenario under cost assumptions of both 2015 and 2030. The economic benefit
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due to renewable energy penetration and the resultant CO2 reduction has been compared

using oil price and social carbon cost assumptions for both 2015 and 2030.

11.2 Contribution to knowledge

In conclusion, the contributions to knowledge, which have been shown within this thesis can

be briefly described as follows:

1-

Full integration of renewable energy into the Libyan electrical grid has, as far as it is
possible to know, been investigated for the first time since previous studies have not
looked at grid-connected renewable energy when assessing hydrogen’s potential in
Libya. The assessment of fuel consumption data in Libya generally, and in Darnah in
particular, is also new within the extant literature. This was achieved through
collection data from station owners and oil companies in Libya. Literature on these
points is very rare in the context of Libya. Simulation of hydrogen demand based on
fuel consumption data and the applied equations for this purpose are again new in the
context of Libya.

A simple and novel method of determining the size of the system components for the
(optimal) use of surplus renewable power has been applied. The sizing technique does
not need the input a great deal of data to give clear and accurate results. Solar power
investigation in Darnah, it seems, is new, since the extant literature focuses only on
wind power not the solar power, in the city due to the wind power project that was
started there a few years ago.

An optimisation system was developed to investigate different electricity price tariffs
would affect the total hydrogen cost. This investigation includes sizing the system
components (electrolyser, compressor and storage system) based on the hydrogen
demand and the amount of surplus energy available. The system cost was extracted
from various recent studies on this subject. To make the result as accurate as possible,
and to consider how the price might change in the future, two cost scenarios have
been applied (the 2015- and 2030-Cost scenarios) as well as two common types of

electrolyser (alkaline and PEM). Different electricity tariff structures were applied,
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each price representing a potential practical case; for example, 12 p/kWh for on-peak
times and 5p/kWh for off-peak times. Techno-economic assessments have been
undertaken to assess each scenario. Unlike most studies, water costs, compressor
electricity costs and fixed costs were included in the system cost.

The use of hydrogen as a grid balancing mechanism and as a clean fuel to meet the
refuelling demands of a specific number of vehicles has been tested under various
different scenarios. Based on the data, electricity price could play an important role
in reducing hydrogen fuel cost. As a result, a novel electricity pricing mechanism was
developed in this thesis to produce an economic price for both the electricity
production and hydrogen consumption sides of this mechanism. This technique
allows the electricity generator and electrolyser operator (electricity consumer) to
mutually agree the electricity price each day. A techno-economic model has been
created to assess every scenario. Two main cases, on-site hydrogen production and
central hydrogen production, were tested in various alternative configurations in an
attempt to address some of the shortcoming of the two main default scenarios.
Generally, the application of hydrogen as a grid balancing mechanism and as a clean
fuel are a new investigation in the context of Libya.

The economic benefits derived from the deployment of renewable energy, plus the
social carbon cost and the oil prices has been investigated and can be considered as
new work in the Libyan case.

MATLAB code has been developed to simulate all these scenarios. These models
developed are flexible in use so that, changing the input data from the Libyan case to
another situation and rerunning the simulation will produce an assessment of the new
system as based on the input data.

The main finding of this study which is discovered through all this works that
electrolysis can provide a viable means of grid balancing, through industrial scale
DSR in a way that allows a competitive hydrogen price. However, this study shows
that this only possible under certain conditions, which require: 1) that government
policy and regulation should support renewable energy deployment and hydrogen
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11.3

production; 2) that there is continued reduction in the cost of system components; and

3) that there is major diffusion of vehicles into the market that use hydrogen fuel.

Limitations of this work

This project has faced many obstacles, which have forced adjustments to be made to the

project plan. These issues can be summarized as follows:

1- Data collection: the data collection includes weather data, electricity demand, and fuel

consumption demand.

a)

b)

Weather data: wind speed and solar irradiance data have been collected from different
sources such as NASA, commercial websites and meteorological stations at airports.
10 years’ worth of wind speed data could be obtained in 10-minute resolution if the
Renewable Energy Authority of Libya (REAOL) chose to release these data.
Increasing the time resolution of wind speed data will lead to a more accurate result,
especially for capacity factor calculations. In addition, REAOL already have a
primary result for the 60 MW wind turbine project in Darnah, but because of the small
amount of data on their central website, see (http://reaol.ly), and travel being highly
restricted because of the security situation in Libya, obtaining these data was not
possible during the research period.

Electricity demand data: the only source of electricity production and consumption
data is the General Electricity Company of Libya (GECOL). GECOL publishes
annual reports, but the published data is not quite sufficient for accurate calculations;
for example, hourly consumption data is not available, and this led to changing the
plan from an hourly to a daily analysis pattern. However, since electrolysis is more
competitive in long-timescale DSR (diurnal and longer) than the numerous DSR
technologies that are techno-economically more suitable at shorter timescales (less
than diurnal), so this is not a major impediment to this thesis. If this study were
extended to include short timescale DSR (as a by-product of the core operation), the
higher resolution data might be valuable, but this is research to save for future work.

Energy generation data is not included in company’s annual reports, which limits the
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d)

accuracy of the calculation for CO> reduction when the renewable energy and
hydrogen fuel is used. Finally, the most recently published report relating to Libya
was from 2012, which required the use of certain scaling methods that were based on
the load growth rate, which might affect the research results; see
(https://www.gecol.ly/GECOL_EN/Default.aspx).

Fuel consumption data: the fuel consumption data was extracted from daily sales

reports from the forecourt owners. In some cases, these reports might not be accurate
enough, which could affect the accuracy of the result, so reasonable assumptions had
to be made.

Data from the Libyan central bank in terms of loan types, exchange rates and interest
rates were also rare, and were based on simple available reports; see
(https://cbl.gov.ly/en/).

2- Lack of data and literature sources on hydrogen applications as both a grid balancing

tool and as a clean fuel, since most studies focus exclusively on one or the other of these

roles. Existing work has helped the author to validate and compare results with the

literature, which gives an indication of the veracity of the research contribution.

Uncertainty about Libyan government policy and intended strategy make the use of

Libyan electricity tariffs in the simulation difficult, which is why UK currency and

electricity tariffs have been applied. Reference to the exchange rate between the British

pound and Libyan dinar has been provided to give the reader the chance to understand

Libyan prices by comparison with UK prices. However, due to the flexibility of the

model, Libyan prices can easily be applied once sufficiently accurate data has been

obtained.

11.4 Future work

Based on the work undertaken in this thesis, the following recommendations are made for

further investigation:
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1-

Hourly patterns could be applied to see the impact of the number of switching
operations on the performances of both alkaline and PEM electrolysers. In this case,
the maintenance costs should be included.

An economic model that can be extended to investigate the system over the project
lifetime, not just one of the first seven years. This model will take various important
points into consideration, such as the wind energy resource variation because the
weather data will differ between years, as will the electricity demand and fuel
consumption data. These calculations will give a general technical and economical
assessment of the project.

Investigate the operational characteristics of the two types of electrolyser, because in
this model, the work has focused on system-level technical issues such as energy
absorption (grid balancing purposes), fuel satisfaction (hydrogen demand being met)
and the average hydrogen price (economic aspects).

Applying this model in a practical way and to compare these results with the
theoretical results, which is one of possible ways to evaluate this model. Practical
tests can be done in Libya, or indeed any other country, due to the flexibility of the
model. This would require a very large-scale pilot project. The closest such a trail has
come to reality is in various power-to-gas projects (e.g. in Germany)

Future forecasting of conventional fuel prices can be undertaken in more details and
these compared with future calculated prices for hydrogen to assess its
competitiveness in the coming years.

Due to renewable energy penetration and use of hydrogen fuel instead of
conventional energy sources and traditional fuels, carbon dioxide (CO2) emissions
should be reduced. This reduction can be calculated and taken into consideration
when the comparison between this system and the traditional system without
renewable energy penetration is made. The economic aspects of this as an external
cost, or internalised through taxes, carbon trading, etc., can also be assessed.

The work can be extended to include other areas of the country. The only obstacle in
this case is the scarcity of reliable data to the input into the model. This step gives the
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researcher a means of deciding the best place to install the electrolysers and renewable

energy capacity.

360



References

References

Libya: Selected Issues (2013). 1. Washington, D.C.: International Monetary Fund
Washington, D.C., 13/151.

DFC3000 (2.8 Megawatts MW). [Online] http://www.fuelcellenergy.com/products-
services/products/2-8-mw-dfc3000/ [Accessed 5/7/2016].

ABANADES, A., RUBBIA, C. and SALMIERI, D. (2013) Thermal cracking of methane
into Hydrogen for a CO2-free utilization of natural gas. International Journal of Hydrogen
Energy, 38 (20), pp. 8491-8496.

ABBAS, S.M. et al. (2013) Structure and electrochemical performance of ZnO/CNT
composite as anode material for lithium-ion batteries. Journal of Materials Science, 48 (16),
pp. 5429-5436.

ABDMOULEH, Z.,, ALAMMARI, R.A. and GASTLI, A. (2015) Review of policies
encouraging renewable energy integration & best practices. Renewable and Sustainable
Energy Reviews, 45, pp. 249-262.

ABOHEDMA, M.B. and ALSHEBANI, M.M. (2010) Wind load characteristics in Libya.
World Acad.Sci.Eng.Technol, 63, pp. 240-243.

ABUADALA, A.and DINCER, 1. (2012) A review on biomass
and potential applications. International Journal of Energy Research, 36 (4), pp. 415-455.

AGHA, K. and ZAED, M.A. (2013) The impact of Energy Pricing on Renewable Energy in
Deployment. [Online] http://slideplayer.com/slide/6831083/ [Accessed 17/08/2016].

AHWIDE, F., SPENA, A. and EL-KAFRAWY, A. (2013) Estimation of Electricity
Generation in Libya Using Processing Technology of Wind Available Data: The Case study
in Derna. APCBEE Procedia, 5 (0), pp. 451-467.

AKDAG, S.A. and DINLER, A. (2009) A new method to estimate Weibull parameters for
wind energy applications. Energy Conversion and Management, 50 (7), pp. 1761-1766.

AKINYELE, D.O. and RAYUDU, R.K. (2014) Review of energy storage technologies for
sustainable power networks. Sustainable Energy Technologies and Assessments, 8, pp. 74-
91.

ALBADI, M. and EL-SAADANY, E. (2009) Wind turbines capacity factor modeling—A
novel approach. IEEE Transactions on Power Systems, 3 (24), pp. 1637-1638.

