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ABSTRACT

The harsh summer months of Kuwait combined with massive urbanisation projects,
population growth and generous subsidies resulted in a rapid increase in electricity
and freshwater consumption over the past 30 years. This led the government to
invest heavily in large and capital intensive cogeneration powerplants that generate
electricity via steam turbines and produce desalinated seawater through the
utilisation of the multi-stage flash (MSF) desalination process. Air-conditioning
(A/C) load accounts for about 70% of electric peak-load during summer. As aresult,
Kuwait consumes annually millions of barrels of oil and tons of natura gas that can

be otherwise exported or saved for the future as a strategic commodity.

The main objective of this research is to develop, model and recommend an
optimum hybrid powerplant configuration and operation strategy for Kuwait that can
simultaneously satisfy the demand for electricity, freshwater and cooling based on
minimum fuel consumption. This is achieved by modelling and simulation of steam
Rankine cycle, M SF water desalination and absorption refrigeration systems (ARSS)
in Matlab to estimate their steam consumption. Reverse osmosis (RO) desaination
and vapour-compression A/C are linked to the hybrid simulation program via their

electricity consumption.

Simulations show that during the hybrid configuration power-RO-AR is the most
viable for Kuwait. During the winter months of January, February and December the
optimum operation strategy with minimum fuel cost is the power-RO. On the other
hand, operating the powerplant in the power-RO-AR hybrid mode during summer
results in minimum fuel cost. The tota annual fuel cost savings resulting from
modifying the Doha West (DW) powerplant configuration and operation strategy are
estimated to be about $363 million. This amounts to savings of about 8 million
barrels of oil and 114 million m® of natural gas per year. Furthermore, the payback
period of hybridising the DW powerplant by adding RO desalination and AR system

is one year with net savings of $127 million in the second year of operation.



ACKNOWLEDGMENTS

| wish to express my sincere thanks and gratitude to my supervisor Dr. Ossama Badr
for his support, valuable and continuous advice, guidance, and assi stance throughout

the duration of the research work.

My thanks also go to the Kuwait Institute for Scientific Research (KISR) for the
scholarship and financial support for the duration of my study at Cranfield

University.

The support and understanding of Dr Adel Hussain, the manager of the Buildings
and Energy Technology (BET) department at KISR and my colleagues is highly
appreciated. Specid thanks are due for my colleague and dear friend Dr.
Mohammed Sebzali for his advice and support whenever | needed him.

My gratitude belongs to my father and my mother, whose love, encouragement,
support and faith meant a very great ded to me. | would like to express my
appreciation for dl the kind support they have offered. It would have been much
harder without such support. | aso thank my sisters and all my family members for

their words of kindness and encouragement.
Thanks to my lovely kids Fatmah and Mohammed.
Last but not least, | would like to express my gratefulness and gratitude to my wife

Eman for her unconditional support, encouragement and tolerance over the life of

this PhD. Without her love and care, it would simply not have been possible.



Table of Contents

ABSTRACT et se e e ee et e et e s eree e eteeesaeeeansee e nteeenreeenneeeenraeans [
ACKNOWLEDGMENTS......coieite sttt ettt e s sae s eeeeenneeens i
LISt Of FIQUIES.....ceoneiee ettt et ne e viii
RS 0 1= o= S Xi
NOTATIONS ...t e e sree e ere e s e s sree s enaeeenreeenneeean XVii
ABBREVIATIONS ...ttt e e et ee e ae e snee e nneeeens XXii
1. Introduction and THeSIS OVEIVIEW .........cccueieiiieeerieeeeie e e seeesseeeeeeeeneeee s 1
1.1, BaACKGIOUNG .....oouuiiiiiiiieieeetee sttt ettt se e e s e snbeenneeneen 1
1.2, Hybrid POWEPIANS ......cceeeieeie e 2
1.3, AImM and ODJECHIVES ......cceeeiieirieieee et ettt e nee 3
14, TNESIS OVEIVIBW ...ccueeie e eeeeieetiee s siee e see e et ee e te e te e e snee e ensee e s e e nnneneenes 4
2. Kuwait: Background and Electricity & Water Profiles...........ccccoeiiiiiiiieninns 7
2280 R 1 011 11 o ) o USSR 7
2.2 Topography and CHMBELE...........cueeiiiiiiiie et 8
2.3 POpUIELioN GIOWEN.....couiiiiiiieieeieee e e e 9
24 ECONOMY ...ooiiiiieeiiie ettt ettt et n s e ne e e nne e nn e e n e e s snne s enneeen 9
P2 T © | IS o o | PSS 9
P (0] 0 O T S (o SRR ES 10

P G T - oo LU gl o o= RS 12
24.4. ECONOMIC INAICALOIS......ccveeeeeieeeie et 12

2.5, ENEIOY e e e 14
225 51 T | RS 14
A \\F- (0] 7= 7= SRR 14

A T . 011/ g o = o SR 17
261, EIECICITY oottt 18
2.6.2. WK ...t et ne e e nnees 19
2.6.2.1. Fresh GrOUNAWALET .........oooviieiiie e 20
2.6.2.2. Seawater Desalination .........ccceivvveiie i 21
2.6.2.3. Brackish water Desalination ...........cccccveivvieniiie i 22
2.6.2.4. Wastewater Treatment ..........ooooiiiiiii e 22

2.7. Electricity and Water Production and Demand Patterns.............cccccceeee.... 22



3.

4,

2.8, CONCIUSIONS ... et e e e e e e e e e e e e e e e e e e e e eeeee s 27

Steam RANKINE CYCIE ...t 29
3.1.  Simplecycle With SUPErNEAL...........ccoouiiiiiie e 29
3.2.  Steam Rankine-cycle With reheat ...........coooiiieineiini e 31
3.3.  Regenerative steam Rankine-CyYCle...........ccouiiiiiiiiiiiiiiie e 33

3.3.1.  Open-type feed-water NEaLES ..........cccceiiiiieeiieiieeiee e 33

3.3.2. Closed-type feed-water heater with drains cascaded backward.......... 35

3.3.3. Closed-type feed-water heater with drains pumped forward............... 36

3.3.4. Selection of feed-water NEaLErS ..........ooveriieiieriieeeeeeeee e 37

3.3.5. Assigning extraction-pressure |eVels...........ccocevveieeiienieieeeiieies 37

3.3.6. Effectsof Boiler and Condenser Pressure.............coceeveeeneeneenieeenieens 38
3.4. Review of Process Modelling Methods...........cccooeeeiiiiiiiieciecnee e 38
3.5 Classification of solution Methods.............oouiieiiiieriire e 40
3.6. Previous Rankine-cycle MOElS............cocerieiiiiiieiiii e 42
3.7.  Summary of modelling MEethods...........cocveiiiiiiiie e 44
3.8.  Thermodynamic properties of steam and Water ............ccceceeveererieenieenne 45

3.8.1.  Superheated SteAM rEQION .......cceeiieiieiieeiieeeee et 45

3.8.2.  Saturated SeamM [INE......coceiiiie e 47

3.8.3.  Saturated Water lINE .......ccee i 49

3.8.4.  Compressed Water FEJION.......c.ceeieeueeriersieeieessressieeseeseeesieesneeneeens 51

3.8.5. Accuracy of the estimated Properties...........ccoccerverieereerierieeenienieens 52
3.8. Validation of Rankine-Cycle Mathematical Procedure..............cccceceeeeee. 53
3.9, CONCIUSIONS ... .ottt e 57

Seawater Desalination PrOCESSES.........cooiiiierieriie et 58
4.1. Multistage Flash Desalination............oceeeerieiiienieniesieee e 60

4.1.1.  Process DESCIIPLION.....cc.uiiiireieie et ettt st e 60

4.1.2. Review of previous modelling WorkK............ccoooerierieeniesneneeeeee 64

4.1.3. Summary of previouSMSF MOdElS........cccoieeiieiiin e 70

4.1.4. Smplified MSF desalination Model............ccoooeiiiniienieeeee 71

4.1.4.1. Temperature ProfileS . ... 72
4.1.4.2. Stage Mass and Salt BalanCes..........cccovvvvviiieiiiiiee e 73
4.1.4.3. Physical and Thermodynamic Properties.........ccccccoevvvveiieniiviesneenn, 76
4.1.5. Reference MSF Desalination Plant..........ccooceeeeiiiniecnienseneeeeee 77
4.1.5.1. Validation of MSF MOdEl.........cccoiiiiiiiiie e 78



4.1.6. Analysisof DohaWest MSF Plant..........ccooceiienienneenieseeeeeeeee 83

4.1.6.1. Energy CONSUMPTION ......covviriiiitiie it 83
4.1.6.2. SEEAM EXTIACTION ..ttt e e e 84
4.1.6.3. Number of Stages & Top Brine Temperature (TBT) .....cc.coevvviviinnenn. 85

4.2, REVEISE OSMOSIS. .. cociiiiieiieaieseieeeee ettt ettt s e ss e sae e e s e e sae e saeeeneea 89
421, SEAWAEN INTAKE .....oiueieeieie et 90
4.2.2.  System ConfigUIalionS.........cceereireeeiie et see e 90
4.2.3.  MEMDIANES.....c..eiiiiiiiiee s 91
4.2.4. Membrane Materials and Configurations ............cccoveevierverceenenenene 92
4.25. Product-Water QUalITY .........ccoeeiiiriie e 93
4.2.6. Energy CONSUMPLION ......oiueirieeieesiee e et 93
4.2.7. Pilot Plant at Kuwait Institute for Scientific Research (KISR)........... 95
4.3, CONCIUSIONS ......ueiiieeie ettt ettt et ss e e e e sne e enneene e 97
5. Air-Conditioning SYSLEMS ........ccuiiiieii et 99
5.1. Vapour-compression Refrigeration Cycle...........cceeiiiiiiieiii i 99
511 1dEal CYCIE....cuiiiiiie e e 99
5120 ACIUEI CYClI....oieiii i 100
5.1.3. Typesof A/C systemsin KUWaIt........ccoccerueriiienienieniienieee e 101
5.1.4. Performance and Capacity of A/C systemsin Kuwait ..................... 101
5.2.  Absorption Refrigeration SyStemS.........ccuoiuiriieriiiii e 102
521 Selection of Appropriate AR SyStem.........ccooiiiriiriienienieeeeee 102
5.2.2. Description of AR SYSIemM .....cocoiiiiiiiiee e 103
5.2.3. Literature Review of AR System ModelS..........cceviieviiiiiniiicnieee, 106
5.2.4. Modeling of AR SYSEMS.......cccoeiiiiiiiiieie e 108
525 Reference AR Chiller.......coooiiiiiii e 121
5.2.6.  CONCIUSIONS.....ccoueiiiiiiiiiiie et nee e 124

6. Design and Modelling of Hybrid Configurations for the Doha West Powerplant
TN KUWEIT ... et et et sn e n e ns 125
6.1.  Hybrid ConfigurationS ..........c.coiiiiiimiieniiesie e 126
6.1.1. Hybrid Plant Configurations in Literature............cccccevvveveenienenenne. 126
6.1.2.  Suggested Hybrid Configurations ............cccceurereeenieerieesieeneee e 133
6.2.  AsSUMPLioNS and CONSITAINES .......ccovveueerieiriiiei e 133
6.3. Electricity Generation and Water Production Data............ccccceeeeeeeneeenee. 135
6.3.1.  Electricity ProdUuCHION ..........ccooiiiiieiie e 135
6.3.2.  Water ProdUCHION.......ccueiiee et 137



6.4. Conventional DW COnfiguration...........cceerueeeeeneiereeseeenee s esee e seens 138

6.4.1. Steam mass flowrate CaAlCUIALioNS............cccceiiiriiriieiieeee e 138
6.4.2. MSF Desalination ANalYSIS........coiieiiieeiiinieresee e e 141
6.4.3. Total Powerplant FUEl COSL........coooviiiiiiieeeee e 144
6.4.4. Carbon Dioxide EMISSIONS.........cooceiiiiiiinieniesiee e 146

