power systems

+S:Obara




Contents

1 A Small-scale Fuel Cell Cogeneration System Considering
Partial Load and Load Fluctuation.............c...c..ocooonvininnnnnnniinnn. 1
L1 INEOUCHION ...ttt st 1
1.2 System Configuration.........ccoecerreveriertenrrsesiesenenierieeeseseseesseressens 2
1.2.1  System Outline......cccooerveereenerinienenineeene et 2
1.2.2  Energy Loss and Mass LOSS.....ccceceerriinenieninniecnennienn, 4
1.2.3  System Model and Equations.........cc.ccccevceeviinicniecnnnnnnenn, 5
1.2.4  Partial Load Operation ..........ccccceeevvmeeveivueeirieseeeeeieecneenne 7
1.3 Energy Balance and Objective Function .........ccccccecevennvrnvrernnnen. 8
1.3.1  Energy Balance .........ccocceonmrecninenniicnenecseeenen 8
1.3.2  Electric Heater Operation............ccccecceverenecccecnnrinieennnn 9
1.3.3  Thermal Storage Operation ........c.c.cocevecerenccreecrenrenieennns 11
1.4 Energy Output Characteristics........cccoovrrerermrvrreerrerreeeeecesnenennn 11
1.4.1  System Operation Map......cccccceeerrerecinerrneresensesiennens 11
1.42  Load Fluctuation and Fuel Consumption...........c.coce...... 12
1.5 Case StUAY cecoeieiiiieieie et r e 14
1.5.1  System OULHNe.........covvvrirecrrrreierreerrererree e 14
1.52  Results of the Operation Plan........c.ccecceevvenenrenecrecnnnnn. 14
1.5.3  Annual Operation Cost of the System.........c.cceccvrvreennn. 15
1.6 CONCIUSIONS ..eeririeiinieccrerie ettt sttt st 16
2 Equipment Arrangement Planning of a Fuel Cell Energy Network
Optimized for Cost Minimization...................ccooovvveeiiivicciccniceee, 17
2.1 INOQUCHION .eovinirieeieiecee ettt steerei st et esb e et es s s se s ereeseaes 17
2.2 System SCheme........ccevveieinieeirinrc e 18
2.2.1  The Energy Network.......ccccoceevinenniinienieeinrreeceeresnena 18
222 Fuel Cell SYStem ....ccoeverieieniieeeccecieee et 19
2.2.3  Heat Source Use Order .......cccoeveeerirecrcrennrenensensinseeneencns 20
224  City Gas Reformer.......cccococeeiiiinicccrrneceesena 20

2.2.5 Operation Model of the System ..........ccccccveveeenviiererennnn. 21



2.3 Amount of Heat Release of the Hot Water

Piping Network (HWN) ..o
2.4  Energy Balance........ccccoviniiiiiiiiinin e
2.4.1 The Balance of POWeT ......cccocooiiviiiiniiiiiiniiicncenne
2.4.2 The Balance of Heat.........ccocooevininiiiniiniiiins
2.5  Cost Calculation and Objective Function.........cccoeiiviinicninencns
2.5.1  Cost Caleulation........c.eevevereviriinininniiiiic e
2.52  Objective FUNCHON ......cocvrriiiiiiiiiriieiiriceae
2.6 Analysis Method and Case Study .........ccccovvviiviinininiiiiicnens
2.6.1  Optimization Using a Genetic Algorithm .............c.ccco.o.
2.6.2 Equipment Characteristics Model ..........ccocovrernvinieennnn
2.6.3  Operation of the Heat Storage Tank and Boiler ...............
2.6.4  Specification of Hot Water Piping and a Hot Water

Circulating Pump ......cccccvcoviriciiiniinineeeeenen

2.6.5  AnalysisS FIOW ..coccoocieiiniiiiiii s
2.6.6  Analysis Conditions ........ceevveeeiererineceiniincniniieeeeeens
2.7 Analysis Result......ocooeoniriniciiiiiiiee e
2.7.1  Operation Plan of the Fuel Cell and the Reformer ...........
2.7.2  Amount of Hot Water Heat Release and the Hot Water
Piping ROULE......ccovvireiecircciiiniecee e
2.7.3  Quantity of Flow of the Hot Water Circulating Pump......
2.7.4  Operation of the Heat Storage Tank and the Boiler .........
2.7.5 Cost Analysis Results......cc.ccovviiiiniiiicniniicnncicnennne
2.7.6  Consideration of Analysis AcCuracy..........coceecerenirnnnenns
2.8 CONCIUSIONS ...eovieieiinieiiecrcniriet ettt