361

-based hyd


http://www.fuelcellenergy.com/products-services/products/2-8-mw-dfc3000/
http://www.fuelcellenergy.com/products-services/products/2-8-mw-dfc3000/
http://slideplayer.com/slide/6831083/

References

AL-BEHADILI, S.H. and EL-OSTA, W.B. (2015) Life Cycle Assessment of Dernah (Libya)
wind farm. Renewable Energy, 83, pp. 1227-1233.

ALBERT, A. et al. (2015) Radiation-grafted polymer electrolyte membranes for water
electrolysis cells: evaluation of key membrane properties. ACS Applied Materials &
Interfaces, 7 (40), pp. 22203-22212.

ALI, M.H., WU, B. and DOUGAL, R.A. (2010) An overview of SMES applications in power
and energy systems. Sustainable Energy, IEEE Transactions On, 1 (1), pp. 38-47.

ALLSTON, T.D. and PRESS, R.J. (2016) Lab 1: Hydrogen Safety. Clean Energy:
Hydrogen/Fuel Cells Laboratory Manual, pp. 1.

ALRAHILA (2017) Alrahila. [Online] http://alrahila.ly/ [Accessed 18/1/2017].

ARAAR, A., CHOUEIRI, N. and VERME, P. (2015) The quest for subsidy reforms in Libya.
World Bank Policy Research Working Paper, (7225).

ARAL, J. et al. (2008) Power electronics and its applications to renewable energy in Japan.
Circuits and Systems Magazine, IEEE, 8 (3), pp. 52-66.

ARAI, N. et al. (2006) Overall water splitting by RuO2-dispersed divalent-ion-doped GaN
photocatalysts with d10 electronic configuration. Chemistry Letters, 35 (7), pp. 796-797.

ARASHI, H., NAITO, H. and MIURA, H. (1991) Hydrogen production from high-
temperature steam electrolysis using solar energy. International Journal of Hydrogen
Energy, 16 (9), pp. 603-608.

ARCHER, C.L. and JACOBSON, M.Z. (2003) Spatial and temporal distributions of US
winds and wind power at 80 m derived from measurements. Journal of Geophysical
Research: Atmospheres (1984-2012), 108 (D9).

ASHEIBE, A. and KHALIL, A. (2013) The Renewable Energy in Libya: Present Difficulties
and Remedies. In: the Proceedings of the World Congress on Renewable Energy”,
Melbourne, Australia.

BAK, T. et al. (2002) Photo-electrochemical hydrogen generation from water using solar
energy. Materials-related aspects. International Journal of Hydrogen Energy, 27 (10), pp.
991-1022.

BALL, M. and WEEDA, M. (2015) The hydrogen economy-vision or reality?. International
Journal of Hydrogen Energy, 40 (25), pp. 7903-79109.

362


http://alrahila.ly/

References

BALL, M. and WIETSCHEL, M. (2009) The future of hydrogen—opportunities and
challenges. International Journal of Hydrogen Energy, 34 (2), pp. 615-627.

BALTA, M.T., DINCER, I. and HEPBASLI, A. (2010) Geothermal-based hydrogen
production using thermochemical and hybrid cycles: A review and analysis. International
Journal of Energy Research, 34 (9), pp. 757-775.

BARBIR, F. and GOMEZ, T. (1997) Efficiency and economics of proton exchange
membrane (PEM) fuel cells. International Journal of Hydrogen Energy, 22 (10), pp. 1027-
1037.

BAUER, L. (2016) M.TORRES TWT 1.65-82 (Turbine). [Online] http://en.wind-turbine-
models.com/turbines/804-m.torres-twt-1.65-82 [Accessed 31/08/2016].

BENNOUA, S. et al. (2015) Role of hydrogen in resolving electricity grid issues.
International Journal of Hydrogen Energy, 40 (23), pp. 7231-7245.

BERTUCCIOLL, L. et al. (2014) Development of Water Electrolysis in the European Union.
Switzerland: E4tech Sarl, Final Report.

BHANDARI, R., TRUDEWIND, C.A. and ZAPP, P. (2014) Life cycle assessment of
hydrogen production via electrolysis—a review. Journal of Cleaner Production, 85, pp. 151-
163.

BHATTACHARYA, M. et al. (2016) The effect of renewable energy consumption on
economic growth: Evidence from top 38 countries. Applied Energy, 162, pp. 733-741.

BIEGEL, B. et al. (2014a) Value of flexible consumption in the electricity markets. Energy,
66, pp. 354-362.

BIEGEL, B. et al. (2014b) Integration of flexible consumers in the ancillary service markets.
Energy, 67, pp. 479-4809.

BLOOMBERG (2017) Energy markets. [Online] https://www.bloomberg.com/energy
[Accessed 2/5/2017].

BOGDANOVIC, B. and SCHWICKARDI, M. (1997) Ti-doped alkali metal aluminium
hydrides as potential novel reversible hydrogen storage materials. Journal of Alloys and
Compounds, 253, pp. 1-9.

BOSALUM, F. and LAESSING, U. (2015) Libya's foreign reserves fell by a quarter last
year. [Online] Reuters. http://uk.reuters.com/article/libya-security-
IdUKL5NOXV2S120150504 [Accessed 11/4/2017].

363


http://en.wind-turbine-models.com/turbines/804-m.torres-twt-1.65-82
http://en.wind-turbine-models.com/turbines/804-m.torres-twt-1.65-82
https://www.bloomberg.com/energy
http://uk.reuters.com/article/libya-security-idUKL5N0XV2SI20150504
http://uk.reuters.com/article/libya-security-idUKL5N0XV2SI20150504

References

BOSSEL, U., ELIASSON, B. and TAYLOR, G. (2003) The future of the hydrogen economy:
bright or bleak?. Cogeneration and Distributed Generation Journal, 18 (3), pp. 29-70.

BRIDGWATER, A. (2002) The future for biomass pyrolysis and gasification: status,
opportunities and policies for Europe. Bio-Energy Research Group, Aston University,
Birmingham, UK.

BRIGUGLIO, N. and ANTONUCCI, V. (2015) Overview of PEM Electrolysis for Hydrogen
Production. In: PEM Electrolysis for Hydrogen Production: Principles and Applications:
CRC Press, pp. 1-9.

BRISSE, A., SCHEFOLD, J. and ZAHID, M. (2008) High temperature water electrolysis in
solid oxide cells. International Journal of Hydrogen Energy, 33 (20), pp. 5375-5382.

BRUNINX, K. et al. (2015) Coupling Pumped Hydro Energy Storage with Unit
Commitment.

BURKE, A. (2000) Ultracapacitors: why, how, and where is the technology. Journal of
Power Sources, 91 (1), pp. 37-50.

CARMO, M. et al. (2013) A comprehensive review on PEM water electrolysis. International
Journal of Hydrogen Energy, 38 (12), pp. 4901-4934.

CARTON, J.G. and OLABI, A.G. (2010) Wind/hydrogen hybrid systems: Opportunity for
Ireland’s wind resource to provide consistent sustainable energy supply. Energy, 35 (12), pp.
4536-4544.

CENTRAL BANK OF LIBYA (2014) Annual-Report-2014.pdf. [Online] Central Bank of
Libya.  https://cbl.gov.ly/en/wp-content/uploads/sites/2/2016/03/Annual-Report-2014.pdf
[Accessed 4/4/2017].

CHAMBERS, A. et al. (1998) Hydrogen storage in graphite nanofibers. The Journal of
Physical Chemistry B, 102 (22), pp. 4253-4256.

CHEN, H. et al. (2009) Progress in electrical energy storage system: A critical review.
Progress in Natural Science, 19 (3), pp. 291-312.

CHEN, J. (2011) Hydrogen generation, storage and electricity generation from wind energy
to grid system (Master), Lehigh University.

CHEN, P. et al. (2002) Interaction of hydrogen with metal nitrides and imides. Nature, 420
(6913), pp. 302-304.

364


https://cbl.gov.ly/en/wp-content/uploads/sites/2/2016/03/Annual-Report-2014.pdf

References

CROCKETT, R., NEWBOROUGH, M. and HIGHGATE, D. (1997) Electrolyser-based
energy management: A means for optimising the exploitation of variable renewable-energy
resources in stand-alone applications. Solar Energy, 61 (5), pp. 293-302.

DAGDOUGUI, H.,, OUAMMI, A. and SACILE, R. (2012) Modelling and control of
hydrogen and energy flows in a network of green hydrogen refuelling stations powered by
mixed renewable energy systems. International Journal of Hydrogen Energy, 37 (6), pp.
5360-5371.

DAGDOUGUI, H.et al. (2018) Chapter 7 - Hydrogen Logistics: Safety and Risks Issues:
Academic Press. Available from:
http://www.sciencedirect.com/science/article/pii/B978012812036100007 X.

DALEBROOK, A.F. et al. (2013) Hydrogen storage: beyond conventional methods.
Chemical Communications, 49 (78), pp. 8735-8751.

DALOUB, L. (2017) Conflict Damage and Reconstruction. [Online] T&D World.
https://www.tdworld.com/overhead-transmission/conflict-damage-and-reconstruction
[Accessed 10/10/2018].

DARKRIM, F.L., MALBRUNOT, P. and TARTAGLIA, G. (2002) Review of hydrogen
storage by adsorption in carbon nanotubes. International Journal of Hydrogen Energy, 27
(2), pp. 193-202.

DAVID, E. (2005) An overview of advanced materials for hydrogen storage. Journal of
Materials Processing Technology, 162, pp. 169-177.

DAVID, W.I. et al. (2007) A mechanism for non-stoichiometry in the lithium amide/lithium
imide hydrogen storage reaction. Journal of the American Chemical Society, 129 (6), pp.
1594-1601.

DELL, R.M. and RAND, D.A.J. (2001) Energy storage—a key technology for global energy
sustainability. Journal of Power Sources, 100 (1), pp. 2-17.

DEMIRBAS, M.F. (2006) Thermal energy storage and phase change materials: an overview.
Energy Sources, Part B: Economics, Planning, and Policy, 1 (1), pp. 85-95.

DEPARTMENT OF ENERGY (2016) Fuel Cells | Department of Energy. [Online]
http://energy.gov/eere/fuelcells/fuel-cells [Accessed 5/7/2016].

DIAZ-GONZALEZ, F. et al. (2012) A review of energy storage technologies for wind power
applications. Renewable and Sustainable Energy Reviews, 16 (4), pp. 2154-2171.

365


http://www.sciencedirect.com/science/article/pii/B978012812036100007X
https://www.tdworld.com/overhead-transmission/conflict-damage-and-reconstruction
http://energy.gov/eere/fuelcells/fuel-cells

References

DINCER, I. and ACAR, C. (2015) Review and evaluation of hydrogen production methods
for better sustainability. International Journal of Hydrogen Energy, 40 (34), pp. 11094-
11111.