6.5. Power-RO Plant Configuration .............cceeouireeeneenee e 146
6.5.1. RO Energy ConsUMPLION .........coeiieiieniienieesie st 148

6.6. Power-MSF-RO Plant Configuration ............c.ceeeereeieeniecneesee e 148
6.7. Power-MSF-AR Plant Configuration ............c.cceeeeeiienieenie e 150
6.7.1. AR Energy ConsumMpPLiON .........ccoereeiiuernienienee e 150
6.7.2.  Steam MasS fFIOWIate..........ocouv i 151
6.7.3.  Fuel Cost & CO2 EMISSIONS.......coioieiieiienieeiiesiie e 154

6.8. Power-RO-AR Hybrid Plant Configuration.............cccoceevveneenieecnenneen. 157
6.9. Power-MSF-RO-AR Hybrid Plant Configuration............cccccoeeeveeeeieneen. 157
7. Performance Evaluation of Hybrid Configurations.............cccceeevereenienieens 159
7.1. DohaWest Cogeneration Plant ............ccocueiuimeienieeneeieeenee e 160
7.2.  Power-RO Plant Configuration ............ccceeieeieeeneeneeneeeee e 163
7.3. Power-MSF-RO Plant configuration .............coceeereereeeeeeneeneesee e 166
731 SUMMEr RESUILS.....ceiiieiiiie et 166
7.3.2.  WINter RESUIES.....coeeiiieieee e 167
7.3.3.  FUrther ANAIYSIS ....c.oooiiiiie e 170

7.4. Power-MSF-AR Plant Configuration ............coceeeeeiieieenieeneesee e 170
7.5. Power-RO-AR Plant Configuration.............ccueeeoeeneenieenie e 173
7.6. Power-MSF-RO-AR Plant Configuration............ccceeeeieenieeneenee e 177
7.7.  Selection of Optimum Hybrid Configuration and Operation Strategy .....181
7.8. Economic Analysis of New SySIEMS.........cccueieiriieiieieenie e 184
7.8.1. RO Desalination COSES.......cccouiiuerieeiiieasieeeesnee st seee s 184
7.8.2. AR ChIllErS COSS.....coiiiiieeiee et 187
7.8.3.  Payback Period.........ccoo i 189

7.9, CONCIUSIONS ......coiiiiiie e e 190
8. Conclusions and Recommendations for Future Work ............cccocoeeceninnnens 191
8.1, CONCIUSIONS ..ottt e 191
8.2.  Recommendations for FUtUre WOork ............ccooveiiiiiiieieie e 197
REFEIEINCES ... bbb e 199
N 01 0 ) A SR 210

Vi



A. MSF Desdination Rigorous Model ............cccuiiiiiiiiiiineiiee e 210

A.1l. MSF Rigorous Mathematical MOdE ............ccooiiiiiiiieiiieeee e 210
A.LL ASSUMPLIONS.....uiiiitiiee ettt e ee et sieese e sre s sae e e e e 210
A.L2. BHNEHEERE ......ooiiiiiieie e 211
A.L3. SAgEMOE ... 211
AL SPITENS ..ot et 214
A.15. Physica and ThermodynamicC Properties..........ccooeevvrieesieenieenieenne 214
A.1.6. Solution Procedure of nonlinear equations.............cccceeveerieesiieninenne 217

A.L7.  Solution AIQOrtRM.......oiii e 221

A.2. Datafrom KISR'SRO POt Plant .........c.cooerieeieeiiinieeeeeeee e 224

A3, REFEIENCES......ooiiie e 234

APPENAIX Bt 235
B. Air-Conditioning systemsin KUWaIL............cccceiiinierniiiieneeee e 235

B.1. Power Ratings of A/C systemsin KUWaIt...........cooeveiieeiieniee e 235

B.2. Single-effeCt ARSMOCE .......cccooiiiiiiiiie e 236
B.2.1.  ASSUMPLIONS......eiiiiieiiiiieeieet ettt sre e s eneeas 236
B.2.2. Modelling ProCedure............coooiiiiiiiiiiie e e 237
B.2.3. Validation of Single-Effect Model ...........cccooiiriiiiiiiiiice e, 243

N 0 1= o SRR 245
C. Tabulated Results of Powerplant Configurations...........cccccceevverieeiiennesinenns 245

C.1. DohaWest Cogeneration POWES Plant ...........coceeereeereerieeeneenieesee e eens 245

C.2. Power-RO COonfigUIaion ..........c.eeiiueruierieeiienieeeeee e 245

C.3. Power-MSF-RO CoNnfiguration ............ccoueereeieeeieeeniee s e 246

C.4. Power-MSF-AR Configuration ............cooueereeieerieeenee s 252

C.5. Power-RO-AR CONfiQUIatioN.........cooueeieeniieieeeeeesie e 256

C.6. Power-MSF-RO-AR CONfigUIatioN........c.cciuereeeieeenieeeeeeee e 261

Vii



Ligt of Figures

Figure 2.1. Mgp of the State of KuwaitMap of the............cocoeiiiiiiiiiinieece 10
Figure 2.2 Population trend for the State of Kuwait from 1985-2008...................... 11
Figure 2.3 Trends in GDP for the period 1985-2007 ...........cccevveriimieeenieneereeeieeens 13
Figure 2.4 Trends in per capita GNI for the period 1987-2007...........ccocereerieeennene 13

Figure 2.5 Oil Consumption in Kuwait for the period 1980-2008 (BP, 2009) ......... 15
Figure 2.6 Natural gas consumption in Kuwait for the period 1980-2008 (BP,2009)

.............................................................................................................................. 16
Figure 2.7 Oil production for the period 1980-2008 (BP, 2009).........c.ccceovrrieeeneenne 16
Figure 2.8 Natural gas production for the period 1980-2009 (BP, 2009)................. 17
Figure 2.9 Development in electric generation capacity for the period 1985-2007 ..24
Figure 2.10 Annual exported energy for the period 1985-2007 ...........ccoeeveerierennenne 25

Figure 2.11 Monthly electrical demand and temperature profile for the year 2007..25
Figure 2.12 Development of freshwater production during 1985-2007

(MEW, 2008D) ......ccuteeuteeitiieie ettt ettt et st e et sae e e ene e e sn e s nn e nnas 26
Figure 2.13 Freshwater consumption for the years 1985-2007 (MEW, 2008b) ....... 26
Figure 2.14 Monthly net water consumption and temperature profile for 2001 ....... 27
Figure 3.1 Simple Rankine cycle with superheat (University of Oklahoma, 2004)..30

Figure 3.2 Reheat Rankine cycle (University of Oklahoma, 2004) ...........cccccveeene 32
Figure 3.3 Regenerative Rankine cycle with an open-type feed-water heater
(University of OKIGhoma, 2004).........ccoeiiiriie et 34
Figure 3.4 Mass and energy balance diagram for feed-water heaters.............ccc...... 34
Figure 3.5 Regenerative Rankine cycle with one closed-type feed-water heater
(Drains cascaded backward) (University of Oklahoma, 2004) ..........cccccuvrveeienennnn. 36
Figure 3.6 Flow chart for acomputer program to estimate the performance of a
regenerative Rankine cycle with multiple feed-water heaters...........ccoovvveiieniiene. 54
Figure 3.7 Heat balance diagram of steam powerplant in Kuwait operated in power-
ONY MOOE...... ettt sttt e b e eb e e e e s nneeneas 56
Figure 4.1 Desalination capacity by process as percentage of total ............ccccceeveeee 59
Figure 4.2 Ingtalled capacity in the 10-year period 1987 t0 1997 .........cccecvveieeneenne 60
Figure 4.3 Schematic diagram of a M SF desalination plant (Al-Shayji, 1998)........ 63
Figure 4.4 Schematic diagram of asingle flashing Stage..........ccocevvieiiiniiiiicnee 63

Figure 4.5 Simplified diagram of the Doha West cogeneration plant (desalination) 79
Figure 4.6 Diagram of distillate production vs. sseam mass flowrate into brine

PBBLEN ... e 85
Figure 4.7 Effect of number of stages on specific cooling seawater ..............cccce.... 87
Figure 4.8 Effect of number of stages on specific recirculated brine.............c......... 87
Figure 4.9 Effect of TBT on performance ratio at different number........................ 88
Figure 4.10 Effect of TBT on specific recirculated brine flowrate.............cccccceeee 88
Figure 4.11 Basic components of 8 RO plant............ccccceivireeniinieneesese e 89
Figure 4.12 RO plant at KISR's Desalination Research Facility ...........cccocvveeeee 97
Figure5.1 Schematic diagram of the ideal vapour-compression refrigeration cycle

............................................................................................................................ 100
Figure 5.2 Single-effeCt AR CYCIE ... ..cooiiiiiee e 104

viii



Figure 5.3 Double-effect AR CYCIe.........coiiiiiiieee e 106
Figure 6.1 Gas turbine operating a RO desalination plant (Darwish et al., 2005) ..127

Figure 6.2 Schematic diagram of the DW conventional powerplant...................... 138
Figure 6.3 Simplified flow diagram of DW conventional powerplant ................... 139
Figure 6.4 Flowchart of procedure to determine mass flowrate of sseam raised in
BOIEN . n s 142
Figure 6.5 Simplified flow diagram of power-RO powerplant configuration ........ 149
Figure 6.6 Simplified flow diagram of power-M SF-RO hybrid powerplant
CONMTIQUIBLION. .. ...ttt ettt ettt et e bt e eae e e be e sre e eae e s sb e e ebe e nnesneeans 150
Figure 6.7 Schematic diagram of cogeneration powerplant wit AR steam extraction
............................................................................................................................ 152
Figure 6.8 Simplified flow diagram of power-M SF-AR hybrid powerplant
CONMTIQUIBLION. .. ...ttt ettt ettt ebe e eaee e be e ere e eae e s b e e sne e nesnreans 153
Figure 6.9 Flowchart of procedure to determine turbine output ina  cogeneration
S L 0] | S 154
Figure 6.10 Simplified flow diagram of power-RO-AR hybrid...........c.ccceeeveernne. 158
Figure 6.11 Simplified flow diagram of power-MSF-RO-AR hybrid.................... 158
Figure 7.1 Comparison of actual and generated electricity at DW for 2001 .......... 161
Figure 7.2 Comparison of desalinated water demand and production a DW for 2001
............................................................................................................................ 162
Figure 7.3 Total fuel cost at DW cogeneration plant for 2001.............c.cceevvvenienne. 162
Figure 7.4 CO, emissions from DW cogeneration plant for 2001 ............ccc.cce..e. 163
Figure 7.5 Comparison between freshwater demand and production by RO
AESAIINGLION. ...ttt ettt e et e e sr e ae e nennreen 164
Figure 7.6 Fud cost comparison between conventional DW and power-RO plants
............................................................................................................................ 165
Figure 7.7 CO, emissions from conventional and power-RO plant ....................... 165

Figure 7.8 Fud cost of power-MSF-RO configuration for March, April and May.167
Figure 7.9 Fud cost of power-MSF-RO configuration for June, July and August .168
Figure 7.10 Fuel cost of power-MSF-RO configuration for September, October and

NOVEMDEN ... bbb e e e 168
Figure 7.11 Fuel cost of power-MSF-RO configuration for winter months........... 169
Figure 7.12 Fuel cost of power-MSF-AR configuration for March, April and May
............................................................................................................................ 172
Figure 7.13 Fuel cost of power-MSF-AR configuration for June, July and August
............................................................................................................................ 172
Figure 7.14 Fuel cost of power-MSF-AR configuration for September, October and
NOVEMDEN ...t e e e 173