Effective Improvement in Generation Efficiency due to Partition

Cooperation Management..............c.cocooieiiienininnininnee e
3.1 INrOdUCHON c.coeiiiicceeeeceecine e e
3.2 System Configuration.........cccoviiiviirinrieiincnieisinicse e
3.2.1 Scheme of the FC Micro-grid ........ccccooeiiiiniiiininncnnnins
3.2.2  System Configuration ..........cceceevveiiniineiininieeneienn,
3.2.3  Operating Method ........ccocooiviiiimiiie
3.3  Installation Planning of the FC Micro-grid..........c.ccoovvivininrennnnn.
3.3.1  Generation Efficiency of the Micro-grid..........c.coceveneneen.
3.3.2 The Power Demand Model .........cccevnininiiiniiianennnnn.
3.3.3  The Analysis Method.........cccoovrviinirnnincniiiicnirenne
3.4 CASE STUAY cveirieeieieeiereieieree et e
3.5  Analysis Results and DiSCUSSION .......cccoceririiveieininiinnieniinnennes
3.5.1  Generation Efficiency of the Stand-alone System ...........
3.5.2  Generation Efficiency of the Central System...................

3.5.3  Generation Efficiency of the Partition
Cooperation SYSTeM ......cccevviiiiiiininiinsiieiesnc st
3.6 CONCIUSIONS ...oveuiiieieeeeieieneee sttt er s



Fuel Cell Network System Considering Reduction in Fuel Cell

Capacity Using Load Leveling and Heat Release Loss....................... 61
4.1 INHOAUCHION ..ottt 61
4.2  Load Leveling and the Arrangement Plan of the Fuel Cell ........... 62
4.2.1 The Fuel Cell Network System .........ccccccovvvvreeiererrnnnne. 62
4.2.2  Power Generation Characteristics of the Fuel Cell .......... 63
423 Load Leveling Using Water Electrolysis ........c.c.cocvvunee. 65
4.2.4 Distribution of the Fuel Cell ..., 65
4.2.5 Energy Balance EQuUation.........cccoccoevivioiicinivecnie e, 66
4.2.6  Operating Method of the System .........cccceeeiiieiecrennnnnen, 68
4.3 Analysis Method..........cooeeeiiiiiicieeee e e 68
4.3.1  Procedure of Analysis.......cccoevereneinniinienecnieee e 68
432 Solution Parameters .........cccoueevereerereiernrenenircereeerrrnenanas 70
4.4 CaSE StUAY coeveeieeieieiee ettt ren 71
4.4.1 Energy Demand Pattern and Network System................. 71
4.4.2 Reduction Effect of the Fuel Cell Facility Capacity ........ 72
4.4.3 Route Planning Result of the Hot Water Piping............... 73
4.4.4  Result of the Fuel Cell Arrangement Plan ....................... 75
4.5 ConCIUSIONS ...eeuviiiiiieiiiee ettt 76

Equipment Plan of a Compound Interconnection Micro-grid

Composed of Diesel Power Plants and a Fuel Cell............................. 77
5.1 INtrOdUCTION c.couiiiiiieiccce ettt e 77
5.2 Compound Interconnection Micro-grid.........coovcrvrerienienncenenene. 78
5.2.1  The Micro-grid Model .........cccoooeeiniininvnieceneneene, 78
522  The CIM Model ......ocovvrivririririeerreeene s 80
5.2.3  Facility Scheme........ccccociverveirnniiininennee e 80
5.2.4  The CIM Operating Method..........ccovverrriecinenienieneenennene. 82
5.3  Equipment CharacteriStiCS ...c..oeveerrerserienieenereieeeeeieseeseesieeeenns 82
5.3.1 Diesel Engine Power Generator.........cc.coceeneveenenenncenen. 82
5.3.2  The Proton Exchange Membrane-type Fuel Cell............. 84
5.4  Analysis Method........cooiiiiiiiinineeeeeee e 84
5.4.1 Route Plan of the Compound Interconnection Grid.......... 84
542 Analysis FIOW ...coccooviniiiiiiieereeccre e 85
543  The Power Demand Model ........ccccceoevininiiniinnnnininens 86
5.5 S8 StUAY oottt et 88
5.5.1 The Urban Area Model .........cccoooerieininnnniiinniiniiceees 88
552  Complex COMMUNILY ...ccceveervierereeiereeeieieseseeesieeeeeenens 89
5.5.3 The Residential Area Model .......c.cccoceeviiniiiiiiiinnoninnn, N