DONATI, J. and SHENNIB, G. (2013) Libya aims to end fuel subsidies in three years.
[Online] REUTERS. http://www.reuters.com/article/us-libya-oil-
IdUSBRE93TON120130430 [Accessed 15/2/2016].

DONG, L. et al. (2016) Flexible electrodes and supercapacitors for wearable energy storage:
a review by category. Journal of Materials Chemistry A, 4 (13), pp. 4659-4685.

DOS SANTOS, K.G. et al. (2017) Hydrogen production in the electrolysis of water in Brazil,
a review. Renewable and Sustainable Energy Reviews, 68, Part 1, pp. 563-571.

DUTTA, S. (2014) A review on production, storage of hydrogen and its utilization as an
energy resource. Journal of Industrial and Engineering Chemistry, 20 (4), pp. 1148-1156.

EBAID, M.S., HAMMAD, M. and ALGHAMDI, T. (2015) THERMO economic analysis
OF PV and hydrogen gas turbine hybrid power plant of 100 MW power output. International
Journal of Hydrogen Energy, 40 (36), pp. 12120-12143.

ECKROAD, S. and GYUK, I. (2003) EPRI-DOE handbook of energy storage for
transmission & distribution applications. Electric Power Research Institute, Inc,.

EHTESHAMI, S.M.M. and CHAN, S.H. (2014) The role of hydrogen and fuel cells to store
renewable energy in the future energy network — potentials and challenges. Energy Policy,
73 (0), pp. 103-109.

EIA (2017) Annual Energy Outlook 2017. [Online] https://www.eia.gov/outlooks/aeo/
[Accessed 2/5/2017].

EIA (2016) World Energy Outlook 2016. [Online]
http://www.worldenergyoutlook.org/publications/weo-2016/ [Accessed 15/2/2017].

EICHMAN, J., TOWNSEND, A. and MELAINA, M. (2016) Economic Assessment of
Hydrogen Technologies Participating in California Electricity Markets. 1. Denver West
Parkway: NREL (National Renewable Energy Laboratory (NREL), Golden, CO (United
States)), 5400-65856.

EKHLAT, M., SALAH, I. and KREAMA, N. (2007) Energy Efficiency and Renewable
Energy Libya—National study. General Electric Company of Libya (GECOL),.

366


http://www.reuters.com/article/us-libya-oil-idUSBRE93T0N120130430
http://www.reuters.com/article/us-libya-oil-idUSBRE93T0N120130430
https://www.eia.gov/outlooks/aeo/
http://www.worldenergyoutlook.org/publications/weo-2016/

References

ELAMARI, M.M.M. (2011) Optimisation of Photovoltaic-Powered Electrolysis for
Hydrogen production for a remote area in Libya (Doctor of Philosophy), The University of
Manchester, Manchester, UK.

ELANSARI, A., MUSA, A. and ALSSNOUSI, A. (2012) Impact of new wind farms on
power distribution networks (Derna Wind project case study). In: Renewable Energies for
Developing Countries (REDEC), 2012 International Conference on, pp. 1-6.

ELHAGE, M. et al. (2005). Socialist People’s Libyan Arab Jamahiriya—Statistical
Appendix: Washington, DC.,.

EL-OSTA, W. and KALIFA, Y. (2003) Prospects of wind power plants in Libya: a case
study. Renewable Energy, 28 (3), pp. 363-371.

EL-OSTA, W. and ZEGHLAM, J. (2000) Hydrogen as a fuel for the transportation sector:
possibilities and views for future applications in Libya. Applied Energy, 65 (1-4), pp. 165-
171.

ELUMAMI, A. (2015) Libyan rival parliament to replace fuel, food subsidies with cash
payments. [Online] http://www.reuters.com/article/us-libya-budget-
IdUSKBNOOAOQY X20150525 [Accessed 15/2/2016].

EL-WERFELLI, M. et al. (2008) Analysis of the national 8th November 2003 Libyan
blackout. In: Universities Power Engineering Conference, 2008. UPEC 2008. 43rd
International: IEEE, pp. 1-5.

ENERGIESPEICHER, E. (2009) Energiespeicher in stromversorgungssystemen mit hohem
anteil erneuerbarer energietrager—bedeutung, stand der technik, handlungsbedarf. Frankfurt
Am Main: VDE Verband Der Elektrotechnik Elektronik Informationstechnik eV, pp. 50-56.

ESTERMANN, T., NEWBOROUGH, M. and STERNER, M. (2016) Power-to-gas systems
for absorbing excess solar power in electricity distribution networks. International Journal
of Hydrogen Energy, 41 (32), pp. 13950-13959.

EUROPEAN COMMISSION (2017) 2030 climate & energy framework. [Online] European
commission. https://ec.europa.eu/clima/policies/strategies/2030_en [Accessed 10/8/207].

FARAJ, B. (2009) Alternative energy sources and its role in the Production of electric power
in Libya. Research Centre for Renewable Energy and Water Desalination-Tajoura,.

FERREIRA, H.L. et al. (2013) Characterisation of electrical energy storage technologies.
Energy, 53 (0), pp. 288-298.

367


http://www.reuters.com/article/us-libya-budget-idUSKBN0OA0YX20150525
http://www.reuters.com/article/us-libya-budget-idUSKBN0OA0YX20150525
https://ec.europa.eu/clima/policies/strategies/2030_en

References

FERTIG, E. and APT, J. (2011) Economics of compressed air energy storage to integrate
wind power: A case study in ERCOT. Energy Policy, 39 (5), pp. 2330-2342.

FINGERSH, L.J. (2003) Optimized hydrogen and electricity generation from wind. 1.
Golden, Colorado: National Renewable Energy Laboratory, 500-34364.

FIRAK, M. and PUKIC, A. (2016) Hydrogen transportation fuel in Croatia: Road map
strategy. International Journal of Hydrogen Energy, 41 (31), pp. 13820-13830.

FLEMING, J.R. (1999) Joseph Fourier, the ‘greenhouse effect’, and the quest for a universal
theory of terrestrial temperatures. Endeavour, 23 (2), pp. 72-75.

FRIEDRICHS, O. et al. (2009) Low-Temperature Synthesis of LiBH4 by Gas-Solid
Reaction. Chemistry—A European Journal, 15 (22), pp. 5531-5534.

GAHLEITNER, G. (2013) Hydrogen from renewable electricity: An international review of
power-to-gas pilot plants for stationary applications. International Journal of Hydrogen
Energy, 38 (5), pp. 2039-2061.

GANDIA, L.M., ARZAMEND, G. and DIEGNEZ, P.M. (2013) Water electrolysis
technologies. In: MILLET, P. and GRIGORIEV, S. (eds.) Renewable Energy Technologies
Production, Purification, Storage, Applications and Safety. 1st ed. : Elsevier, pp. 19-41.

GARCIA-VALVERDE, R., ESPINOSA, N. and URBINA, A. (2012) Simple PEM water
electrolyser model and experimental validation. International Journal of Hydrogen Energy,
37 (2), pp. 1927-1938.

GAVENAS, E., ROSENDAHL, K.E. and SKJERPEN, T. (2015) CO 2-emissions from
Norwegian oil and gas extraction. Energy, 90, pp. 1956-1966.

GAZEY, R.N. (2014) Sizing hybrid green hydrogen energy generation and storage systems
(HGHES) to enable an increase in renewable penetration for stabilising the grid. (Doctor of
Philosophy), Robert Gordon University.

GECOL (2010) annual reports. [Online] 2010.
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init [Accessed
25/08/2016].

GECOL (2007) Annual report. [Online]
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init [Accessed
29/08/2016].

368


http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init

References

GECOL, (2012) annual report. [Online] http://www.gecol.ly/aspx/Main.aspx [Accessed
03/09/2016].

GEIER, B. (2016) Why Germany Is Paying People to Use Electricity: Fortune/Energy.
Available  from:  http://fortune.com/2016/05/11/germany-excess-power/  [Accessed
4/5/2017].

GENOVESE, J. et al. (2009) Estimate, Hydrogen Production Cost; ((Current (2009) State-
of-the-Art Hydrogen Production Cost Estimate Using Water Electrolysis). 1. Cole Boulevard
» Golden, Colorado: National Renewable Energy Laboratory, 80401-3393.

GENT, E. (2013) Liquid air energy storage could become£ 1bn industry. The Institution of
Engineering and Technology (IET) Engineering and Technology (E&T) Magazine.Published
9th May,.

GEST, H. and KAMEN, M.D. (1949) Photoproduction of Molecular Hydrogen by
Rhodospirillum rubrum. Science (New York, N.Y.), 109 (2840), pp. 558-559.

GILLINGHAM, K. (2007) Hydrogen internal combustion engine vehicles: a prudent
intermediate step or a step in the wrong direction. Department of Management Science &
Engineering Global Climate and Energy Project Precourt Institute for Energy Efficiency of
Stanford University,.

GODULA-JOPEK, A. (2015) Hydrogen Production: By Electrolysis. 8th ed. Singapore:
John Wiley & Sons.

GONZALEZ, A., MCKEOGH, E. and GALLACHOIR, B. (2004) The role of hydrogen in
high wind energy penetration electricity systems: The Irish case. Renewable Energy, 29 (4),
pp. 471-4809.

GREENBLATT, J.B. etal. (2007) Baseload wind energy: modeling the competition between
gas turbines and compressed air energy storage for supplemental generation. Energy Policy,
35 (3), pp. 1474-1492.

GREENWOOD, N.N. and EARNSHAW, A. (eds.) (1998) Chemistry of the elements. Oxford
: Boston: Butterworth-Heinemann.

GREINER, C.J., KORPAS, M. and HOLEN, A.T. (2007) A Norwegian case study on the
production of hydrogen from wind power. International Journal of Hydrogen Energy, 32
(10-11), pp. 1500-1507.

GRIGORIEV, S., POREMBSKY, V. and FATEEV, V. (2006) Pure hydrogen production by

PEM electrolysis for hydrogen energy. International Journal of Hydrogen Energy, 31 (2),
pp. 171-175.

369


http://www.gecol.ly/aspx/Main.aspx
http://fortune.com/2016/05/11/germany-excess-power/

References

GRIGORIEV, S.A.et al. (2009) Hydrogen safety aspects related to high-pressure polymer
electrolyte membrane water electrolysis Available from:
http://www.sciencedirect.com/science/article/pii/S0360319909001219.

GUINOT, B. et al. (2015) Profitability of an electrolysis based hydrogen production plant
providing grid balancing services. International Journal of Hydrogen Energy, 40 (29), pp.
8778-8787.

GUNEY, M.S. and TEPE, Y. (2017) Classification and assessment of energy storage
systems. Renewable and Sustainable Energy Reviews, 75, pp. 1187-1197.