Figure 7.15 Fuel cost of power-RO-AR configuration for March, April and May.175
Figure 7.16 Fuel cost of power-RO-AR configuration for June, July and August..176
Figure 7.17 Fuel cost of power-RO-AR configuration for September, October and
NOVEMDEN ... et e e e 176
Figure 7.18 Optimum fuel cost of power-MSF-RO-AR hybrid configuration for
March, APril @nd May ........ccooiiii e 179
Figure 7.19 Optimum fuel cost of power-MSF-RO-AR hybrid configuration for
JUNE, JULY BN AUGUSE ...ttt ettt et e nr e e ne e sne e 180



Figure 7.20 Optimum fuel cost of power-MSF-RO-AR hybrid configuration for

September, October and NOVEMDEr ... 180
Figure A.1 Solution procedure of heat recovery SECtion.............cocveveerverieeeneeenne. 219
Figure A.2 Flashing brine mass flowrate for heat recovery stages...........ccccevueenee. 220
Figure A.3 Flashing brine salt concentration for heat recovery stages................... 220



List of Tables

Table2.1 Consumption of fuels and fuel cost in Kuwait’s power stations for 200718

Table 2.2 Heat:power ration for the cogeneration plants in Kuwait......................... 19
Table 2.3 Development of freshwater produCtion..............cceeeeereenieeeieeree e 20
Table 2.4 Wastewater treatment plants in KUWait.............cceviiriiiieiniinee e 23
Table 3.1 Coefficients of EQUation (3.22).......ccuuiririiireiieeeie e 49
Table 3.2 Ranges of percentage differences for the properties of superheated

steam (p=0.1MPato 28.0MPa, T=100°C t0 900°C).......ccuerurrrrerrierierieererseeseeeeens 52

Table 3.3 Ranges of percentage differences for the properties of saturated steam ...52
Table 3.4 Ranges of percentage differences for the properties of saturated water....53

Table 3.5 Operating parameters of a Kuwaiti regenerative .............ccceeeeeveeieeneenne 55
Table 4.1 Input parametersto the sSmple MSF model ... 80
Table 4.2 Model results for flashing brine variables.............cccooiiiiiiiii i 80
Table 4.3 Model results for distillate vapour variables..............cccoeiiniiiieiiennene 81
Table 4.4 Model results for recycled brine variables............ccoooviiiiiiiiini i 82
Table 4.5 Performance parameters of Doha West M SF desalination plant .............. 82
Table 4.6 Power consumption by pumps in MSF desalination plant ...................... 84
Table 4.7 Specific energy consumption of the Jeddah-1 RO plant ...........ccccceeueene. 94
Table 4.8 Energy consumption of a single unit in the Dahab RO desalination plant 94
Table 4.9 Energy consumption of RO plants operating on the Greek islands.......... 96
Table5.1 Estimation of average COP for different types of A/C systemsin Kuwait

............................................................................................................................ 102
Table 5.2 Coefficients of Equation 5.1(Patterson and Perez-Blanco,1988)............ 109
Table 5.3 Coefficients of Equation 5.2 (Patterson and Perez-Blanco,1988).......... 109
Table 5.4 Coefficients of Equation 5.4 (Patterson and Perez-Blanco,1988)........... 111
Table 5.5 State points of double-effect model............cooceveiiiiiiiiiiie e, 121
Table 5.6 state points of developed double-effect model ..., 122
Table 5.7 Performance parameters of developed double-effect modd .................. 122
Table 5.8 Validated results published by FOy (2001) ........cccovviieieiieniiiee e 123
Table 5.9 Validated performance parameters published by Foy (2001)................. 123
Table 5.10 Performance data of Trane ABTF-1150 AR chiller (Trane, 2005)....... 123
Table 6.1 Operating parameters of DW cogeneration plant...........cccccooeeeiieeiennen. 134
Table 6.2 National and DW electric generation in 2001 (MEW, 20024) ............... 136
Table 6.3 Monthly water production in 2001 at DW.........ccccoooviieieiieneciiee e 137
Table 6.4 Heat contents and carbon content coefficients (EPA, 2005) .................. 147
Table 6.5 AR load variation in a conventional plant .............coceeeeeieireeeieene s, 155

Table 7.1 Optimum Operation parameters of power-M SF-RO configuration........ 170
Table 7.2 Optimum operation parameters of power-M SF-AR configuration......... 173

Table 7.3 Optimum Operation parameters of power-RO-AR configuration........... 177
Table 7.4 Summary of total fuel cost for conventional plant & hybrid

configurations ($ MITTONS) ........coueiiiiiii e e 183
Table 7.5 Operation parameters & strategy of recommended optimum hybrid
CONMTIQUIBLIONS . ...ttt ettt e ee ettt ebe e s aee e be e sne e ene e s b e e sbe e nnesneeans 183
Table 7.6 Monthly fuel cost savings for suggested plant.............ccceeveveerieeneeeen. 184
Table 7.7 Capital and operating cost components for a seawater RO plarnt............ 186

Xi



Table 7.8 Cost of asingle RO desalination plant in Kuwait...........c.ccoovveieineenen. 186

Table 7.9 Cost of steam-fired- double-effect absorption chillers..........ccccceevennee. 188
Table 7.10 Cost of direct-fired double-effect absorption chillerscost ................... 188
Table 7.11 Payback period and costs of new processesin million $...................... 190
Table A.2.1 Performance data of KISR RO desdlination pilot plant...................... 224
Table B.1 Power rating for different types of AC systemsin Kuwait.................... 235
Table B.2 State points for the single-effect model ..., 244
Table B.3 Performance parameters of single-effect model ............cccovviiieinieen. 244
Table B.4 CompariSon Of FESUILS .......c.ciiuieiiiiieee e e 244
Table C.1 Results of conventional plant Simulation..............coceoeeeiieniiiie e, 245
Table C.2 Results of power-RO plant Smulation..............ccceieiieeiiiineiiiee e, 245
Table C.3 January results of power-MSF-RO configuration ............ccccceeeeeveeeen. 246
Table C.4 February results of power-MSF-RO configuration ............cccceeeeeeveeneen. 246
Table C.5 March results of power-M SF-RO configuration...........ccccceeee e eveeeen. 247
Table C.6 April results of power-MSF-RO configuration.............cccceeveeiceeeneeeeen. 247
Table C.7 May results of power-MSF-RO configuration.............cceeveveeiceecnneeneen. 248
Table C.8 June results of power-M SF-RO configuration............ccceceeveeieecieeeneen. 248
Table C.9 duly results of power-MSF-RO configuration............ccceeeeveeieecneeeneen. 249
Table C.10 August results of power-M SF-RO configuration .............ccceeeeeeeveeneen. 249
Table C.11 September results of power-M SF-RO configuration..............cccceeenee. 250
Table C.12 October results of power-M SF-RO configuration............ccccoeeeeeeeenen. 250
Table C.13 November results of power-M SF-RO configuration..............cccccenee.. 251
Table C.14 December results of power-M SF-RO configuration ...........c..cceeeeene.. 251
Table C.15 March results of power-MSF-AR configuration .............cccceveeeeneeeen. 252
Table C.16 April results of power-M SF-AR configuration...........ccccevee e eneeeen. 252
Table C.17 May results of power-M SF-AR configuration ...........ccccceeveeeee e eeen. 253
Table C.18 June results of power-M SF-AR configuration ...........ccccceeeeeieecieeeeen. 253
Table C.19 July results of power-MSF-AR configuration............ccccceveeeiieeneneen. 254
Table C.20 August results of power-M SF-AR configuration ............cccceeeeeeeieeneen. 254
Table C.21 September results of power-M SF-AR configuration..............cccceeeene.. 255
Table C.22 October results of power-M SF-AR configuration.............cccoeeeeeeenen. 255
Table C.23 November results of power-M SF-AR configuration..............ccccce.ee.. 256
Table C.24 March results of power-RO-AR configuration............cccccceeeereeeneeenen. 256
Table C.25 April results of power-RO-AR configuration ............ccccceeveeiieeeieeeen. 257
Table C.26 May results of power-RO-AR configuration.............ccceceeverieecieeenen. 257
Table C.27 June results of power-RO-AR configuration.............ccceceeveeieeciee e 258
Table C.28 July results of power-RO-AR configuration .............cceeeeererieeeieeeeen. 258
Table C.29 August results of power-RO-AR configuration ............ccceeeeeeeeeeieeenen. 259
Table C.30 September results of power-RO-AR configuration............cc.ccceevenen. 259
Table C.31 October results of power-RO-AR configuration ............ccccoeveeeeveeeeen. 260
Table C.32 November results of power-RO-AR configuration ............ccccceeeeenen. 260
Table C.33 Results of power-MSF-RO-AR Configuration for March at 10% AR

[OB. .. . et re e 261
Table C.34 Results of power-MSF-RO-AR Configuration for March at 20% AR

[OB. .. . et r e e ens 261
Table C.35 Results of power-MSF-RO-AR Configuration for March at 30% AR

oo TSR UPR 262

Xii



Table C.36 Results of power-MSF-RO-AR Configuration for March at 40% AR

Xiii



Table C.59 Results of power-MSF-RO-AR Configuration for May a 70% AR load

Xiv



Table C.82 Results of power-MSF-RO-AR Configuration for July at 100% AR load

ARTOBA ...t e e e 294
ARG ... e e eaea 295

AR O ...t e e 295

XV



Table C.105 Results of power-M SF-RO-AR Configuration for October at 30% AR

Table C.113 Results of power-M SF-RO-AR Configuration for November at 10%
ARTOBA ...t et 301
Table C.114 Results of power-M SF-RO-AR Configuration for November at 20%
ARTOBA ...ttt ne s 301
Table C.115 Results of power-M SF-RO-AR Configuration for November at 30%
ARTOBA ...t b e e e 302
Table C.116 Results of power-M SF-RO-AR Configuration for November at 40%
ARTOBA ...t 302
Table C.117 Results of power-M SF-RO-AR Configuration for November at 50%
ARTOBA ...t b e e e 303
Table C.118 Results of power-M SF-RO-AR Configuration for November at 60%
ARTOBA ...t b e e e 303
Table C.119 Results of power-M SF-RO-AR Configuration for November at 70%
ARTOBA ...t e ne s 304
Table C.120 Results of power-M SF-RO-AR Configuration for November at 80%
ARTOBA ...t e 304
Table C.121 Results of power-M SF-RO-AR Configuration for November at 90%
ARTOBA ...t e 305
Table C.122 Results of power-M SF-RO-AR Configuration for November at 100%
ARTOBA ...t e 305

XVi



NOTATIONS

B, Bo, By, ..., B7 Coefficientsof Equations 3.16 and 3.18, defined in Equation
3.19

BPE Boiling point elevation

Coarral Price of heavy oil barrel in $US

Cgastota Monthly cost of natural gasa DW in $US

C,i Monthly cost of oil in $US

Coas Price of natural gasin $/M. Btu

C, Specific heat (kJkg.°C)

Casg unit Refrigeration capacity of one AR unit (MW)

Caye 1 High M SF unit capacity in m*/day

Caye Low MSF unit capacity in m*/day

Ca,, Capacity of one RO unit, 110,000 m*/day

CcC Carbon content coefficient in kg carbon/kJ

CV s Calorific value of natural gas of 38302 k¥m®

Cv,, Calorific value of heavy oil of 43,959 kJ/kg

d discount rate (%)

days Days of the month

D,E,F(G Coefficients on Equation 3.22, defined in Equation 3.23
E Energy consumption (KWh/m?)