5.6 CONCIUSIONS ..uvvvviiiiiiieeitieee e ceieeerte e es et eeeseteesesebee e e s ssnee e sneness 93



The Effective-use Method of Exhaust Heat

for Distributed Fuel Cells............c.cccooiiiniiiniiiiiniiinc e
6.1  INrOdUCTION c.uvvreeeceiiei ettt r et s v eneseaeeas
6.2  Outline of the Fuel Cell Energy Network System ..........cccccoeneene.
6.2.1  System OUtling........ccooceeiiiiinieicieeeeeerce e

6.2.2  The Path and the Amount of Heat Release
from the Hot Water Piping.......c.ccccovvvininiinnnnicicnnnne
6.2.3  Heat Energy Balance.........ccccoooeeveivenninninienieceneeees
6.2.4 The Heat Release Amount for a Hot Water Network.......
6.3  Model of the Fuel Cell.........cooooiieiiiiiiieeiieeceeec e
6.3.1  Characteristics of Electric Power and Heat Output..........

6.4

6.5

6.6

6.3.2  Energy Demand Pattern and Capacity of the Fuel Cell....

Case ANALYSIS ..c.coveiiieieieeiee ettt e
6.4.1  Weather Conditions in SAPPOTO ...coceveereiiierieniecee e
642  Analysis Method ........coceveeiinnniiniceeeecrcreeeee
Analysis RESUIS ....ooueiiiiiiieiecec et
6.5.1  The Optimal Path and the Amount of Heat Release

from a Hot Water Piping Network ........ccccoeeceevencnnncee
6.5.2  Optimal Path of the Energy Demand Pattern

and the Hot Water Piping......c.ccceveneiinininnnccncncnnne
6.5.3  The Influence of Load Fluctuations ............ccccceenuiecrnenne.
CONCIUSIONS ...uteiieieeece e e

Load Response Characteristics of the Fuel Cell

7.1
7.2

7.3

7.4
1.5

for Individual Cold-region Houses ..............cocooovveiin,
INtrOAUCHION ...t
System Configlration........c.cecceveviecieniininneininenesrenene s
72.1  System OULHNE......ccovceriiiriireiiinicrr s
7.2.2  Method of Power Generation ......c....ccceveenvieernnvicencncnne
7.2.3  Method of Heat SUpply ....ccoceoeviiiccinniccinininccieicee
7.2.4  Controller and Auxiliary Machinery ........ccocoevveverieernnnne.
7.2.5 Model of Operation Control..........ccccconininiiiinniinnnenn,
The Time Constant of Each Piece of Equipment.............ccccccoeenenne
7.3.1  The Time Constant of the Fuel Cell Stack ......................
7.3.2  Town Gas Reformer........ccceemniviimiciiininiiccniiiie
7.3.3  Inverter and System Interconnection Device ...................
7.3.4  The Time Constant of the Heat Pump.........cccocveeiiinnnn
Analysis Method.......ccoceeiirneenerreeiiiiniiic e
Results and DISCUSSION ..cccevvirreeirercriiirtesieneecst et
7.5.1  Control Variables of the Controller.......c.ccooeevvrvevvrccrnnne.
7.5.2  Step Response Characteristics of the System...................
7.5.3  Step Response Characteristics
with Power Load Fluctuation.......c.cccococceveneiiininnennncnenn
7.5.4  Application to an Individual Cold-region House .............
CONCIUSIONS .ecoverniieeiereer ettt st

7.6



10

Load Response Characteristics of a Fuel Cell Micro-grid

with Control of the Number of Units .............c..coccoiininniinini,
8.1 INrOUCHION ..eceeeiieiieicc e
8.2 The Micro-grid Model............cocecirriniiinnnreiieeeernis
8.2.1 Power Quality of the Micro-grid........ccccecmerveniennninnnns
83  Response Characteristics of System Configuration Equipment ....
8.3.1  Generation Characteristics of the Engine Generator.........
8.3.2  Generation Characteristics of the Fuel Cell .....................
8.3.3  Output Characteristics of the City Gas Reformer ............
8.3.4 Inverter and Interconnection Device .......c.coveeveeieninecnnee.
8.3.5  Generation Efficiency of the Fuel Cell System................
8.4  Control Variables and Analysis Method..........cceeevvvenienrennnnn.e.
8.5  Load Response Characteristics of the Micro-grid .........cccooveuennne.
8.5.1  Step Response Characteristics.........coouevueeerenvienicnsenaennnns