GUPTA, V. (1982) Prospects of Hydrogen as an Energy Carrier for the Future. In: Alternative
Energy Sources V: Elsevier Science New York, pp. 391-411.

GUTIERREZ-MARTIN, F. et al. (2009) Management strategies for surplus electricity loads
using electrolytic hydrogen. International Journal of Hydrogen Energy, 34 (20), pp. 8468-
8475.

GUTIERREZ-MARTIN, F. and GUERRERO-HERNANDEZ, I. (2012) Balancing the grid
loads by large scale integration of hydrogen technologies: the case of the Spanish power
system. International Journal of Hydrogen Energy, 37 (2), pp. 1151-1161.

GUTIERREZ-MARTIN, F., OCHOA-MENDOZA, A. and RODRIGUEZ-ANTON, L.
(2015) Pre-investigation of water electrolysis for flexible energy storage at large scales: The
case of the Spanish power system. International Journal of Hydrogen Energy, 40 (15), pp.
5544-5551.

HADJIPASCHALIS, 1., POULLIKKAS, A. and EFTHIMIOU, V. (2009) Overview of
current and future energy storage technologies for electric power applications. Renewable
and Sustainable Energy Reviews, 13 (6), pp. 1513-1522.

HAN, S.S. (2007) Hydrogen Storage & Measurement Technologies: Recent Progress and
The Future. Theories and Applications of Chem. Eng, 10 (1), pp. 1112-1115.

HARYANTO, A. et al. (2005) Current status of hydrogen production techniques by steam
reforming of ethanol: a review. Energy & Fuels, 19 (5), pp. 2098-2106.

HASSENZAHL, W.V. et al. (2004) Electric power applications of superconductivity.
Proceedings of the IEEE, 92 (10), pp. 1655-1674.

HASSMANN, K. and KUHNE, H. (1993) Primary energy sources for hydrogen production.
International Journal of Hydrogen Energy, 18 (8), pp. 635-640.

370


http://www.sciencedirect.com/science/article/pii/S0360319909001219

References

HEBNER, R., BENO, J. and WALLS, A. (2002) Flywheel batteries come around again.
Spectrum, IEEE, 39 (4), pp. 46-51.

HELM, D. (2016) The future of fossil fuels—is it the end?. Oxford Review of Economic
Policy, 32 (2), pp. 191-205.

HIRSCHER, M. and PANELLA, B. (2005) Nanostructures with high surface area for
hydrogen storage. Journal of Alloys and Compounds, 404, pp. 399-401.

HODSON, H. (2013) Texas-sized battery aims to green up the grid. New Scientist, 217
(2902), pp. 20.

HOLLADAY, J.D. etal. (2009) An overview of hydrogen production technologies. Catalysis
Today, 139 (4), pp. 244-260.

HOSSEINI, S.E. and WAHID, M.A. (2016) Hydrogen production from renewable and
sustainable energy resources: Promising green energy carrier for clean development.
Renewable and Sustainable Energy Reviews, 57, pp. 850-866.

HUANG, Y., LIANG, J. and CHEN, Y. (2012) An overview of the applications of graphene-
based materials in supercapacitors. Small, 8 (12), pp. 1805-1834.

IBRAHIM, H., ILINCA, A. and PERRON, J. (2008) Energy storage systems—
characteristics and comparisons. Renewable and Sustainable Energy Reviews, 12 (5), pp.
1221-1250.

IEA STATISTICS (2014) Electric power transmission and distribution losses (% of output).

[Online] The World Bank.
https://data.worldbank.org/indicator/EG.ELC.LOSS.ZS?locations=LY [Accessed
14/2/2018].

INAGE, S. (2009) Prospects for large-scale energy storage in decarbonised power grids.
International Energy Agency, IEA,.

INVESTOPEDIA (2015) What is considered a healthy operating profit margin?. [Online]
Investopedia. http://www.investopedia.com/ask/answers/041415/what-considered-healthy-
operating-profit-margin.asp [Accessed 21/4/2016].

ITM POWER (2013) Green Car Congress: ITM Power reports its estimated cost of
producing hydrogen via electrolysis down significantly from last year. [Online] Green Car
Congress. http://www.greencarcongress.com/2013/07/itmpower-20130722.html [Accessed
6/6/2016].

371


https://data.worldbank.org/indicator/EG.ELC.LOSS.ZS?locations=LY
http://www.investopedia.com/ask/answers/041415/what-considered-healthy-operating-profit-margin.asp
http://www.investopedia.com/ask/answers/041415/what-considered-healthy-operating-profit-margin.asp
http://www.greencarcongress.com/2013/07/itmpower-20130722.html

References

IVY, J. (2004) Summary of electrolytic hydrogen production: milestone completion report.
1. Golden, Colorado: National Renewable Energy Lab., Golden, CO (US), 560-36734.

JOHANSSON, D., FRANCK, P. and BERNTSSON, T. (2012) Hydrogen production from
biomass gasification in the oil refining industry—a system analysis. Energy, 38 (1), pp. 212-
227.

JONES, A.D.K. and BEKKEDAHL, T. (1997) Storage of hydrogen in single-walled carbon
nanotubes. Nature, 386, pp. 377.

KALDELLIS, J.K., KAVADIAS, K. and ZAFIRAKIS, D. (2015) The role of hydrogen-
based energy storage in the support of large-scale wind energy integration in island grids.
International Journal of Sustainable Energy, 34 (3-4), pp. 188-201.

KATO, T. et al. (2005) Effective utilization of by-product oxygen from electrolysis hydrogen
production. Energy, 30 (14), pp. 2580-2595.

KEBEDE, M.A. et al. (2014) Structural and electrochemical properties of aluminium doped
LiMn 2 O 4 cathode materials for Li battery: experimental and ab initio calculations.
Sustainable Energy Technologies and Assessments, 5, pp. 44-49.

KHALIFA, Y. (1998). Wind Atlas for the Coastal Region of Libya,.

KHALIL, E. et al. (2009) Demand Side Management in Libya-A Case Study of the General
Electric Company of Libya: Transmission System Operation and Control Department.

KIM, J., LEE, Y. and MOON, I. (2008) Optimization of a hydrogen supply chain under
demand uncertainty. International Journal of Hydrogen Energy, 33 (18), pp. 4715-4729.

KIRUBAKARAN, A., JAIN, S. and NEMA, R. (2009) A review on fuel cell technologies
and power electronic interface. Renewable and Sustainable Energy Reviews, 13 (9), pp.
2430-2440.

KOPONEN, J. (2015) Review of water electrolysis technologies and design of renewable
hydrogen production systems (Master’s Thesis), Lappeenranta University of Technology.

KORDESCH, K. and CIFRAIN, M. (2010) A comparison between the alkaline fuel cell
(AFC) and the polymer electrolyte membrane (PEM) fuel cell. Handbook of Fuel Cells,.

KOTHARI, R., BUDDHI, D. and SAWHNEY, R. (2008) Comparison of environmental and

economic aspects of various hydrogen production methods. Renewable and Sustainable
Energy Reviews, 12 (2), pp. 553-563.

372



References

KOTHARI, R., BUDDHI, D. and SAWHNEY, R. (2004) Sources and technology for
hydrogen production: a review. International Journal of Global Energy Issues, 21 (1-2), pp.
154-178.

KUANG, Q. et al. (2005) Tailoring the optical property by a three-dimensional epitaxial
heterostructure: a case of ZnO/Sn0O2. Journal of the American Chemical Society, 127 (33),
pp. 11777-11784.

KUMAR, S. (2015) Clean hydrogen production methods. USA: Springer.

KUUSKRAA, V., STEVENS, S.H. and MOODHE, K.D. (2013) Technically recoverable
shale oil and shale gas resources: an assessment of 137 shale formations in 41 countries
outside the United States.

LAI, Q. et al. (2015) Hydrogen storage materials for mobile and stationary applications:
current state of the art. ChemSusChem, 8 (17), pp. 2789-2825.

LAMY, C. (2016) From hydrogen production by water electrolysis to its utilization ina PEM
fuel cell or in a SO fuel cell: Some considerations on the energy efficiencies. International
Journal of Hydrogen Energy, 41 (34), pp. 15415-15425.

LARMINIE, J., DICKS, A. and MCDONALD, M.S. (2003) Fuel cell systems explained: J.
Wiley Chichester, UK.

LAWGALLI, F.F. (2008) Forecasting water demand for agricultural, industrial and domestic
use in Libya. International Review of Business Research Papers, 4 (5), pp. 231-248.

LEE, C. and HUH, S. (2017) Forecasting Long-Term Crude Oil Prices Using a Bayesian
Model with Informative Priors. Sustainability, 9 (2), pp. 190.

LEE, S., SPEIGHT, J.G. and LOYALKA, S.K. (2014) Handbook of alternative fuel
technologies. 2nd ed. New York: crc Press.

LEHNER, M. et al. (2014) Power-to-gas: technology and business models. 1st ed. New York
Dordrecht London: Springer.

LEVENE, J.1. (2005) Production of Hydrogen at the Forecourt Using Off-Peak Electricity.
1. Colorado: National Renewable Energy Laborator, NREL/MP-560-38354.

LI, Y. etal. (2017) Life cycle cost and sensitivity analysis of a hydrogen system using low-
price electricity in China. International Journal of Hydrogen Energy,.

373



References

LITTERMAN, B. (2013) What is the right price for carbon emissions. Regulation, 36, pp.
38.

LIU, A.T. et al. (2016) Electrical Energy Generation via Reversible Chemical Doping on
Carbon Nanotube Fibers. Advanced Materials, 28 (44), pp. 9752-9757.

LIU, H. et al. (2013) Hydrogen desorption properties of the MgH2-AIH3 composites. The
Journal of Physical Chemistry C, 118 (1), pp. 37-45.

LIU, J., ZHANG, H. and ZHANG, Y. (2016) Coordinated Control Strategy of scalable
Superconducting Magnetic Energy Storage. IEEE Transactions on Smart Grid,.

LONG, Z. and ZHIPING, Q. (2008) Review of flywheel energy storage system. In:
Proceedings of ISES World Congress 2007 (Vol. 1-Vol. V): Springer, pp. 2815-2819.

LOWRY, J. (2017) Hydrogen and Other Synthesised Fuels. In: Avoiding Carbon Apocalypse
Through Alternative Energy: Springer, pp. 51-62.

LUO, X. et al. (2015) Overview of current development in electrical energy storage
technologies and the application potential in power system operation. Applied Energy, 137,
pp. 511-536.