E gastotai Total natural gas energy consumed a DW

Ero ot Monthly electricity consumed by RO, kWh

Ero.unit Estimated specific energy consumption of one RO unit,

kwh/m®

F Fraction of fuel oxidised

F, Fo Coefficients of Equation 3.16, defined in Equation 3.19
FS Fuel savings (million US dollars)

XVii



H

Nus Jiquid

Ny, N2, ..., No
L

mAR,total

mAR,unit

mMSF,H

mMSF,L

Myii mse L

n
N

Equation 3.35

NB,

oil
NMSF,L
NMSF,H
NRO
NT
NEA

Pr
p

Qboiler

Height of the brine pool (m)
Enthapy of liquid water leaving brine heater of MSF units

into condensed water line (kJ/kg)
Coefficients of Equation 3.22, defined in Table 3.1
Flash chamber length (m)

M ass flowrate of steam to run N number of AR unitsfor a

single turbine-set

Mass flowrate of steam required by one AR unit (kg/s)
Production capacity of asingle high capacity M SF unit
Production capacity of a single low capacity MSF unit,
313.25 kg/s

Mass flowrate of residual oil consumed by low capacity M SF

in kg/month
Number of feed water heaters
A function of temperature in Equation 3.34, defined in

Total number of heavy oil barrels consumed at DW per month
Number of low capacity M SF units
Number of high capacity M SF units

Number of RO units to satisfy demand

Number of steam turbines in operation
Non-equilibrium allowance

Power (kW)

Pressure (N/m?)

Pressure in Equation 3.21, defined in Equation 3.23

Specific amount of heat transferred (J/kg)

Volumetric flowrate of water (m%/s)

Flashing brine flowrate per chamber width (kg/m )
Heat input into boiler in kJ/kg

XVili



Qbh, H

Qbh,L

RF
Reo,

T
Unityg

\%

Equation 3.30
V

gas,total

Vv

gas,MSF
W

W
W

demand

ww

Subscripts
AR

B

bd

bh

Hesat input to the brine heater section of high capacity MSF in

kJkg
Heat input to the brine heater section of low capacity MSF in

kJ/kg
Refrigeration capacity (kKWr)
The quantity of CO; released to the atmosphere in million

tonnes per unit of fuel consumed

Specific entropy (Jkg K)

Salt concentration (ppm)

year in payback period calculations, Equation 7.5
Temperature

Temperature in Equation 3.22, defined in Equation 3.23

The total number of AR unitsto replace AC load at DW
Reduced specific volume in Equation 3.29, defined in

Monthly natural gas consumed at DW in m®
Volume of natural gas consumed by M SF unitsin m*/month
Specific work (Jkg)
Work (kW)
Expected monthly distilled-water demand in m®
Distilled water (m®)
Steam quality

Maximum number of years to offset capital investment

Absorption refrigeration
Boiler

Blowdown stream
Brine heater

XiX



ET"_"('DO_O%O

mant

net

rec
RO

T-HP
T-LP

Greek letters

oil

oT

Condenser

Cooling water in condenser tubes of heat rejection section
Digtillate

extracted steam

Saturated water phase

Flashing brine

Saturated vapour phase

Feed-water heater

Number of stagesin heat recovery section
Number of stagesin heat rejection section
Maintenance

Total number of flashing stages

Net output

Pump

Reheat

Recirculation brine in heat recovery section
Reverse osmosis

Saturated state

Turbine

High-pressure turbine

Low pressure turbine

Vapour

Percentage of oil consumption at DW which equals 90%

Efficiency (%)
Latent heat of vaporisation (kJ/kg)
Stage temperature drop (°C)

XX



opt

Coefficient in Equation 15, defined in Equation 17
Coefficient defined in Equation 21
Coefficient of Equation 34

Conversion factor of 1.63" 10 *barrel oil equivalent (bboe)
A function of temperature in Equation 27, defined in Equation

A factor to convert energy from kJ to Btu, 0.948
Efficiency of auxiliary boiler

Isentropic efficiency of a pump (%)

Isentropic efficiency of aturbine (%)

Thermal efficiency (%)

Latent heat of vaporisation (J/kg)

Pump head (kPa)

Entropy of vaporisation (Jkg K)

Optimal temperature rise

Specific volume (m*/kg)

A function of temperature in Equation 23, defined in Equation

XXi



AlC
ARS
COoP
DC
DW
GT
GDP
GNI
ICE
KISR
MEW
MSF
PR
RO

TTD
VC

ABBREVIATIONS

Air-conditioning

Absorption refrigeration system
Coefficient of performance

Degrees of subcooling

Doha West

Gas turbine

Gross domestic product

Gross national income

Internal combustion engine

Kuwait Institute for Scientific Research
Ministry of Electricity and Water, Kuwait
Multi-stage flash

Power rating

Reverse osmosis

Steam turbine

Terminal temperature difference

Vapour-compression

XXii



| ntroduction

1. Introduction and Thesis Overview

1.1. Background

Kuwait is located in a hot and dry desert region with typical summer average daily
temperatures in the range 42°C to 46°C. This harsh climate has deprived the country
of large-scale natural freshwater resources. To be able to further develop the country
socially and economically, and to meet the growing demand for electricity and
freshwater, the government decided to invest in central cogeneration (i.e. dual-
purpose) powerplants, where electricity and distilled water are produced
simultaneously via the steam cycle and multistage flash (M SF) desalination process,
respectively. Advantages of such plants include fuel savings and lower capital and

mai ntenance costs compared with separate production of electricity and water.

Kuwait, however, snce commissioning the first cogeneration powerplant in the
1950s (MEW, 20028) has failed to curb the continuing rapid growth in consumer
electricity and freshwater demands. This trend may be attributed to the boom in the
economy during the past three decades, population increase and the generous
subsidies of electricity and water unit prices by the government, reaching around
75%-80% of actual production cost. The extremely high temperatures during
summer months, coupled with cheap electricity prices, have also lead to the
widespread use of air-conditioning (A/C) in every household. The extensive use of
A/C systems during summer, with peak loads of around 45 - 70% of generation
capacity, has lead to power shortages and blackouts around the country as the total
demand frequently exceeds ingtalled capacity (Al-Fuzai, 2007). Kuwait depends on
M SF desalination to satisfy more than 90% of its freshwater demand (Darwish et al.,
2008). An inherent disadvantage of the MSF desalination technology is its high



energy consumption and the inflexible water-to-power production ratio when
coupled with steam power generation in a cogeneration plant (El-Sayed, 2001).
Another cause for concern is the faster rate of growth of freshwater demand
compared with that for power (Darwish et ., 2008), which may lead to freshwater
shortage in the future.

The reduction or negation of the generous subsidies can help curb the annua and
peak growth in electricity and water consumption. However, it is not an option at the
moment since the elected members of parliament refuse to agree to any government

proposal in thisdirection.

1.2. Hybrid Powerplants

Cogeneration powerplants operating in Kuwait, which incorporate the high-energy
consuming MSF desalination process suffer a fuel penalty due to the additional
production of steam in separate boilers in order to satisfy freshwater demand (El-
Sayed, 2001). Such plants use commonly oil - the strategically and economically
vital commodity for Kuwait - as a fued. To continue satisfying power and
freshwater needs and slow the rate of consumption of oil, the government needs to
look at aternative solutions. The Ministry of Electricity and water (MEW) can
invest in new efficient plants such combined-cycle (CC) power plants coupled with
efficient desalination processes such as reverse osmosis (RO). Alternatively, it can
retrofit existing cogeneration powerplants with more efficient and flexible
technologies. These plants can be turned into “hybrid” plants which include MSF
and RO desalination, and may also include absorption refrigeration (AR) systems to
satisfy the demand for cooling during summer months (Abdel-Jawad et a., 2001; El-
Sayed, 2001; Darwish, 2001; Hamed, 2005; Al-Katheeri and Agashichev, 2008;
Darwish et al., 2008 & 2009; Fois et al., 2008; and Kamal, 2008). Benefits of such

hybrid plants include fuel savings, reduced harmful emissions to the environment,



greater flexibility in dealing with demand, and delayed rate of commissioning of

new powerplants.

This research study investigates operation strategy, fuel consumption and associated
CO, emissions of cogeneration plants currently operating in Kuwait. Different
hybrid powerplant configurations that include MSF and RO desalination to satisfy
potable water demand, and vapour-compression (VC) and AR systems to satisfy
A/C cooling demand will be modelled, smulated and analysed. Fuel consumption
comparisons will be drawn to be able to recommend the most feasible

configuration(s) for Kuwait.

1.3. Aim and Objectives

The aim of this study is to develop efficient hybrid powerplant configurations and
operation strategy for the simultaneous production of power, freshwater and cooling
for Kuwait. This is achieved through the modelling and simulation of the main
thermally-driven processes within the plant, namely, the Rankine steam cycle, MSF
desalination and AR cooling system in order to estimate their steam consumption.
The energy consumption of the electrically-driven RO desalination process and VC
A/C systems are also estimated. Hence, this research is only concerned with the
feasibility of energy and cooling production systems within the powerplant.
Electricity transmission and chilled-water distribution networks (i.e. district cooling
schemes) are not studied in this work. These are not included because it adds a new

dimension to the research which does not conform to the stated objective above.

The Doha West (DW) is used as the reference and typical powerplant in this study.
Different configurations of the plant when operating as a hybrid system are
simulated with the aim of satisfying the demand for power, freshwater and cooling

with the least consumption of fuel and CO, emissions.



The simulations are performed on a monthly basis to account for seasonal changes
in demand. The consumption and production data used in this study are taken from
MEW statistical year book for 2001.

14. ThesisOverview

The thesis comprises eight chapters.

Chapter 1 is an introduction which describes the background and aims.

Chapter 2 gives a general background on the State of Kuwait. The electricity and
freshwater production and consumption profiles are presented to demonstrate the
current situation regarding the power generation sector in Kuwait and the imminent
problems facing it.

Chapter 3 describes the steam Rankine cycle in detail and the different
improvements added to increase its efficiency. Then the different modelling
techniques used by researchers are studied to help in the selection of a suitable
model for this research work. The final part presents the mathematical model used to
simulate the steam Rankine cycle and a validation of the model using performance

data from an existing powerplant in Kuwait.

Chapter 4 presents a detailed description of the two most popular desaination
processes today, namely, the MSF and RO. Section 4.1 starts with describing the
MSF desalination process and introduces the steady-state mathematical model
developed to simulate its performance. The modd is validated using available data
from a MSF desalination plant currently operating in Kuwait. Section 4.2 describes
RO desdlination and its benefit in regard to energy consumption. The specific
energy consumption of RO desalination plants is then estimated using experimental
data from a pilot plant operating in Kuwait, and the result is then compared to

published energy consumption data from literature.



Chapter 5 describes the VC refrigeration cycle, which is the most common cycle
utilised for A/C systems in Kuwait and around the world. The average coefficient of
performance (COP) from the different types of A/C systems operating in Kuwait is
then estimated using data collected by the Buildings and Energy Technologies
Department at the Kuwait Institute for Scientific Research (KISR). The single- and
double-effect AR systems are both described in Section 5.2. The mathematical
model for the double-effect syssem, based on a literature review of developed
models, is then presented and validated.

Chapter 6 introduces the hybrid powerplant configurations developed for
performance evaluation, and then selection based on its performance. The
assumptions and constraints for the models are presented. In addition, the equations
for the estimation of steam flows and consumption, fuel consumption and CO,
emissions are developed and presented in the chapter. The details of each hybrid

configuration with corresponding flow diagrams are also presented.

Chapter 7 presents the simulation results of the original cogeneration powerplant
and for the hybrid configurations discussed in the previous chapter. The
performance parameter selected to compare results of the different modelsis the fuel
cost, which includes the cost of both heavy oil and natural gas utilised at Kuwait's
powerplants. The results are based on monthly fuel consumption to study the effects
of seasonal variations on the type of hybrid configuration selected. The final
recommendation for the most feasible hybrid configuration and operation strategy
for Kuwait is then given based on the minimum fuel cost for each month of the year.
The monthly and total fuel cost savings are estimated and presented. Finally, a cost
analysis is presented to justify the investment in the selected hybrid powerplant

configuration.