8.5.2  Application of the Electric Power Demand Pattern
OFf A HOUSE ...t
8.5.3  Generation Efficiency of the Fuel Cell ...,
8.6 CONCIUSIONS ....ueriiireriereeeetietr et sttt en e enes

Dynamic Characteristics of a PEM-FC/

Woody Biomass Engine Hybrid Micro-grid.................ccccoovninnnnnn.
9.1 INPOdUCHON ...oovieeinieniitce et
9.2 SyStem SChemMEe.......cceceeiririereiereer e
9.2.1  The Hybrid Micro-grid........c.cccecevevenerrincnenenieenennnes
9.22  The Micro-grid System Operating Method......................
9.3  Control Response Characteristics of PEM-FC and SEG...............
9.3.1  The Control Block Diagram.......c..cccevereerurvvevenreneninseennne.
9.3.2 Response Characteristics of PEM-FC...........c..cccceeenn.
9.3.3  Response Characteristics of SEG........ccoceoeeiiiinvninnnnnn,

9.4  Results of Dynamic Characteristics Analysis of the PWHC
MICTO-GIIA oottt e
9.4.1 Power Response Characteristics of PWHC......................

9.4.2 Response Characteristics of SEG and the PEM-FC
Micro-grid Using the Power Load Pattern for Houses.....

9.4.3  Response Characteristics of the PWHC Micro-grid
Using the Power Load Pattern for Houses ..........cocceunu..e.
9.5 CONCIUISIONS ...ocvriirieeriitierteeereee et een

A Fuel Cell and Hydrogenation Engine Hybrid System

Considering Efficiency Improvement for Partial-load Operation......
10.1  INrOdUCHION .coeiitccrrercecereee ettt et
10.2  System SCheme......c.coceeevireneirinieereceeccr e

10.2.1 The HCGS Model ......ocovuroviireiiiivirciceereeceieieenas



11

10.3

10.4

10.5

10.6

10.7

Equipment Characteristics ........coceriererrercirirceenienieceeeneeesieserenne 173
10.3.1 Output Characteristics 0f NEG .......ccccocevimvniicinincnnnn 173
10.3.2 Output Characteristics of PEM-FC ..........ccccocevininninnae. 177
Power and Heat Output Characteristics of HCGS ......c.ccocceeenee. 179
10.4.1 Output Characteristics of NEG and PEM-FC .................. 179
10.4.2 Method Operating FC or NEG with the Threshold

Value of the Load (OM-C).....coceeviviinneeneieneiecercenene 180
10.4.3 Operation Method Using PEM-FC Corresponding

to a Base Load (OM-D) ...ccccooeriimiiieniinieieenc s 181
CaS€ STUAY ..ccvermrieeiririerrecr s 182
10.5.1 Power and Heat Demand Model ...........c.coooeninnieiennn 182
10.5.2  Analysis Method ..o 183
Results and DiScussion ......c..eccvevivveinvcniniiieecne 184
10.6.1 City Gas Consumption ........c.ceeeereeneererencererereererreseerennnens 184
10.6.2 Generation Efficiency and Total Efficiency.........c.cco...... 185
10.6.3 Carbon Dioxide EmiSsions......ccccecevinvivniniinicnennenennine, 186
10.6.4 Capacity of the Heat Storage Tank ...........cccooeerereevencnnenn. 187
CONCIUSIONS ..ot 188

CO, Discharged from a Compound Micro-grid

of a Hydrogenation City Gas Engine and a Fuel Cell......................... 189

11.1 INtrOdUCHION ..couieiieetc ettt et 189

11.2 System SCHemE.....c.ovevvrerrce et 190

11.2.1 The IMPE Model ......c.cccoiiiniinirinieieenenceceieneeenne 190

11.2.2 Operation Method of the Micro-grid..........cccocovnraininnens 191

11.2.3 Equipment Scheme ........ccccoociiiiiiiininninicnncnenceccnns 191

11.3  Equipment CharacteristiCs.......ccocvevereriererrieenienrercrnerenseeeecesesenaeas 193
11.3.1 Output Characteristics of the Gas Engine