MADZIGA, M., RAHIL, A. and MANSOOR, R. (2018) Comparison between Three Off-
Grid Hybrid Systems (Solar Photovoltaic, Diesel Generator and Battery Storage System) for
Electrification for Gwakwani Village, South Africa. Environments, 5, pp. 57.

MAISONNIER, G. et al. (2007) European Hydrogen Infrastructure Atlas’ and ‘Industrial
Excess Hydrogen Analysis’ Part I1: Industrial surplus hydrogen and markets and production.
Oldenburg.CO2 ReUse NRW,.

MANSILLA, C. et al. (2013) Economic competitiveness of off-peak hydrogen production
today—A European comparison. Energy, 55, pp. 996-1001.

MARKILLIE, R. (2013) Hydrogen Cost Structure Update | ITM Power. [Online]
http://www.itm-power.com/news-item/hydrogen-cost-structure-update [Accessed
5/28/2016].

MARKOULIDIS, F., LEI, C. and LEKAKOQOU, C. (2013) Fabrication of high-performance
supercapacitors based on transversely oriented carbon nanotubes. Applied Physics A, 111 (1),
pp. 227-236.

374


http://www.itm-power.com/news-item/hydrogen-cost-structure-update

References

MARTIN, R.et al. (2016) Sensitivity analysis of offshore wind farm operation and
maintenance cost and availability Available from:
http://www.sciencedirect.com/science/article/pii/S0960148115301749.

MARTINI, F. (2015) Kick-off for world's largest electrolysis system in Mainz

[Online] siemens. http://www.siemens.com/press/en/feature/2014/corporate/2014-05-
energiepark-mainz.php [Accessed 25/07/2016].

MARZBAND, M. et al. (2014) Experimental validation of a real-time energy management
system using multi-period gravitational search algorithm for microgrids in islanded mode.
Applied Energy, 128, pp. 164-174.

MBENDI (2016) Electrical Power in Libya-Overview. [Online]
https://www.mbendi.com/indy/powr/af/l1b/p0005.htm [Accessed 12/08/2016].

MELAINA, M. and PENEV, M. (2013) Hydrogen Station Cost Estimates - Comparing
Hydrogen Station Cost Calculator Results with other Recent Estimates. 1. Denver West
Parkway: National Renewable Energy Laboratory, 5400-56412.

MENANTEAU, P. et al. (2011) An economic analysis of the production of hydrogen from
wind-generated electricity for use in transport applications. Energy Policy, 39 (5), pp. 2957-
2965.

MOCOTEGUY, P. and BRISSE, A. (2013) A review and comprehensive analysis of
degradation mechanisms of solid oxide electrolysis cells. International Journal of Hydrogen
Energy, 38 (36), pp. 15887-15902.

MOHAMED RAMADAN ZAROUG (2012) Hun 14 MW Photovoltaic Power Plant by
REAOL, Libya: Renewable Energy Authority of Libya (REAOL), 8000413949 — 12/541.

MOHAMED, A.M. et al. (2013) the Significance of Utilising Renewable Energy Options
Into the Libyan Energy Mix. Energy Research Journal, 4 (1), pp. 15.

MOHAMED, A.M.A. (2016) Investigation into the feasibility of the utilisation of renewable
energy resources in Libya (Doctor of Philosophy), Nottingham Trent University.

MOHAMED, A.M.A., AL-HABAIBEH, A. and ABDO, H. (2013) An investigation into the
current utilisation and prospective of renewable energy resources and technologies in Libya.
Renewable Energy, 50 (0), pp. 732-740.

MOHAMMED, Z. (2010) CO2 Emission Factor for the electricity generation systems in

Libya. In: Proceedings of the the Libyan International Conference on Electrical and
Electronic Engineering, Oct, pp. 23-26.

375


http://www.sciencedirect.com/science/article/pii/S0960148115301749
http://www.siemens.com/press/en/feature/2014/corporate/2014-05-energiepark-mainz.php
http://www.siemens.com/press/en/feature/2014/corporate/2014-05-energiepark-mainz.php
https://www.mbendi.com/indy/powr/af/lb/p0005.htm

References

MOHANDAS, K., SANIL, N. and RODRIGUEZ, P. (2002) Design, construction and
operation of a laboratory scale electrolytic cell for sodium production using a  "-alumina
based low-temperature process. Journal of Applied Electrochemistry, 32 (12), pp. 1383-
1390.

MOMIRLAN, M. and VEZIROGLU, T. (1999) Recent directions of world hydrogen
production. Renewable and Sustainable Energy Reviews, 3 (2), pp. 219-231.

MUDASSIR, A.S. et al. (2011) Hydrogen storage of carbon materials by physisorption. In:
Nanoscience, Engineering and Technology (ICONSET), 2011 International Conference on:
IEEE, pp. 1-4.

MULCAHY, T.M. et al. (2001) Test results of 2-kWh flywheel using passive PM and HTS
bearings. Applied Superconductivity, IEEE Transactions On, 11 (1), pp. 1729-1732.

NAJJAR, Y.S. (2013a) Hydrogen safety: The road toward green technology. International
Journal of Hydrogen Energy, 38 (25), pp. 10716-10728.

NAJJAR, Y.S.H. (2013b) Hydrogen safety: The road toward green technology Available
from: http://www.sciencedirect.com/science/article/pii/S036031991301358X.

NAKKEN, T. et al. (2006) The Utsira wind-hydrogen system—operational experience. In:
European wind energy conference, pp. 1-9.

NASA, (2016) Surface meteorology and Solar Energy. [Online]
https://eosweb.larc.nasa.gov/sse/ [Accessed 16/4/2014].

NIAZ, S., MANZOOR, T. and PANDITH, A.H. (2015) Hydrogen storage: Materials,
methods and perspectives. Renewable and Sustainable Energy Reviews, 50, pp. 457-469.

NICOLETTI, G. et al. (2015) A technical and environmental comparison between hydrogen
and some fossil fuels. Energy Conversion and Management, 89, pp. 205-213.

NIEMINEN, J., DINCER, I. and NATERER, G. (2010) Comparative performance analysis
of PEM and solid oxide steam electrolysers. International Journal of Hydrogen Energy, 35
(20), pp. 10842-10850.

NIKOLAIDIS, P. and POULLIKKAS, A. (2017) A comparative overview of hydrogen
production processes. Renewable and Sustainable Energy Reviews, 67, pp. 597-611.

NISTOR, S. et al. (2016) Technical and economic analysis of hydrogen refuelling. Applied
Energy, 167, pp. 211-220.

376


http://www.sciencedirect.com/science/article/pii/S036031991301358X
https://eosweb.larc.nasa.gov/sse/

References

NOH, J.,, AGARWAL, R. and SCHWARZ, J. (1987) Hydrogen storage systems using
activated carbon. International Journal of Hydrogen Energy, 12 (10), pp. 693-700.

OHMORI, T., MAMETSUKA, H. and SUZUKI, E. (2000) Photocatalytic hydrogen
evolution on InP suspension with inorganic sacrificial reducing agent. International Journal
of Hydrogen Energy, 25 (10), pp. 953-955.

OHTA, T. (2013) Solar-hydrogen energy systems: an authoritative review of water-splitting
systems by solar beam and solar heat: hydrogen production, storage and utilisation:
Elsevier.

OIL LIBYA COMPANY (2013) Oil Libya company. [Online] http://www.libyaoil.com.ly/
[Accessed 18/1/2017].

OLATEJU, B. and KUMAR, A. (2011) Hydrogen production from wind energy in Western
Canada for upgrading bitumen from oil sands. Energy, 36 (11), pp. 6326-6339.

OLATEJU, B., KUMAR, A. and SECANELL, M. (2016) A techno-economic assessment of
large scale wind-hydrogen production with energy storage in Western Canada. International
Journal of Hydrogen Energy, 41 (21), pp. 8755-8776.

PADRO, C.E.G. and PUTSCHE, V. (1999) Survey of the economics of hydrogen
technologies. 1. Cole Boulevard Golden, Colorado: National Renewable Energy Laboratory
Golden, CO, 570-27079.

PAIDAR, M., FATEEV, V. and BOUZEK, K. (2016) Membrane electrolysis—History,
current status and perspective. Electrochimica Acta, 209, pp. 737-756.

PANT, K., GUPTA, R. and GUPTA, R. (2009) Hydrogen fuel: production, transport, and
storage, chapter 1: Fundamentals and Use of Hydrogen as a Fuel.

PARKS, G. etal. (2014) Hydrogen Station Compression, Storage, and Dispensing Technical
Status and Costs. 1. Denver West Parkway: National Renewable Energy Laboratory (NREL),
Golden, CO., 6A10-58564.

PARTHASARATHY, P.and NARAYANAN, K.S. (2014) Hydrogen production from steam
gasification of biomass: Influence of process parameters on hydrogen yield—A review.
Renewable Energy, 66, pp. 570-579.

PASMAN, H.J. and ROGERS, W.J. (2010) Safety challenges in view of the upcoming

hydrogen economy: An overview. Journal of Loss Prevention in the Process Industries, 23
(6), pp. 697-704.

377


http://www.libyaoil.com.ly/

References

PENA-ALZOLA, R. et al. (2011) Review of flywheel based energy storage systems. In:
Power Engineering, Energy and Electrical Drives (POWERENG), 2011 International
Conference on: IEEE, pp. 1-6.

PESCHKA, W. (1983) Storage of liquid hydrogen. USA: Google Patents.

PETROLLESE, M. et al. (2016) Real-time integration of optimal generation scheduling with
MPC for the energy management of a renewable hydrogen-based microgrid. Applied Energy,
166, pp. 96-106.

POURMOUSAVI, S.A. et al. (2010) Real-time energy management of a stand-alone hybrid
wind-microturbine energy system using particle swarm optimization. IEEE Transactions on
Sustainable Energy, 1 (3), pp. 193-201.

PRATTEN, J.D. and ABDULHAMID MASHAT, A. (2009) Corporate social disclosure in
Libya. Social Responsibility Journal, 5 (3), pp. 311-327.

PREUSTER, P., ALEKSEEV, A. and WASSERSCHEID, P. (2017) Hydrogen Storage
Technologies for Future Energy Systems. Annual Review of Chemical and Biomolecular
Engineering, 8 (1).

PUDUKUDY, M. et al. (2014) Renewable hydrogen economy in Asia — Opportunities and
challenges: An overview. Renewable and Sustainable Energy Reviews, 30, pp. 743-757.

R.ZAROUG, M. (2012) Renewable Energy in Libya (The future Prospectives). [Online]
http://www.powershow.com/view2a/427ccd-

YjdmY/Renewable Energy in_Libya powerpoint ppt presentation [Accessed
15/08/2016].