The conclusions are given in Chapter 8. Also, Recommendations for future work

are suggested in this chapter.



Finally, Appendix A includes a M SF rigorous model and RO energy consumption
data from the pilot plant. Appendix B presents power consumption data for A/C units
in Kuwait, and the single-effect ARS mathematical model with its validation.
Appendix C gives detailed results for all hybrid models in tabulated form including

CO, emissions.



Chapter 2

2. Kuwait: Background and Electricity & Water Profiles
2.1 Introduction

With start of the energy crisis of the 1970s, industrialised countries have started the
process of searching for new energy producing technologies. Many researchers and
scientists developed systems that depend on renewable energy resources. Others
modified and improved conventional systems to make them more energy efficient.
Cogeneration of heat and power using a number of prime movers was one option
that stood out, especially with the advancement of gas turbine systems. Since then,
cogeneration has been increasingly becoming popular in industrialised countries,
especially in Western Europe. Cogeneration systems not only save energy due to
the simultaneous use of power and heat, they generally have a lower capital cost

than conventional powerplants and their construction lead-time is shorter.

For the Gulf council Countries (GCC), Saudi Arabia, Kuwait, Oman, Qatar,
Bahrain, and United Arab Emirates, business continues to be as usual. To meet the
growing demand for electricity and water, the governments of these countries
decided to invest heavily in central power stations, where electricity and distilled
seawater are produced. However, due to the global concern over the depletion of oil
and natura gas reserves and the environment, these countries must start looking for
other viable power generation options.

In Kuwait, al powerplants are dual-purpose plants, where eectricity is generated via
steam turbines, and potable water is produced by the distillation of seawater. All of
the plants are fuelled either by oil products or natural gas. Looking at the electricity
and freshwater demand trends, Kuwait has failed to curb or sow the growing

consumer demand. Thistrend may be attributed to the boom in the economy during



the past three decades, population increase and the generous subsidy of electricity
and water by the government, reaching around 75%-80% of actual cost. Also, the
extremely high temperatures during the summer months lead to the widespread use
of air-conditioning in every household, regardless of level of income because of the

cheap electricity prices.

This chapter gives a background on Kuwait in regard to its location, climate,
population and energy consumption. The chapter also explores the main reasons for
the rapid increase of eectricity and water consumption in the country. An overview
of the power generation and water desalination sectors is given with corresponding

production and consumption data.

Further more the freshwater resources are discussed. Seawater desdination by the
multi-stage flash (MSF) technique is the main source of freshwater in Kuwait.
Hence, the number of desalination units and their capacities are focussed on and
discussed.

2.2 Topography and Climate

Kuwait is located at the far north-western corner of the Persian Gulf, known localy
as the Arabian Gulf (Figure 2.1). It is asmall state with an area of about 17,818 km?,
At its most distant points, it is about 200 km north to south and 170 km east to west.
Shaped roughly like a triangle, Kuwait borders the gulf to the east, with 195 km of
coast line, bounded to the south, west and North by Saudi Arabia and Irag.

Kuwait has a desert climate; typically hot and dry. It is aso entirely flat. Average
annual rainfall varies from 75 to 150 mm across the country with a range of between
25 to as much as 325 mm per year. In summer, average daily temperatures range
from 42°C to 46°C; the highest recorded temperature is 51.5°C. The summers are
long, punctuated mainly by dust storms in June and July when north-westerly winds

cover the citiesin sand. In late summer, which is more humid, there are occasional



sharp, brief thunderstorms. By November, summer is over, and colder winter
weather sets in, dropping temperatures to as low as 3°C at night; daytime
temperature isin the upper 20s°C range (Library of Congress, 2003).

2.3 Population Growth

During the 1950s and 1960s, Kuwait's population rose dramatically on account of
massive immigration from surrounding countries. The influx of migrants was duein
part to Kuwait's rapid expansion as a modern state with a flourishing economy and
massive employment opportunities. The result is a multi-national mixture of people
from other Arab countries, East Asian and South Asian countries, and some
Europeans and North Americans. In 1957, when the first official census was carried
out, Kuwait had 206,000 inhabitants. By the end of June 2008, the total population
had reached approximately 3.3 million, with only 1.04 million Kuwaitis (Kuwait
Information Office, 2009). In the early 2000's, the population growth rate was at
3.5% (World Fact Book, 2009). Figure 2.2 shows the population trend for the years
1985 to 2008. The decrease in population between 1990 and 1991 is due to the Gulf

war, and the subsequent return of most foreign workers to their countries.

24 Economy
24.1. Oil Sector

Kuwait's economy is dominated by its oil industry. In the 1990s, the unexpected
decline in oil prices reduced government revenues, and placed constraints on
government spending. As the country continues to depend on this one natural
resource, fluctuations in the demand for oil directly affects the country's
development plans. Recently, the oil revenues have started to rise, duein part, to the
lower OPEC quotas of the member countries and growing demand from emerging
economies. There is new awareness among Kuwaitis that they need to diversify
their sources of income. Accordingly, the Kuwaiti Government has been taking

Some measures to encourage privatesector investments.
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Figure 2.1. Map of the State of KuwaitMap of the
State of Kuwait

Kuwait's crude oil production is currently running at 2.78 million barrels per day,
which is close to the maximum production capacity. In the oil sector, crude
production may remain constant for some time, in conformance with OPEC quotas.
However, Kuwait plans to increase its capacity to 4 million barrels per day by 2020
(DOE, 2009).

2.4.2. Non-Oil Sector

Kuwait's non-oil economy grew by an estimated 7% in 1995 and 1996 as domestic
demand increased because of the return of the number of expatriate workers to early
pre-Gulf War levels. In1952,the Kuwait Investment Board was established

10
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Figure 2.2 Population trend for the State of Kuwait from 1985-2008

in London to manage Kuwait's portfolio of foreign investments. In 1958, the
Kuwaiti Investment Board became the Kuwait Investment Office (KIO), managed
by Kuwaiti nationals. Kuwait's investments were prudent, combining safety with

capital appreciation and income.

In the 1980s, Kuwait began diversifying its overseas investments, placing more
investments in Japanese firms. By the late 1980s, Kuwait was earning more from
these overseas investments than it was from the direct sale of oil: in 1987 foreign
investments generated US$6.3 billion, while oil revenues were US$5.4 billion. The
Financial Times of London estimated Kuwait's overseas investments in early 1990
at more than US$100 billion, most of it in the Reserve Fund for Future Generations
(Library of Congress, 2003).

11



2.4.3. Labour Force

Kuwait's total labour force hasincreased from 1.248 million in the middle of 1999 to
about 2 million in 2008. Of this current total, approximately 20% are Kuwaiti
nationals. Kuwaiti female workers make up about 42% of the total Kuwaiti labour
force, but when calculated against the total labour force in Kuwait, this number
declines to 23%. In 2006, Kuwaiti workers in the public sector anounted to atotal
of 285,257, equa to about 84% of the Kuwaiti labour force. In the private sector,
the Kuwaiti labour force amounts to approximately 42,440, representing only 12%
of the Kuwaiti work force, 2.7% of the tota labour force in the private sector, and
about 2% of the entire labour force (KIBS, 2009 and World Fact Book, 2009).

2.4.4. Economic Indicators

According to World Fact Book (2009), the Gross Domestic Product (GDP) was
$149.1 billion in 2008 with an increase of 8.5% from 2007 figure of $137.5 billion.

The contribution of oil and gas sectors is about 50%. This increase is due mostly to
the increase in the average price of abarrel of oil from $64.20 per barrel in 2007 to
$91.48 per barrel in 2008. Figure 2.3 shows the trends in GDP for the years 1985 to
2007. The figure shows that there was a drop in GDP during the years 1997-1999

because of the drop in oil prices.

The per capita gross national income (GNI) reflects the average income of a
country’s citizens and is an indication of the general standard of living. The per
capita GNI for Kuwait rose steadily following the Gulf war in 1991 up to 1998 when
the price of oil fell to around $10 as shown in Figure 2.4. The per capita GNI
increased to $38,227 in 2006, an increase of 19% from the 2005 figure of $32,001.
The sharp increase was due to the record increase in the price of oil during 2006-
2007.

12
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25. Energy

Petroleum and natural gas represent the two main natural resources of energy and
national income for Kuwait. They have been a priority in development projects
depending on the balance between production levels and consumption
rationalisation. According to EIA (2009), the fud share of energy consumption in
Kuwait is 59% for oil and 41% for natural gas. Figures 2.5 and 2.6 show oil and
natural gas consumption trends, respectively, for the period 1980-2008.

25.1. Qil

Kuwait has an estimated 104 billion barrels of proven oil reserves, which is between
8% and 9% of the world total. The Neutral Zone area, which Kuwait shares with
Saudi Arabia, holds 5 billion barrels of reserves, half of which belongs to Kuwait.
Most of the oil fields in Kuwait have been producing since the 1950s, and in 2008 it
produced around 2.8 million barrels per day (EIA, 2009). Figure 2.7 shows the
trend in oil production for the period 1980-2008. From the figure we can see that
production went back to normal in 1993, following the sharp drop due to the Gulf
War during 1990-1991.

2.5.2. Natural Gas

Kuwait produces a relatively modest volume of natura gas, the vast magjority of
which is"associated gas' (i.e., found and produced in conjunction with oil). Kuwait
hopes to increase its use of natural gas (both domestic and imported) significantly,
especially in electricity generation, water desalination, and petrochemicals. A switch
to natura gas (from diesel oil) would free up a substantial amount of oil for export
(EIA, 2003). Kuwait aso hopesto reduce flaring of associated gas by tying together
gathering centres. Finally, Kuwait continues to seek both associated and non-

associated gas supplies. The increased use of natural gasin electricity generation has
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caused consumption to outpace production during the summer months. Figure 2.8

shows the production of natural gas for the period 1980-2008.

In March 2009, Kuwait and Qatar singed an agreement whereby Kuwait would
import liquefied natural gas each summer for the next 5 years (EIA, 2009). The
pipeline is to run from Qatar's port of Ras Laffan to the LPG terminal at Ahmadi
port. Kuwait and The Islamic Republic of Iran signed a memorandum of
understanding in 2005 for the import of natura gas from its Pars gas field (EIA,
2009).
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Figure 2.5 Oil Consumption in Kuwait for the period 1980-2008 (BP, 2009)
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Figure 2.6 Natural gas consumption in Kuwait for the period 1980-2008
(BP,2009)
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Figure 2.7 Qil production for the period 1980-2008 (BP, 2009)
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Figure 2.8 Natura gas production for the period 1980-2009 (BP, 2009)

2.6. Power Plants

Kuwait has six power stations: Shuwaikh, Doha East, Doha West, Subiya, Shuaiba
South, and Az-Zour South. The tota electrical generation capacity of these plantsis
about 10.48 GW. These power stations are powered by oil and natural gas. The
consumption of the different fuels in power stations and the total fuel cost for the

year 2007 are given in Table 2.1.

The plants simultaneously produce electricity and distilled water. Thus, the
powerplants are equipped with steam turbines for the base load demand and the
waste heat is used in multi-stage flash (MSF) desdination units to distillate
seawater. All plants, therefore, are located near the sea shore to make use of it asa
cooling medium for the powerplant condenser and a source for the desalination
feedwater. Also, the plants include gas turbines that are only used for peak load
demand, if necessary. The next sections will introduce the different power stations
and their electricity and water production, and will also show the development in
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demand for both. Table 2.2 shows the heat:power ratio when the plants are
operating at full load and in cogeneration mode. The data is based on the acceptance

test results at the time of commissioning of the plants.