Power Generator .........cocovveecrereciiiiieenrenc e 193

11.3.2 Carbon Dioxide Emissions of NEG .........cccooceininnneneee. 195

11.3.3 The PEM-FC SyStem .....ccccoverreeemerrrerireeereercrenennenes 196

11.4  €ase StUAY ..covieeieiiiecere et 197

11.4.1 The Urban Area Model ..........ccoooiiiiiiiiiiiiiiiiee, 197

11.42 The Power Demand Model ..........ocooveevinviniinienennene 198

11.4.3  Analysis FIOW ..o 198

11.5 Results and DisCUSSION ......corrrviiriiirciiiiiniinciinine et 200

11.5.1 Power Load of the Micro-grid........c.oecevviiriricnininncnnenn. 200

11.5.2 Capacity of the Power Plant.........c.ccoceecnvnniiiicininncnnnn, 202

11.5.3 Power Generation Efficiency .......cccoovecirinnciiincicnnene 202

11.5.4 Carbon Dioxide Emissions.......cc.cceevceeneccrrcrrinnneninnen 202

11.5.5 Heat Demand and Exhaust Heat Output ............cccoonuee 204

11.6  CONCIUSIONS ...oueremreieereiie ettt s seme e ere e e 204



12 Development of a Fast Operation Algorithm of a Fuel Cell

13

System with Solar Reforming ...
121 INrOdUCHON c.eeeiiiiciieieieee et
12.2  System Configuration......c...oceccerevecciimiiiniserenee e
12.2.1 The Fuel Cell System with Bioethanol
Solar Reforming (FBSR) c....ccooeviiiniiiiciiiiiciicns
12.2.2 Installation Method of FBSR ......cccocviiiiiniiiiin
12.2.3 Control of Reformed Fuel..........cccoviiinininnnnnninine
12.3  Energy and Mass Balance..........coecvviniiiniicniniiniiinniieinns
12.3.1 Energy Balance .......cccoeevinivinniiicnninn e
12.3.2 Mass Balance ........c.coeevcevieniininininciiinicen e
12.4 Dynamic Operation Prediction of SRF .........ccccoiiiiiinnnnc
12.4.1 Analysis Procedure of the Operation
Prediction Algorithm.........c.coocevniiniiniiniiiinincee
12.4.2  Structure of the Neural Network..........ccoovvnviininnnn.
12.4.3 Learning Calculation........ccccccvvvriiniiiinniininiisineeeen
12.4.4 The Operation Prediction Process..........cccoooeiinininnnnn,
12.5 Preparation of the Training Signal Using a GA..........cccovenene
12.5.1 Dynamic Operation Plan of a Representative Day...........
12.5.2 Chromosome Model and Analysis Flow...........cococeen
12.5.3  System Operation........c.cceercriviiiiinirrnienerisiesienesesseeens
12.5.4 Objective Function and Adaptive Value...........cc.ccooee
126 CaSe STUAY ..coieeeeeiereieceert et
12.6.1 Analysis SYStemM......ccccovevirmriininiiiiee e
12.6.2 Characteristics of the System ......c.cccovvriiiiieeneieneeenn.
12.6.3 Analysis Condition......c..cccoviimioiiiiiiiimniniieseieee
12.7  Results and DiSCUSSION ....cc.eeverriiireciiiiciieiinieneene et atesseiesenens
12.7.1 Energy Supply by FBSR ..o
12.7.2  Analytic Accuracy of the Operation Prediction ...............
12.7.3 Analysis Error of the Heat Storage Prediction.................
12.7.4 Relationship Between the Difference in Weather
Characteristics and the Operation Prediction Error..........
12.8  CONCIUSIONS ...ovieivieierireeeenieeetene et s eras e ere s seees

Power Characteristics of a Fuel Cell Micro-grid

with Wind Power Generation .............c.cccoviiiniiene
13.1  INFOUCHION ..ecuveeeieseieeere ettt
13.2  The Micro-grid Model..........ocovviiiiiiiniiimicieicieee e,
13.3 Response Characteristics of System Configuration Equipment ....

13.3.1
13.3.2
13.33

13.3.4
13.3.5

Power Generation Characteristics of the Fuel Cell ..........
Output Characteristics of the City Gas Reformer ............
Power Generation Characteristics

of Wind Power Generation.........c.ccovevnviveiivenrninvensnnninen,
Generation Efficiency of the Fuel Cell System................
Inverter and System Interconnection Device ...................



13.4
13.5

13.6

Control Parameters and Analysis Method ...........c.cccovveieriiinennnne 237
Load Response Characteristics of the Micro-grid ......................... 238
13.5.1 Step ReSPONSE ....ooueereiiiiiiieiiceee v 238
13.5.2 Load Response Characteristics of Cold-region Houses ... 239
13.5.3 Power Generation Efficiency ........cccccoeeeemnnviinnneinnnnn.e. 241
CONCIUSIONS ....oveiriririrt ettt sttt ce et e v eabe s e veerean 242
......................................................................................................... 245