RAHIL, A. and GAMMON, R. (2017) Dispatchable Hydrogen Production at the Forecourt
for Electricity Demand Shaping. Sustainability, 9 (10), pp. 1785.

RAHIL, A., GAMMON, R. and BROWN, N. (2017) Dispatchable hydrogen production at
the forecourt for electricity grid balancing. In: AIP Conference Proceedings: AIP Publishing,
pp. 020011.

RAHIL, A.,, GAMMON, R. and BROWN, N. (2018) Techno-economic assessment of
dispatchable hydrogen production by multiple electrolysers in Libya. Journal of Energy
Storage, 16, pp. 46-60.

RAHIL, A., GAMMON, R. and BROWN, N. Flexible operation of electrolyser at the garage

forecourt to support grid balancing and exploitation of hydrogen as a clean fuel. Research in
Transportation Economics,.

378


http://www.powershow.com/view2a/427ccd-YjdmY/Renewable_Energy_in_Libya_powerpoint_ppt_presentation
http://www.powershow.com/view2a/427ccd-YjdmY/Renewable_Energy_in_Libya_powerpoint_ppt_presentation

References

RAJARATHNAM, G.P. and VASSALLO, A.M. (2016) The zinc/bromine flow battery:
materials challenges and practical solutions for technology advancement: Springer.

RAMACHANDRAN, R. and MENON, R.K. (1998) An overview of industrial uses of
hydrogen. International Journal of Hydrogen Energy, 23 (7), pp. 593-598.

RAMELLI, R. et al. (2006) International Symposium on Solar Physics and Solar Eclipses.
In: Solar Physics and Solar Eclipses (SPSE 2006).

RAMLI, N.M., ALAREFI, S.A. and WALKER, S.D. (2015) Renewable power and
microgeneration in Libya: Photovoltaic system sizing, wind, rainfall potentials and public
response. In: Renewable Energy Congress (IREC), 2015 6th International: IEEE, pp. 1-6.

REHMAN, S., AL-HADHRAMI, L.M. and ALAM, M.M. (2015) Pumped hydro energy
storage system: A technological review. Renewable and Sustainable Energy Reviews, 44, pp.
586-598.

ROSA, V., SANTOS, M. and DA SILVA, E. (1995) New materials for water electrolysis
diaphragms. International Journal of Hydrogen Energy, 20 (9), pp. 697-700.

ROUQUEROL, J. et al. (2013) Adsorption by powders and porous solids: principles,
methodology and applications. 2nd ed. France: Elsevier.

RUEHL, C. and GILJUM, J. (2011) BP Energy outlook 2030. Energy, 2030, pp. 2.

SAHAY, K. and DWIVEDI, B. (2009) Energy storage technology for performance
enhancement of power systems. Electrical Power Quality & Utilization Magazine, 4 (1), pp.
1-12.

SALVI, B.L. and SUBRAMANIAN, K.A. (2015) Sustainable development of road
transportation sector using hydrogen energy system. Renewable and Sustainable Energy
Reviews, 51, pp. 1132-1155.

SANCHEZ, C. et al. (2012) Wind park reliable energy production based on a hydrogen
compensation system. Part Il: Economic study. International Journal of Hydrogen Energy,
37 (4), pp. 3088-3097.

SATHYAJITH, M. (2006) Wind energy: fundamentals, resource analysis and economics:
Springer Science & Business Media.

SAUR, G. (2008) Wind-To-Hydrogen Project: Electrolyzer Capital Cost Study. 1. Colorado:
National Renewable Energy Laboratory, NREL/TP-550-44103.

379



References

SAUR, G. and RAMSDEN, T. (2011) Wind electrolysis: hydrogen cost optimization.
Contract, 303, pp. 275-3000.

SAUR, G. et al. (2013) Current (2010) Hydrogen Production from Distributed Grid PEM
Electrolysis.  [Online]  National  Renewable  Energy  Laboratory  (NREL).
http://www.hydrogen.energy.gov/h2a_production.html [Accessed 05/08/2016].

SCHAINKER, R.B. (2004) Executive overview: energy storage options for a sustainable
energy future. In: Power Engineering Society General Meeting, 2004. IEEE: IEEE, pp. 2309-
2314,

SCHINDLER, J. et al. (2006) Where will the Energy for Hydrogen Production come
from? Status and Alternatives. [Online] EUROPEAN HYDROGEN ASSOCIATION.
http://www.h2euro.org/wp-

content/uploads/2009/01/eha_h2production_brochure_eng_0407.pdf [Accessed 21/3/2018].

SCHLAPBACH, L. and ZUTTEL, A. (2001) Hydrogen-storage materials for mobile
applications. Nature, 414 (6861), pp. 353-358.

SCHOENUNG, S.M. (2001) Characteristics and technologies for long-vs. short-term energy
storage. 1. Livermore, California: Citeseer, 2001-0765.

SCHOENUNG, S.M. and HASSENZAHL, W.V. (2007). Long Vs.Short-Term Energy
Storage: Sensitivity Analysis.,.

SCOTT, R.B., DENTON, W.H. and NICHOLLS, C.M. (2013) Technology and uses of liquid
hydrogen: Elsevier.

SEBASTIAN, R. and ALZOLA, R.P. (2012) Flywheel energy storage systems: Review and
simulation for an isolated wind power system. Renewable and Sustainable Energy Reviews,
16 (9), pp. 6803-6813.

SEMADENI, M. (2003) Energy storage as an essential part of sustainable energy systems.
Zurich: CEPE, Centre for Energy Policy and Economics, Swiss Federal Institutes of
Technology, 24.

SEVILLA, M. and MOKAYA, R. (2014) Energy storage applications of activated carbons:
supercapacitors and hydrogen storage. Energy & Environmental Science, 7 (4), pp. 1250-
1280.

SHANG, C. et al. (2004) Mechanical alloying and electronic simulations of (MgH 2 M)

systems (M= Al, Ti, Fe, Ni, Cu and Nb) for hydrogen storage. International Journal of
Hydrogen Energy, 29 (1), pp. 73-80.

380


http://www.hydrogen.energy.gov/h2a_production.html
http://www.h2euro.org/wp-content/uploads/2009/01/eha_h2production_brochure_eng_0407.pdf
http://www.h2euro.org/wp-content/uploads/2009/01/eha_h2production_brochure_eng_0407.pdf

References

SHARARA OIL SERVICES COMPANY (2017) Sharara Oil Services Company. [Online]
http://www.sharara.com.ly/ [Accessed 18/1/2017].

SHARMA, A. et al. (2009) Review on thermal energy storage with phase change materials
and applications. Renewable and Sustainable Energy Reviews, 13 (2), pp. 318-345.

SHARMA, P. and BHATTI, T.S. (2010) A review on electrochemical double-layer
capacitors. Energy Conversion and Management, 51 (12), pp. 2901-2912.

SHARMA, S. and GHOSHAL, S.K. (2015) Hydrogen the future transportation fuel: From
production to applications. Renewable and Sustainable Energy Reviews, 43, pp. 1151-1158.

SINGH, S. et al. (2015) Hydrogen: A sustainable fuel for future of the transport sector.
Renewable and Sustainable Energy Reviews, 51, pp. 623-633.

SINGH, G.et al. (2017) Optimal sizing and location of PV, wind and battery storage for
electrification to an island: A case study of Kavaratti, Lakshadweep Available from:
http://www.sciencedirect.com/science/article/pii/S2352152X17301378.

SKQOV, I.R. and MATHIESEN, B.V. (2017) Danish roadmap for large-scale implementation
of electrolysers.

SMITH, S.C., SEN SR, P. and KROPOSKI SR, B. (2008) Advancement of energy storage
devices and applications in electrical power system. In: Power and Energy Society General
Meeting-Conversion and Delivery of Electrical Energy in the 21st Century, 2008 IEEE:
IEEE, pp. 1-8.

SONG, J., WANG, Y. and WAN, C. (1999) Review of gel-type polymer electrolytes for
lithium-ion batteries. Journal of Power Sources, 77 (2), pp. 183-197.

SOULLIE, J. et al. (2002) Lithium boro-hydride LiBH4: 1. Crystal structure. Journal of Alloys
and Compounds, 346 (1-2), pp. 200-205.

STEWARD, D. et al. (2009) Lifecycle cost analysis of hydrogen versus other technologies
for electrical energy storage. 1. Cole Boulevard, Golden, Colorado: NREL is a national
laboratory of the U.S. Department of Energy, -560-46719.

STIEGEL, G.J. and RAMEZAN, M. (2006) Hydrogen from coal gasification: an economical

pathway to a sustainable energy future. International Journal of Coal Geology, 65 (3), pp.
173-190.

381


http://www.sharara.com.ly/
http://www.sciencedirect.com/science/article/pii/S2352152X17301378

References

STOJIC, D.L. et al. (2008) A comparison of alkaline and proton exchange membrane
electrolyzers. Russian Journal of Physical Chemistry A, Focus on Chemistry, 82 (11), pp.
1958-1960.

SULEMAN, F., DINCER, I. and AGELIN-CHAAB, M. (2015) Environmental impact
assessment and comparison of some hydrogen production options. International Journal of
Hydrogen Energy, 40 (21), pp. 6976-6987.

SUN, Y. et al. (2013) Electrodeposited cobalt-sulfide catalyst for electrochemical and
photoelectrochemical hydrogen generation from water. Journal of the American Chemical
Society, 135 (47), pp. 17699-17702.

TACZI, 1. and SZORENY!I, G. (2016) Pumped Storage Hydroelectric Power Plants: Issues
and Applications. Energy Regulators Regional Association (ERRA): Budapest, Hungary,.

TAKAGI, H. etal. (2004) Hydrogen adsorption properties of activated carbons with modified
surfaces. Journal of Alloys and Compounds, 385 (1), pp. 257-263.

TAKEICHI, N. et al. (2003) “Hybrid hydrogen storage vessel”, a novel high-pressure
hydrogen storage vessel combined with hydrogen storage material. International Journal of
Hydrogen Energy, 28 (10), pp. 1121-1129.

TEZCAKAR, M. (2010)
Techno-economic transition towards a hydrogen economy (Doctor of Philosophy), Queen
Marry University of London.

THE NATIONAL OIL CORPORATION (NOC) (2017) The National Oil Corporation
(NOC) . [Online] http://noc.ly/index.php/en/ [Accessed 18/1/2017].

THOMAS, G. (2000) Overview of Storage Development DOE Hydrogen Program. [Online]
DOE Hydrogen Program.
http://physics.oregonstate.edu/~hetheriw/energy/topics/doc/fuels/h/doe.storage.program.20
00.pdf [Accessed 4/5/2017].

TILAK, B. et al. (1981) Electrolytic production of hydrogen. In: Comprehensive treatise of
electrochemistry: Springer, pp. 1-104.