The Shuwaikh powerplant used to produce both electricity and freshwater prior to
August 1990. However, due to the large destruction of the plant during the Gulf
War, it now produces electricity via gas turbines and modest amounts of distilled
water from MSF units using steam directly from boilers. The installed gas turbine
capacity at Shuwaikh plant is 208.2 MW (MEW, 20084).

2.6.1. Electricity

Kuwait's electricity demand has been growing rapidly in recent years at a rate of
around 6% annually, and is expected to continue increasing at the same rate in
coming years, necessitating construction of new generating capacity. A 2,400 MW,
$2.2 billion thermal plant at Al-Subiya came online in 2000, which relieved pressure
on the system in the short-term. Over the next 7 years (2000-2007), the installed
capacity was increased by 1.0 GW to keep up with the increasing demand and to
avoid blackouts during the summer months (MEW, 20083).

Table 2.1 Consumption of fuels and fuel cost in Kuwait’s power stations for 2007

(MEW, 20083)
Fud (PJ)

. . . . Fuel cost
Station Nagt;sral Gasail Crudeoil Heavyoil Total (million K D)*
Shuwaikh 16.04 0 0 0 1604 6.5
Shuaiba South 37.28 0 0 0 3728 131
Doha East 17.26 0 30.89 1522 6337 146.9
DohaWest 7.76 0 0 11.76 12459 316.3
Az-Zour South 46.97 22.39 48.27 7441 192.04 468.0
Sabiya 13.16 0.24 16.67 80.82 110.89 278.3

*KD = Kuwaiti Dinar = US$ 3.5 (October 2009)
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Table 2.2 Heat:power ration for the cogeneration plants in Kuwait

Power Plant Power Output Heat to Distiller Heat: Power
(MW) (MW) Ratio
Shuaiba 134 91.7 0.68
Doha East 150 93.16 0.62
Doha West 300 190.24 0.63
Az-Zour 300 196 0.65

Kuwait's Ministry of Electricity and Water (MEW), which is in charge of Kuwait's
power sector, has plans to install new electric capacity at several sites to satisfy the
increasing demand (MEW, 2008a):

A 4.9 GW combined cycle powerplant at Azzour North site, which is expected
to be constructed by 2014.

A 0.56 GW capacity increase at Azzour South powerplant in combined cycle
mode starting operation in 2010

A 0.8 GW Shuaiba North powerplant

A 2.0 GW combined cycle project at Sabiya powerplant, which is expected to
start operating in 2010

A 3 GW Al Kheran powerplant starting operation of some units by 2015

Also, to reduce excessive power demand and waste, Kuwait is considering trimming
some of its power subsidies. Currently, Kuwaitis pay among the lowest prices for
power in the world, and the MEW has urged them to use power more judiciously.

Meanwhile, Kuwait continues to expand its national power grid.

2.6.2. Water

With the scarcity of freshwater resources, Kuwaitis relied on rain water and shallow
wellsfor their potable water needs (i.e. 110 mm per year). But, dueto the growth of

population rain water became no longer sufficient to cater for the growing demand.
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So, a the turn of the past century, Kuwaitis turned to “shaat al-Arab” near the
Kuwaiti border in Iraq for freshwater, and it was brought by dhows. However, after
the discovery of oil Kuwait could invest in modern freshwater production facilities.
In the early days, the first desalination plant was built, and it was based on the
submerged tube technique. When the flash method was introduced, Kuwait was the
first to adopt it. Table 2.3 shows the development in freshwater production capacity
since 1960.

As mentioned in the above section, one of the sources of potable water in Kuwait is
the desalination of seawater by MSF digtillation in cogeneration plants. However,
there are other sources that contribute to the tota freshwater production in the

country, although with a smaller percentage share. The freshwater resources in
Kuwait are:

Groundwater
Desalinated sea- and brackish groundwater
Treated wastewater effluents

Table 2.3 Development of freshwater production
capacity (MEW, 2008b)

Year Capacity (million m®)
1960 0.027
1970 0.122
1980 0.454
1990 1.145
2000 1.305
2007 1.905

2.6.2.1. Fresh Groundwater

Asfor fresh groundwater, limited quantities were discovered at both Al-Rawadatain
and Um Al-Aish fields, with an estimated natura reserve of about 181 million m°.
Currently, water is pumped from the Al-Rawadatain field only at a rate between
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4,546 and 9,000 m*/day to a bottling plant to avoid exhaustion of the natural reserve.
The fresh groundwater has a total dissolved solids (TDS) concentration of 600-1000
parts per million (ppm) (MEW, 2008b).

2.6.2.2. Seawater Desalination

At present desalination of seawater is achieved in four cogeneration plants and one
desdlination only plant using the MSF technology. The capacity of these units
ranges between 23,000 and 57,000 m*/day. However, the tota capacity of the
distillation units in the cogeneration powerplants as of 2007 is 1.9 million m*/day
including high temperature operation of distillers at Doha West and Az-Zour South
stations (MEW, 2008b). Distilled water is mixed with brackish water in order to

produce potable water which is suitable for human use.

To keep up with the growing demand for freshwater in the country, MEW is
planning to install new desalination units in the near and far future. The water

desalination projects are:

Increase in capacity of Shuwaikh plant from 89,000 m*day to 93,000 m*day.
Erection of a RO seawater desalination plant at Shuwaikh at a total capacity of
about 230,000 m*/day by 2010.

Installation of 3 MSF units at Shuaiba North with a total capacity of 203,000
m*/day by 2010.

Erection of six diillation units of 77,000 m3/day each at Az-zour North and
total capacity of 464,000 m*/day by 2011.

Erection of another six distillation units a Az-zour North by 2012 with a total
capacity of 464,000 m*/day.
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2.6.2.3. Brackish water Desalination

Brackish ground water exists in Kuwait with a total output of 0.55 million m® per
day, with a TDS of 4000-9000 ppm. This brackish water is used for: blending with
distilled water; irrigation and landscaping; household purposes; livestock watering
and construction works. It is distributed via a separate network paralel to the
freshwater network. There, however, plans to increase the production capacity by

0.4 million m® per day in the future.

Desdination of brackish water is accomplished using the reverse osmosis (RO)
technique. In 1987, the 14 RO units were installed, each with a capacity of 1100
m*/day. By the year 1993, the total production capacity of desalinated brackish
water was around 37,600 m*/day. Presently, brackish water production by RO
desalination is around 28,413 m*/day (Hamoda, 2001; and MEW, 2008b).

2.6.2.4. Wastewater Treatment

The wastewater treatment plants treating municipa wastewater collected from urban
areas in Kuwait are listed in Table 2.4. The total flow of treated wastewater from
these plants about 415,244 m*/day in 2005.

The tertiary treated effluents are stored in reservoirs with atotal capacity of 400,000
m®. A total 330,000 m® of treated wastewater was used for irrigation in 2005, which
is about 80% of total treated effluent produced. However, this percentage is lower
during the winter season (Hamoda, 2001 and Hamoda et al., 2004).

2.7. Electricity and Water Production and Demand Patterns

Figures 2.9 and 2.10 show the development in installed electric generation capacity
and electricity consumption for the years 1985-2007, respectively. The sharp
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Table 2.4 Wastewater treatment plants in Kuwait

L ocation Um Al-Haiman Rekka Jahra Sulaibiya
Date of commission 2002 1981 1981 2004
District serviced N.E. Ahmadi and Jahra and Rekka
surrounding surrounding effluent
suburbs suburbs
Design flow (m*day) 27,000 120,000 70,000 375,000
Actual flow (m¥/day)* 11,000 135,000 65,000 340,000
Secondary treatment Extended Extended aeration  Extended Extended
processes aeration aeration aeration
Tertiary treatment Granular media  Granular media Granular media UF, RO and
processes filtration, UV filtration and filtration and chlorination
and chlorination  chlorination chlorination

* Actual flow isfor the year 2005

increase in the installed capacity is due to the commissioning of two steam turbines

at Al-Subiya power station.

It is also useful to determine if the demand profile is temperature dependant or not.
It will be helpful achieving the most efficient and feasible future power generation
system in the country. The monthly exported electrical energy and average dry bulb
temperature (DBT) for the year 2001 are shown in figure 2.11. We can clearly see
that the demand closely matches the outdoor temperature. As the temperature
increases, the demand for electricity also increases. This phenomenon is due to the
high demand for air-conditioning (A/C) during the summer months in Kuwait.
Unfortunately, the exact figure of A/C share of the total demand is not available at
the moment from MEW. Also, the electricity share of each sector (e.g. residential,
commercial, industrid etc.) is not published in the electricity statistical book of
MEW.

Theinstalled capacity of the M SF desalination units had to be increased rapidly over
the years in order to satisfy the increasing need for potable water in the country.
Figures 2.12 and 2.13 show the development in the installed distillation capacity and
freshwater consumption for the years 1992-2001. Consumption for the different

sectorsis also not available,
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Figure 2.14 shows the monthly net water consumption and the DBT for 2001.
Water consumption, we can safely say, also is temperature dependent similar to the
electrical demand.
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Figure 2.9 Development in electric generation capacity for the period 1985-2007
(MEW, 2008a)
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Figure 2.10 Annual exported energy for the period 1985-2007
(MEW, 20084)
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Figure 2.11 Monthly electrical demand and temperature profile for the year 2007

25




600.0

550.0

500.0 -
450.0 -
400.0 -
350.0 -
300.0 -
250.0
200.0
150.0 -

Gross freshwater production (million m?)

100.0 T T T T T T T T T T T T T T T T T T T T T T
1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007

Year

Figure 2.12 Development of freshwater production during 1985-2007
(MEW, 2008b)
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Figure 2.13 Freshwater consumption for the years 1985-2007 (MEW, 2008b)
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Figure 2.14 Monthly net water consumption and temperature profile for 2001

2.8. Conclusions

Kuwait is a hot country where summer lasts for seven months with average daily
temperatures ranging from 42°C to 46°C. The harsh climate means that A/C systems
are used all summer long in both residential and governmental buildings. This and
the economic and population growth since the 1960s lead the government of Kuwait
to invest heavily in large powerplants to satisfy the large demand for electricity. The
dry climate and the scarcity of rain fall prompted the government to build
cogeneration plants where freshwater can also be produced in the plant. The rapid

increase in both demand and production capacity has been shown.

It was also shown that the powerplants burned fuel oil to produce dectricity and
water. The oil used in these plants is a commodity and the only source of income for
Kuwait. Data obtained from MEW show that the total fuel cost in all powerplants is
about 300 million Kuwaiti dinarsin 2001, which is aimost US $900 million.

The analysis of published electric data showed that the growth in electricity

consumption will continue to increase at a rate of 7%-9% in coming years. This
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means that the government needs to invest millions of oil revenues in the
construction of new large-scale cogeneration powerplants. The large growth in
consumption can be contributed mainly to the expansion in new residential areas and

the large subsidies in electricity and water prices at 70% to 80%.

Demand for freshwater has been also rapidly increasing due to the same reasons
mentioned above. The government has been planning to install more MSF cgpacity
to satisfy the growing demand. Figures show that both eectricity and water
consumption profiles are related to the temperature profile. In other words, as

temperatures increase, the consumption increases.

The current situation in Kuwait indicates that the status quo must be reviewed and
changed to be able to produce eectricity and water more efficiently. Efficient
electricity and water production will lead to savings in the use of oil in powerplants,
which can be exported to raise the country's revenues. One low-cost strategy is to
alter or add to the current powerplant configuration using existing and commercially

proven technologies.
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Chapter 3

3. Steam Rankine Cycle

The Rankine cycle is still the most widely used cycle for eectric power generation.
The working fluid is usually steam with the source of heat provided by codl, oil,
natural gas or nuclear fuels. To improve the efficiency and output of the Rankine
cycle, variations to the basic components such as superheat, reheat and regeneration
are added to the simple ideal cycle.

This chapter introduces the basic working concept of the Rankine cycle and possible
variations. A mathematica model is aso introduced for the smulation of the cycle,

and then verified usng data from the DW powerplant.

3.1. Simple cycle with superheat

Figure 3.1 shows the smple Rankine cycle with superheat. The use of superheat
improves the Rankine cycle efficiency by alowing heat addition at an average
temperature higher than using saturated steam only. Superheat aso results in drier
steam at turbine exhaust, which helps in reducing the damage to the turbine blades
(EI-Wakil, 1984).

Superheat is accomplished in a separate heat exchanger caled a superheater located
within the boiler. The combination of boiler and superheater is referred to as a
steam generator (Kojima, 1998; and Moran & Shapiro, 2004). The superheat
temperature (i.e. turbine inlet temperature) is limited due to the endurance of the
blade material of the steam turbine. This temperature cannot be allowed to exceed a
maximum of 560°C from an economic point of view (Badr et al., 1990; and Kojima,
1998).
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Figure 3.1 Simple Rankine cycle with superheat (University of Oklahoma, 2004)

Assuming a steady-flow of a unit mass flow and neglecting changes in kinetic and

potentia energies, the first-law analysis of the Rankine cycle gives:

Heat addition in the boiler =0Q,,=h-h, (3.1)
Turbine work W, =W, , =h,- h, (3.2
Heat rejection in the condenser =qg,,=h-h, (3.3)
Work of feed-water pump W, =wW_,=h-h, (3.4

The compressed liquid water can be treated as an incompressible fluid. The work

input to the feed-water pump can be estimated as:

W, =h - h, =- 6Vdp:vl(p1 - pz) (3.5)

where

v isaspecific volume of the compressed water

The thermal efficiency of the Rankine cycle can be expressed as:
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h, = Whet — Wour |Win| — (hs ) h4)' (hz ) hl) — (hs ) h4)' Vl(pZ ) pl) (3.6)
Uin Uin ;- h, h, - h,
or
|qout| h, - h1
h, =1- =1- 2 3.7
" Uin h, - h, 57

3.2. Steam Rankine-cycle with reheat

To further increase the cycle efficiency, steam reheat is added at the exit of the high-
pressure turbine. In areheat cycle (Figure 3.2), the fed steam is partially expanded
in a high-pressure turbine doing some work, and then it is fed back to the boiler
where it is reheated to about its origind temperature. The reheated steam then
continues expanding through the low-pressure turbine to the condenser pressure. In
practice, the efficiency of the reheat cycle is better than the efficiency of the
superhesat-steam cycle due to the increase in the average temperature at which heat is
added. Another benefit of reheat is drier steam at the turbine exhaust. However,
reheat presents an increased capital outlay in terms of reheater pipework.

Modern fossil-fuelled powerplants employ superheat and at least one stage of reheat.
Some employ two. However, employing more than two stages complicates the cycle
and increases capital cost which is not justified by improvements in efficiency (El-
Wakil, 1984).
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Figure 3.2 Reheat Rankine cycle (University of Oklahoma, 2004)

A disadvantage of the reheat cycle is that the same amount of flow is circulating
through the entire system. The size of the low-pressure turbine stage is, therefore,
considerably larger than that of the higher-pressure stage which results in
disproportionate power output per unit cost (Badr et al., 1990).

Referring to Figure 3.2, the thermal efficiency of the Rankine cycle with single
reheat can be expressed as.

h,, = Whet — Wrp + Wi - |Win| - (hs N h4)+(h5 N he)' (hz N h1) (3.8)
Uin Cing * Qinz (h3 - hz)"'(hs - h4)

Or

hy, =1- |qom| =1- |qom| =1- L (3.9

Cin Uig * Cin2 (h3 - hz)"' (hs - h4)
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3.3. Regenerative steam Rankine-cycle

To further enhance the thermal efficiency of the simple Rankine cycle, regenerative
feed-water heating is used. The initial heating of feed-water in a smple cycle
congtitutes a mgjor irreversibility in the cycle because of the large thermal potential
between combustion product and the liquid water in the boiler. Regeneration solves
this irreversibility problem. In regeneration, steam is bled from the turbine at
selected stages to heat the liquid water before it enters the boiler via heat exchangers
caled feed-water heaters. Modern large steam powerplants employ between five to
eight feed-water heaters (EI-Wakil, 1984).

There are three types of feed-water heaters that are commonly used in modern
powerplants, namely, open type (i.e. direct contact), closed type with drains
cascaded backward and closed type with drains pumped forward.

3.3.1. Open-typefeed-water heater

Figure 3.3 shows a schematic diagram of the regenerative Rankine cycle with one
open-type feed-water heater and the corresponding T-s diagram. In the open-type
feed-water heater, the extracted steam is mixed directly with the incoming subcooled
feed-water to produce saturated water at the extraction steam pressure. In practice,
the liquid water is heated only to a temperature dightly lower than the saturation
temperature to avoid cavitation in the boiler feed-water pump.

Open-type feed-water heaters aso double as dearators because of the breakup of
water in the mixing process liberates the noncondensible gases (e.g. air, O,, H, and
CO,) that can be vented to the atmosphere (EI-Wakil, 1984).

Referring to Figure 3.4(a), the mass and energy balance for the open-type heater can
be expressed as.
Massbaance: m, =m, +m, (3.10)
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Figure 3.3 Regenerative Rankine cycle with an open-type feed-water heater
(University of Oklahoma, 2004)
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3.3.2. Closed-type feed-water heater with drains cascaded backward

Figure 3.5 shows a schematic diagram and the corresponding T-s diagram for a
closed-type feed-water heater with drains cascaded backward. The closed-type
heater is the smplest and most commonly used type in powerplants. It is a shell-
and-tube heat exchanger. In both types of closed-type heaters, feed-water passes
through the tubes and the bled steam, on the shell side, transfers its energy to the
feedwater and condenses. In the case where the drains cascaded backward the
condensed steam is throttled backward to the next lower-pressure feed-water heater
with the condensate of the lowest pressure heater being fed back to the condenser.
Thistype is aso the most common type because no drain pumps are required, which
means reduced running and maintenance costs. However, closed feedwater heaters
are more complex because of the internal piping network, and therefore they require
a higher capital investment. Heat transfer in closed feedwater heaters is less
effective because the two streams do not directly mix (Cengel and Boles, 1994).

The temperature of the feed-water cannot reach that of the inlet steam. A terminal
temperature difference (TTD) of between 4°C and 6°C (often in the order of 5°C) is
practically maintained by the proper design of the heater (EI-Wakil, 1984; and Badr
et a., 1990). The TTD can be defined as the difference between the saturation

temperature of bled steam and the exit water temperature:

TID =T jea - T,

w,exit

(3.12)

From Figure 3.5, the energy baance for the closed-type feed-water heater can be
expressed as.

ylh - h,)=(hy- h,) (3.13)

Referring to the notations used in Figure 3.4(b), the above equation can be written as

follows:
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rr(h - hdrajn) = (hout - I’1n) (314)

3.3.3. Closed-type feed-water heater with drains pumped forward

This type of heaters avoids throttling but adds complexity to the cycle because of the
use of drain pumps. The drains are pumped forward to the main feed-water line by
the pumps. A certain degree of subcooling should be guaranteed for the trouble free
operation of the drain pumps. For illustration of this cycle, we can refer to Figure
3.5. The only difference is that there will be a feed-water pump to pump the drains
of this type of heater forward to the main feed-water line. The forward-type is
commonly used as the lowest-pressure heater in an all-cascaded system, which
prevents the throttling of the combined cascaded flows to the condenser pressure

where energy will be lost to the environment.

Qin

Trap (Throttling Device) 5

(a) Schematic diagram (b) T-sdiagram

Figure 3.5 Regenerative Rankine cycle with one closed-type feed-water heater
(Drains cascaded backward) (University of Oklahoma, 2004)

36



3.3.4. Selection of feed-water heaters

In general, the choice of feed-water heater type to be employed depends upon design
optimisation, practical considerations, effectiveness and cost. But, there are features
that are common for most steam powerplants. One open-type feed-water hesater,
which is aso used as a dearator, is frequently employed in fossil-fuelled
powerplants. The dearator is usually fed with steam at intermediate pressure (e.g.
around 800 kPa in Kuwaiti powerplants). The closed-type with drains cascaded
backward is the most common and it is usually used before and after the open-type
heater. One closed-type feed-water heater with drains pumped forward is used as
the lowest-pressure feed-water heater to pump all the accumulated drains back to the
main feed-water line (EI-Wakil, 1984; and Badr et a., 1990).

3.3.5. Assigning extraction-pressure levels

Optimum selection of the extraction-pressures from the turbine can be done by
complete optimisation of the cycle. There is, however, a smple selection technique
that is employed in practice, which helps in achieving maximum increase in
efficiency. Equal temperature rises are to be achieved in the feed-water heaters,

with an optimal temperature rise per heater, expressed as:

DT = (Ts )B - (Ts)c (3_15)

where
(Ts)s : the saturation temperature of the steam at the boiler pressure

(Ts)c : the saturation temperature of the steam at the condenser pressure
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3.3.6. Effectsof Boiler and Condenser Pressure

Operating boiler pressure in modern powerplants can be as high as 30 MPa (Cengel
and Boles, 1994). Increasing the boiler pressure and decreasing the condenser
pressure, principaly, improves the thermal efficiency of the simple Rankine cycle.
However, the condenser pressure is less influential (Badr et a., 1990). Raisng the
boiler pressure increases the average temperature of heat addition. But, it will also
increase the wetness of the steam at the turbine exhaust, which has a negative effect
on the efficiency. Also, increasing the boiler pressure will increase the required
pump work in order to pressurise the feed-water (Kojima, 1998).

Utilising the condenser pressure as a parameter to improve the efficiency of the
cycle has limitations. Condenser pressure is a function of the temperature of
available cooling medium for heat regjection. In practica cycles, the condenser
pressure ranges from 3.5 MPawith wet cooling (i.e. cooling tower) to 12 MPawith
dry cooling (i.e. air-cooled condenser) (Kojima, 1998). Other practical constraints
against lowering condenser pressure are the increase in steam wetness in turbine
exhaust and the increase in steam specific volume. Increased wetness tends to
increase erosion of the turbine blades. An increase in specific volume implies higher
volume flowrate through the condenser. The higher volume flowrate requires a
larger pump and larger work input to the pump. Hence, thisleads to loss of available
energy produced in the powerplant (BEI, 1991).

3.4. Review of Process M odelling M ethods

Modelling refers to formulating a set of equations that describe mathematically any
industrial process under consideration. In the smulation phase, the formulated
mode is solved using a suitable solution procedure, by employing the values of
input process parameters (i.e. independent variables). Typically, ssimulation is done
usng a computer. A process termed computer-aided smulation. The goals of

modelling and simulation in the process industry include improving and optimising
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designs, developing better insight into the working of the process and ultimately

leading to the optimal operation and control of the process.

In plant simulation, the individual process units are represented separately, and they
are coupled together by utilising the mathematical relationships among process
variables. These relationships define the physical laws, material, energy and
momentum balances, in the form of a set of generally nonlinear, algebraic and
differential equations. The mode should reflect al the important features of the
process and it should not be too complex to become unmanageable for computation
(Al-Shayji, 1998). The details of the mathematica model, aso, depend upon the
aim it has to serve, and at the same time the availability of the necessary information

to support the model.

A smplified model is sufficient when the aim is preliminary checking of heat and
material balances. However, a more rigorous model is required for in-depth studies
(Husain et al., 1993).