TJAHJANA, DOMINICUS DANARDONO DWI PRIJA et al. (2016) Wind energy potential
analysis in Al-Fattaih-Darnah. In: AIP Conference Proceedings: AIP Publishing, pp. 030015.

TONG, W. (2010) Wind power generation and wind turbine design. 1st ed. USA: Wit Press.

382


http://noc.ly/index.php/en/
http://physics.oregonstate.edu/%7Ehetheriw/energy/topics/doc/fuels/h/doe.storage.program.2000.pdf
http://physics.oregonstate.edu/%7Ehetheriw/energy/topics/doc/fuels/h/doe.storage.program.2000.pdf

References

TORREGLOSA, J.P. et al. (2014) Hierarchical energy management system for stand-alone
hybrid system based on generation costs and cascade control. Energy Conversion and
Management, 77, pp. 514-526.

TREVISANI, L. et al. (2007) Advanced energy recovery systems from liquid hydrogen.
Energy Conversion and Management, 48 (1), pp. 146-154.

TRONCOSO, E. and NEWBOROUGH, M. (2011a) Electrolysers for mitigating wind
curtailment and producing ‘green’merchant hydrogen. International Journal of Hydrogen
Energy, 36 (1), pp. 120-134.

TRONCOSO, E. and NEWBOROUGH, M. (2011b) Electrolysers for mitigating wind
curtailment and producing ‘green’ merchant hydrogen. International Journal of Hydrogen
Energy, 36 (1), pp. 120-134.

TSIPLAKIDES, D. (2012) PEM water electrolysis fundamentals. Available from:[Cited
2013 August],.

U.S ENERGY INFORMATION ADMINISTRATION (2015) Country Analysis Brief:
Libya. 1. USA: EIA.

U.S. DEPARTMENT OF ENERGY (2015) Central Versus Distributed Hydrogen
Production. [Online] U.S. Department of Energy. https://energy.gov/eere/fuelcells/central-
versus-distributed-hydrogen-production [Accessed 20/2/2017].

U.S. DEPARTMENT OF ENERGY (2014) Country Analysis Brief: Libya. [Online] U.S.
Energy Information Administration.
https://www.eia.gov/beta/international/analysis_includes/countries_long/Libya/libya.pdf
[Accessed 12/2/2017].

U.S. DEPARTMENT OF ENERGY (2006) Hydrogen Fuel CellS. [Online] U.S. Department
of Energy. https://www.hydrogen.energy.gov/pdfs/doe_fuelcell_factsheet.pdf [Accessed
8/9/2017].

UK GOVERNMENT (2016) Greenhouse gas reporting - Conversion factors 2016. [Online]
Departmnet of Energy & Climate Change.
https://www.gov.uk/government/publications/greenhouse-gas-reporting-conversion-factors-
2016 [Accessed 27/4/2017].

UNFCCC (2014) United Nations Framework Convention on Climate Change. [Online]
United Nations Framework Convention on Climate Change.
http://unfccc.int/meetings/kyoto_dec_1997/meeting/6378.php [Accessed 29/3/2017].

383


https://energy.gov/eere/fuelcells/central-versus-distributed-hydrogen-production
https://energy.gov/eere/fuelcells/central-versus-distributed-hydrogen-production
https://www.eia.gov/beta/international/analysis_includes/countries_long/Libya/libya.pdf
https://www.hydrogen.energy.gov/pdfs/doe_fuelcell_factsheet.pdf
https://www.gov.uk/government/publications/greenhouse-gas-reporting-conversion-factors-2016
https://www.gov.uk/government/publications/greenhouse-gas-reporting-conversion-factors-2016
http://unfccc.int/meetings/kyoto_dec_1997/meeting/6378.php

References

URSUA, A., GANDIA, L.M. and SANCHIS, P. (2012) Corrections to “Hydrogen
Production From Water Electrolysis: Current Status and Future Trends”[Feb 12 410-426].
Proceedings of the IEEE, 100 (3), pp. 811-811.

UTGIKAR, V. and THIESEN, T. (2006) Life cycle assessment of high temperature
electrolysis for hydrogen production via nuclear energy. International Journal of Hydrogen
Energy, 31 (7), pp. 939-944.

VALVERDE, L., BORDONS, C. and ROSA, F. (2016) Integration of fuel cell technologies
in renewable-energy-based microgrids optimizing operational costs and durability. IEEE
Transactions on Industrial Electronics, 63 (1), pp. 167-177.

VAN DEN BERG, G. (2004) Effects of the wind profile at night on wind turbine sound.
Journal of Sound and Vibration, 277 (4), pp. 955-970.

VAN DEN BOSSCHE, P. et al. (2006) SUBAT: An assessment of sustainable battery
technology. Journal of Power Sources, 162 (2), pp. 913-919.

VAN DER LINDEN, S. (2003) The commercial world of energy storage: a review of
operating facilities. In: 1st Annual conference of the energy storage council, Houston, USA.

VERMA, A., OLATEJU, B. and KUMAR, A. (2015) Greenhouse gas abatement costs of
hydrogen production from underground coal gasification. Energy, 85, pp. 556-568.

VILLA, K. etal. (2015) Mesoporous WO 3 photocatalyst for the partial oxidation of methane
to methanol using electron scavengers. Applied Catalysis B: Environmental, 163, pp. 150-
155.

WAGHORNE, W.E. (2001) Viscosities of electrolyte solutions. Philosophical Transactions
of the Royal Society of London A: Mathematical, Physical and Engineering Sciences, 359
(1785), pp. 1529-1543.

WALAWALKAR, R.S. (2008) Economics of emerging electric energy storage technologies
and demand response in deregulated electricity markets (Doctor of Philosophy), Carnegie
Mellon University.

WARREN, P. (2014) A review of demand-side management policy in the UK. Renewable
and Sustainable Energy Reviews, 29 (0), pp. 941-951.

WATKINS, K. (2007) Team for the preparation of Human Development Report 2007/2008.
1. New York: Palgrave Macmillan.

384



References

WEATHERSPARK TEAM (2014) Average Weather in Darnah, Libya. [Online]
https://weatherspark.com/y/87813/Average-Weather-in-Darnah-Libya [Accessed
25/5/2015].

WEAVER, P.F., LIEN, S. and SEIBERT, M. (1980) Photobiological production of
hydrogen. Solar Energy, 24 (1), pp. 3-45.

WETTERDIENST, D. (2014) Derna, Libya. [Online]
https://en.wikipedia.org/wiki/Derna, Libya [Accessed 29/3/2017].

WHITTINGHAM, M.S. (2012) History, evolution, and future status of energy storage.
Proceedings of the IEEE, 100 (Special Centennial Issue), pp. 1518-1534.

WILLIS, H.L. (2000) Distributed power generation: planning and evaluation. 1st ed. Broken
Sound Parkway NW: Taylor & Francis Group.

XIAO, W. et al. (2011) Hydrogen filling station design for fuel cell vehicles. Industry
Applications, IEEE Transactions On, 47 (1), pp. 245-251.

XU, X. et al. (2016) Near-term analysis of a roll-out strategy to introduce fuel cell vehicles
and hydrogen stations in Shenzhen China. Applied Energy,.

YAKDEHIGE, SANATH KUMARA DE SILVA (2017). Design of an Alkaline Electrolysis
Stack,.

YAN, X.L. and HINO, R. (2016) Nuclear hydrogen production handbook: CRC Press.

YANG, C. (2014) Pumped hydroelectric storage. In: LETCHER, T.M. (ed.)SToring Energy.
1st ed. USA: Elsevier, pp. 25-38.

YANG, Z. et al. (2010) Enabling renewable energy—and the future grid—with advanced
electricity storage. Jom, 62 (9), pp. 14-23.

YILMAZ, F. and BALTA, M.T. (2016) Energy and exergy analyses of hydrogen production
step in boron based thermochemical cycle for hydrogen production. International Journal of
Hydrogen Energy,.

YOSHINO, N. and TAGHIZADEH-HESARY, F. (2016) Introductory Remarks: What’s
Behind the Recent Oil Price Drop?. In: Monetary Policy and the Oil Market: Springer, pp.
1-5.

YU, S. (2013) An Optimal Design Methodology for Hydrogen Energy Storage to Support
Wind Power at the University of Bath (Doctor of Philosophy), University of Bath.

385


https://weatherspark.com/y/87813/Average-Weather-in-Darnah-Libya
https://en.wikipedia.org/wiki/Derna,_Libya

References

YUAN, W. (2011) Second-generation high-temperature superconducting coils and their
applications for energy storage: Springer Science & Business Media.

ZAROUG, M. (2013) Country Energy Profile of Libya. [Online] www.iea-
.org/media/training/presentations/statisticsmarch/CountryEnergyProfileLibya.pdf
[Accessed 18/04/14].

ZHANG, W., QIU, M. and LAI, X. (2008) Application of Energy Storage Technologies in
Power Grids [J]. Power System Technology, 7, pp. 004.

ZHENG, Z. et al. (2009) Highly efficient photocatalyst: TiO2 microspheres produced from
TiO2 nanosheets with a high percentage of reactive {001} facets. Chemistry—A European
Journal, 15 (46), pp. 12576-12579.

ZUTTEL, A. (2007) Hydrogen storage and distribution systems. Mitigation and Adaptation
Strategies for Global Change, 12 (3), pp. 343-365.

ZUTTEL, A. (2004) Hydrogen storage methods. Naturwissenschaften, 91 (4), pp. 157-172.
ZUTTEL, A. (2003) Materials for hydrogen storage. Materials Today, 6 (9), pp. 24-33.

ZUTTEL, A. et al. (2003) Hydrogen storage properties of LiBH4. Journal of Alloys and
Compounds, 356-357, pp. 515-520.

386


http://www.iea-.org/media/training/presentations/statisticsmarch/CountryEnergyProfileLibya.pdf
http://www.iea-.org/media/training/presentations/statisticsmarch/CountryEnergyProfileLibya.pdf

	Abstract
	Declaration
	Acknowledgments
	List of Figures
	List of Tables
	                          List of Abbreviations
	List of Publications
	Chapter 1:  Introduction
	1.1 Background
	1.2 Thesis aim and objectives
	1.3 Methodology
	1.3.1 Data collection
	1.3.2 Research technique and tools

	1.4 Thesis structure

	Chapter 2:  General Review of Energy Storage
	2.1 Introduction
	2.2 Energy storage methods
	2.2.1 Pumped hydroelectric energy storage (PHES)
	2.2.2 Compressed air energy storage (CAES)
	2.2.3 Hydrogen energy storage (HES)
	2.2.4 Thermal energy storage (TES)
	2.2.5 Battery energy storage (BES)
	2.2.6 Supercapacitor energy storage (SCES)
	2.2.7 Superconducting magnetic energy storage (SMES)
	2.2.8 Flywheel energy storage (FES)

	2.3 Energy storage applications
	2.4 Summary of the chapter

	Chapter 3:  Overview of Hydrogen Storage Method
	3.1  Introduction
	3.2  Hydrogen production methods
	3.2.1 Hydrogen production from fossil fuels
	3.2.2 Hydrogen production using biological methods
	3.2.3  Hydrogen production from water

	3.3 Hydrogen storage methods
	3.3.1  Hydrogen compression storage
	3.3.2 Liquid hydrogen storage
	3.3.3  Physisorption in carbon
	3.3.4 Complex hydrides
	3.3.5 Metal hydrides

	3.4 Hydrogen safety issues
	3.5 Demand Side Response using electrolysis
	3.6 Large-scale and long-term storage options
	3.7 Economic aspects of large-scale storage options
	3.8 Summary of the chapter

	Chapter 4:  Water Electrolysis Technology
	4.1 Introduction
	4.2 Electrolyser cell arrangements
	4.3 Electrolyser types
	4.3.1  Alkaline electrolyser
	4.3.2  Proton exchange membrane water electrolysis (PEM electrolyser)
	4.3.3 Solid oxide electrolyte electrolysis (SOE)

	4.4  Electrolysis benefits and challenges
	4.5 Electrolytic hydrogen cost
	4.5.1 Capital cost of electrolyser
	4.5.2 Operational cost of electrolysers:

	4.6  Summary of the chapter:

	Chapter 5:  Energy Production and Consumption, the Electricity Network and the Renewable Energy Situation in Libya
	5.1  Introduction
	5.2 The current situation regarding Libyan energy
	5.2.1 The current situation regarding oil production in Libya
	5.2.2 The current situation regarding natural gas in Libya

	5.3 Electricity production and consumption in Libya
	5.4 Transmision network and constraints in Libya
	5.5 Libyan environmental issues
	5.6 Libyan electricity tariff and governments subsidies
	5.7 Renewable energy resources in Libya (current utilisation and future prospective)
	5.8 Motivation toward adoption of renewable energy in Libya
	5.9 Applications of renewable energy resources as a power supply in Libya
	5.10 Current and potential future renewable energy projects in Libya
	5.10.1  Wind farm projects
	5.10.2 PV power plants in operation
	5.10.3 PV power plants under construction
	5.10.4 PV power plants in feasibility and negotiation stages

	5.11  Solutions to obstacles to renewable energy penetration in Libya
	5.12 Summary of the chapter

	Chapter 6:  System Design for Green Mountain Region
	6.1 Introduction
	6.2 Power demand in Green Mountain
	6.3 Energy generation from renewable resources in Darnah
	6.4 Wind speed and power potential in Darnah
	6.4.1  Wind data analysis
	6.4.2 Calculating the wind turbine power
	6.4.3 Statistical analysis of wind speed
	6.4.4 Solar irradiation and photovoltaic power potential in Darnah

	6.5 Sizing a wind turbine and solar photovoltaic cell
	6.6 Hydrogen demand
	6.6.1 Introduction
	6.6.2 Moving from fossil fuel to hydrogen fuel in Libya
	6.6.3 Petrol stations in Libya
	6.6.4 Libyan fuel prices
	6.6.5 Hydrogen consumption estimation
	6.6.6 Fuel consumption in Darnah

	6.7 Summary of the chapter

	Chapter 7:  Investigation of Hydrogen Price under Different Electricity Tariffs
	7.1 Introduction
	7.2 Electricity tariff structure
	7.3 Hydrogen refuelling station (HRS) design
	7.4 Cost component assumptions
	7.4.1  Capex of the HRS at the garage forecourts
	7.4.2 Fixed cost
	7.4.3 Variable cost

	7.5 Optimisation
	7.6 HRS simulations with PEM electrolysis
	7.6.1 2015-Cost scenario
	7.6.1.1 Standard Continuous scenario (all day tariff 12 p/kWh)
	7.6.1.2 “2-Tier Continuous”, operating scenario
	7.6.1.3 “Off-peak Only” scenario

	7.6.2 2030-Cost scenario
	7.6.2.1 Standard Continuous scenario (all-day tariff of 12-p/kWh)
	7.6.2.2  “2-Tier Continuous”, operating scenario
	7.6.2.3 “Off-peak Only” scenario


	7.7  HRS simulations with alkaline electrolysis
	7.7.1 2015-Cost scenario
	7.7.1.1 Standard Continuous scenario (all day tariff of 12 p/kWh)
	7.7.1.2 “2-Tier Continuous”, operating scenario
	7.7.1.3 “Off-peak Only” scenario

	7.7.2 2030-Cost scenario
	7.7.2.1 Standard Continuous scenario (all day tariff 12 p/kWh)
	7.7.2.2 “2-Tier Continuous”, operating scenario
	7.7.2.3    “Off-peak Only” scenario


	7.8  Summary of the chapter

	Chapter 8:  Techno-Economic Analysis of Dispatchable Operation of Multiple Forecourt Electrolysers for Demand Side Response and Hydrogen Fuel Production
	8.1 Introduction
	8.2 2015-Cost scenario with alkaline electrolysers
	8.2.1 Onsite garage forecourts without central electrolyser (LAE Sc. 1)
	8.2.1.1 System sizing
	8.2.1.2 System cost
	8.2.1.3 Electricity pricing mechanism
	8.2.1.4 Assessment of the scenario

	8.2.2 Increased size of HRS components
	8.2.3 Adding a large alkaline central electrolyser to the system
	8.2.3.1 Methodology of the system
	8.2.3.2 Sizing the system
	8.2.3.3 Alkaline central electrolyser sizing based on the production side
	8.2.3.4 Alkaline central electrolyser sizing based on the consumption side


	8.3 2030-Cost scenario with alkaline electrolysers
	8.3.1 Only garage forecourts without central electrolyser (LAE Sc. 16)
	8.3.2 Increased size of HRS components
	8.3.3 Adding a large alkaline central electrolyser to the system
	8.3.3.1 Alkaline central electrolyser sizing based on the production side
	8.3.3.2 Alkaline central electrolyser sizing based on hydrogen consumption


	8.4 2015-Cost scenario with PEM electrolysers
	8.4.1 Only garage forecourts without central electrolyser (PEME Sc. 1)
	8.4.2 Increased size of HRS components
	8.4.3 Adding a large central electrolyser to the system
	8.4.3.1 PEM central electrolyser Sizing based on the production side
	8.4.3.2 PEM central electrolyser sizing based on the power consumption side


	8.5 2030-Cost scenario with PEM electrolysers
	8.5.1 Only garage forecourts without central electrolyser (PEME Sc. 16)
	8.5.2 Increased size of HRS components
	8.5.3 Adding a large PEM central electrolyser to the system
	8.5.3.1 PEM central electrolyser sizing based on the production side
	8.5.3.2  PEM central electrolyser sizing based on the power consumption side


	8.6 Summary of the chapter

	Chapter 9:  Techno-Economic Analysis of Dispatchable Operation of Central Electrolyser for Demand Side Response and Hydrogen Fuel Production
	9.1 Introduction
	9.2 Cost of the system
	9.3 2015-Cost scenario for Alkaline electrolysis
	9.3.1 Sizing of the central electrolyser and the HRSS
	9.3.2 Alkaline central electrolyser and garage forecourts assessments

	9.4  2030-Cost scenario for alkaline electrolysis
	9.4.1  Sizing of the central electrolyser and the HRSS
	9.4.2 Alkaline central electrolyser and garage forecourts assessments

	9.5 2015-Cost scenario for PEM electrolysis
	9.5.1 Sizing of the central electrolyser and the HRSS
	9.5.2 PEM central electrolyser and garage forecourts assessments

	9.6 2030-Cost scenario for PEM electrolysis
	9.7 Potential economic benefits of previous scenarios through CO2 reduction
	9.7.1 CO2 emission reduction and associated benefits (reduction in fossil use due to renewable energy integration into the grid)
	9.7.2 Exporting crude oil instead of stopping production

	9.8 Summary of the chapter

	Chapter 10:  Comparison of Decentralised and Centralised Hydrogen Production Results
	10.1 Introduction
	10.2 Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 1) versus 2,383 kg/day (Cen. LAE Sc. 1) and 6,410 kg/day (Cen. LAE Sc. 4) central alkaline electrolysers without electrolyser at HRSs (2015-Cost scenario)
	10.3 Double-sized electrolyser (LAE Sc. 2) and Triple-sized electrolyser (LAE Sc. 5) versus 2,383 kg/day (Cen. LAE Sc. 1) and  6,410 kg/day (Cen. LAE Sc. 4) alkaline central electrolysers without electrolyser at the HRSs (2015-Cost scenario)
	10.4 Combination of HRSs and 1,098 kg/day (LAE Sc. 6), 4,853 kg/day    (LAE Sc. 9) alkaline central electrolysers versus 2,383 kg/day (Cen. LAE Sc. 1), 6,410 kg/day (Cen. LAE Sc. 4) alkaline central electrolysers without electrolyser at the HRSs (2015...
	10.5 Only onsite alkaline electrolyser without central electrolyser (LAE Sc. 16) versus 2,383 kg/day (Cen. LAE Sc. 5) and 6,410 kg/day (Cen. LAE Sc. 8) central alkaline electrolysers without electrolyser at HRSs (2030-Cost scenario)
	10.6 Double-sized electrolyser (LAE Sc. 17) and Triple-sized electrolyser (LAE Sc. 20) versus 2,383 kg/day (Cen. LAE Sc. 5) and  6,410 kg/day (Cen. LAE Sc. 8) alkaline central electrolysers
	10.7 Combination of HRSs and 1,098 kg/day (LAE Sc. 21), 4,853 kg/day    (LAE Sc. 24) alkaline central electrolysers versus 2,383 kg/day (Cen. LAE Sc. 5), 6,410 kg/day (Cen. LAE Sc. 8) alkaline central electrolysers without electrolyser at the HRSs (20...
	10.8 Comparison of CO2 reduction benefits
	10.8.1 Alkaline financial benefits due to renewable energy and hydrogen fuel deployment (2015- and 2030-Cost scenarios)
	10.8.2 PEM financial benefits due to renewable energy and hydrogen fuel deployment (2015- and 2030-Cost assumptions)

	10.9 Summary of the chapter

	Chapter 11:  Conclusions and future work
	11.1 Reflection on the research
	11.2  Contribution to knowledge
	11.3    Limitations of this work
	11.4 Future work

	References