There are two types of process models, namely:
Steady-state models; and

Dynamic models

Steady-state models are mainly used for design purposes as well as for parametric
studies of existing plants to evaluate their performance and optimise operating
conditions. On the other hand, dynamic models, which are time-dependent and
contain differential equations, are used for start-up or shut-down conditions (i.e.

unsteady-state operation) and for control purposes.
In the current work, steady-state modelling of the steam cycle and M SF processes is

utilised since the purpose of the study is the analysis and performance maximising

of existing dual-purpose plants currently operating in Kuwait.
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3.5 Classification of solution methods

There are two basic approaches for solving the system of nonlinear equations with
recycle loops, namely:

Modular approach; and

Equation-oriented or global approach

A third approach which is a hybrid of these two basic approaches and incorporating
an iterative procedure may be used. The two basic solution methods are briefly
described in this section.

A. Modular Approach

The modular approach involves grouping equations and constrains for each process
unit into a separate computationd module. Each module calculates values
corresponding to the output streams for the given input parameters for that process

unit.

There are two ways of solving the process unit equations under the modular
approach, they are:
Sequential method; and

simultaneous modular method

The sequential method (i.e. stage-by-stage approach in MSF simulations) involves
carrying out cal culations from module to module, starting with the feed streams until
products are obtained (Husain, 1986). Since the MSF system includes a recycle
loop, partitioning and tearing of recycle streams is used to solve the system of
equations.  Partitioning involves breaking the system equations according to a
solution strategy where each equation can be used to solve for a single variable
sequentially. Whereas, tearing involves assigning values to the unknown variables

at certain points. Then, an iterative procedure is used incorporating a suitable



convergence enhancement method to reduce the difference between the previous and
current calculated values of the torn variables within a pre-assigned tolerance
(Ramirez, 1997 and Husain et al., 1993).

The simultaneous modular method is similar to the sequential method in that the unit
modules calculate outputs for given inputs and specified equipment parameter
values. However, the main difference is that for each output value an additional
module, which approximately relates each output value by a linear combination of
all input values, has to be developed (Ramirez, 1997 and Husain, 1986).

The sequential method may be easy to use and seems more natural in solving the
problem. However, it lacks convergence and stability. So, a combination of the
sequential and simultaneous methods is used. In this combined method, the
equations associated with arecycle loop are solved smultaneously. These nonlinear
equations are suitably linearised. The work by Helal et al. (1986) uses the
Tridiagonal matrix (TDM) method to achieve linearization for the MSF process.
This method takes advantage of the special structure of the linearised model
equations to decompose the large system of equations into a number of subsystems

which are grouped according to the type of variables rather than the stage location.

B. Equation-Oriented Approach

In the equation-oriented or global approach, the mathematical model of the steady-
state process is organised and handled as one large global set of equations
representing the entire process, and then solved simultaneoudy. Because this
approach analyzes all the equations representing the entire process, it takes full
advantage of the specific features of the equations which are ignored in the modular
approach (Husain, 1986). The advantages of the equation-oriented approach can be
summarised as follows (Barton, 2000):
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It is much more efficient. No repeated passes through the flowsheet and nested
convergence at unit operation level are needed as in the sequential modular
approach.

The artificial distinction between simulation and design specification set is
removed. Hence, for design problems in particular, the equation-oriented
approach is much more efficient.

It is much easier to extend the mode library and modify existing models.

The computer code can be readily extended to other calculations such as
dynamic smulation or flowsheet optimisation.

Diagnosis of certain errorsin problem formulation is much easier.

However, there are some disadvantages for the approach (Barton, 2000):

The genera purpose solvers based on the equation-oriented approach are not as
robust and reliable as those for the sequential modular approach.
This approach makes a large demand on computer resources, particularly

machine memory.

3.6. PreviousRankine-cycle modes

Chakraborty and Chakraborty (2002) developed a mathematical model for the
simulation of power and process cycles. The model can be gpplied to both pure
power cycles and to cogeneration plants. In their research, Chakraborty and
Chakraborty (2002) used the equation-oriented solution method over the sequential
method to solve the set of equations due to its flexibility and minimised
requirements of computer speed and memory. Their model is based on the steady-
state mass and energy balance laws for each component in the system (object-
oriented modelling), after which the components are linked together by identifying
the inlets and outlets and number them. Finally, the model is implemented using
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C++ programming language because, as the authors clam, it is capable of
supporting data structures and user-defined data.

The work of Lu et al. (1995) describes the powerplant dynamic and steady-state
simulation toolbox called Power Plant Analyser. The toolbox is based on the object-
oriented modelling method using C and C++ programming languages, and is
connected with the Matlab graphical toolbox Smulink (i.e. uses icon based objects
and components). Thermodynamic properties of sseam and water are estimated
using the 1967 IFC formulations, which the authors claim, are suitable for accurate
digital calculations. Fruehauf and Hobgood (2002) also utilised Simulink to perform
dynamic simulation of a steam based plant with cogeneration. The aim of their
research was to test the control strategy of the plant and to develop initial tuning
constants. From their point of view, Fruehauf and Hobgood (2002) state that
Simulink has the advantage of dealing with explicit eguations, is proven
mathematically, and is a robust software.

Uche et al. (2003) aso developed a software for the design and analysis of
powerplants, but with the aim of filling the gap in the research and education sectors
for auser-friendly object-oriented software. The software is a multi-platform, Java
language oriented program compatible with windows, OS, Linux and Mac. The
authors list the following functions of the software:

Graphical design of plant layouts

Cdlculation of mass and energy balances

Thermo-economic analysis

Parametric calculations

Uche et a. (2003), however, do not discuss the flexibility and accuracy of the
developed program in their published work. The paper discusses only a case study
showing the different features of the software.



The work of Badr et al. (1990) and Habib et al. (1995 & 1999) analysed the Rankine
cycle more extensively. In their research, Badr et al. (1990) developed a program in
Basic programming language to simulate and analyse the performance of the
Rankine-cycle powerplants. It also estimates the thermodynamic properties of steam
and water. The am of their research is to utilise the developed program for
predicting the optimal design and operating conditions of a proposed Rankine-cycle
system for different applications. In their work, Badr et a. (1990) first validated the
formulation used to estimate the thermodynamic properties, after which they
concluded that the formulations are accurate enough to be used for engineering
applications. The developed thermodynamic formulations were used in their model

to modd and predict the performance of the different types of the Rankine cycle.

On the other hand, the main aim of the work by Habib et al. (1995 & 1999) is to
optimise the reheat pressures in Rankine-cycle based therma powerplants. To
achieve that, they use first-law and exergy analyses. Although the procedure isin
general form, it is applied specifically for a thermal powerplant having two rehest
pressure levels and two open-type feedwater heaters. Results of the model developed
by Habib et al. (1995 & 1999) are not compared to other actual or simulation data to
show how accurate the procedure is. They aso do not provide details of the

formulations used to estimate the thermodynamic properties of water and steam.

Some researchers utilise commercialy available modelling softwares to analyse the
performance of sseam powerplants. In their work, Kamal and Sims (1995) used the
softwares Steampro and Gatecycle for different powerplant configurations to
determine heat rates and energy requirements. The authors, however, do not include

an assessment of the softwares they used in their research.

3.7. Summary of modelling methods

Literature concerning the analysis of powerplants shows that researchers use mainly

two methods to model and simulate the system. They commonly develop their own



formulations and programs or they use commercially-available simulation softwares
to study powerplants. It can be concluded also that the programming languages used

are diverse, and this means that the simulation of powerplants is flexible.

This review shows that the literature available in the subject of modelling and
simulation of steam powerplants does not contain abundant research that is both
thorough and extensive. Most researchers tend to concentrate on describing the aims
of their work and publishing the results of case studies. The main aim of this current
research is to model and analyse the performance Rankine-cycle based steam
powerplants. Hence, the work of Badr et a. (1990) is the most suitable guide for this
research because it includes validated formulations for the properties of steam and
water and it studies the different configurations of the steam Rankine-cycle in a

most logical and thorough way.

3.8. Thermodynamic propertiesof steam and water

In order to model and analyse the Rankine cycle employed in modern steam
powerplants, steam properties a each specified state point are required. As
summarised previoudly, the formulations for estimating water and steam properties
in this report are based on procedures reported by (Badr et d., 1990).

Estimation of water and steam properties and Rankine-cycle caculations are carried
out usng MATLAB version 6.5. The equation-oriented approach is utilised for the
process modelling. However, the subroutines for each unit operation are solved
sequentially. Each unit operation is represented by a subroutine that calculates

outputs associated with given inputs and parameters.

3.8.1. Superheated steam region

Correlations for estimation of specific enthalpy, specific entropy and specific

volume as functions of temperature and Pressure were presented



by Schnackel (1958).
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For steam powerplant applications, however, properties as functions of p, hor p, s
are usually required. In MATLAB, the function, fzero, can be used with the above
equations to find the unknown temperature which in turn can be utilised with the
known pressure to find the thermodynamic properties of interest. The function
fzero, simply, finds the root of a given equation. It is a simple practical alternative
to various iteration techniques that are used for the calculation of thermodynamic

properties.

3.8.2. Saturated steam line

Up to a maximum temperature of 441K, the saturation pressure can be estimated as

afunction of temperature by using Antoni€'s vapour-pressure correlation

In pe = 23.196452 - 01044 (3.20)

T- 46.13
For 441K £ T 3 647.3K, the Harlacher and Braun vapour-pressure correlation

In pg =60.228852 - 6869.5

- 5.115InT +7.875° 10° P8 (3.21)
T2

47



When using Equation (3.21), the saturation pressure can be estimated by using a
suitable iteration procedure. However, MATLAB's fzero function is a smpler way

of calculating the saturation pressure from a given saturation temperature.

Estimation of the saturation temperature as a function of the pressure, instead, is
done by using the backward equation developed by the International Association for
the properties of Water and Steam (IAPWS) (Wagner et al., 2000), which is valid
for the pressure range that the equation coversis 611.213 Pa£ p 3 22.064 M Pa.

Ts — Ny + D- [(nlO + D)2 B 4(”9 + nloD)]O.5
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The coefficients n; of Equation 3.22 are listed in Table 3.1.

Specific enthalpy, specific entropy and specific volume for saturated steam can be
estimated from Equations (3.16), (3.17) and (3.18) as functions of the temperature

and the corresponding saturation pressure.



Table 3.1 Coefficients of Equation (3.22)

n;

0.116 705 214 527 67x10°
-0.724 213 167 032 06x10°
-0.170 738 469 400 92x10°

0.120 208 247 024 70x10°
-0.323 255 503 223 33x10’

0.149 151 086 135 30x10?
-0.482 326 573 615 91x10*

0.405 113 405 420 57x10°

-0.238 555 575 678 49

0.650 175 348 447 98x10°

P OO~NOOTEA, WNPR|IT

o

3.8.3. Saturated water line

The specific enthalpy of the saturated liquid water can be calculated as a difference
between the specific enthalpy of saturated steam and the latent heat of vaporisation
at the same temperature. The latent heat can be estimated as.

For 450K £T 3 647.3K

T 60.354 ﬁ T 60.456
Dh. =2115173381- — 2  +1125343981- — = 3.24
2 3‘? 64739 98 647.3g (3.24)
For 373.15K £ T 2 450K
a +C 0.35298 O
where
¢ =1.36154672073 T ¢ (3.26)

e T g
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For T < 373.15K, the specific enthalpy of saturated water can be estimated as

h =41868(T - 273.15) (3.27)

The specific entropy of saturated liquid water can be estimated in a Smilar way to
that applied in evauating its enthalpy

a (3.28)

If the normal-boiling point is adopted as the reference state, the equations for
estimating the required specific volume take the form

=3.104304" 10°°V(1- 0.344G) (3.29)

where
For T£518K

V =0.33593- 5.2453267 10 *T +3.6263003 10°T?
- 74667901 10°°T* +6.346708 10 “T* (3.30)

For 518K < T < 647.3K

T oo'5 T 0
V =1+0.5645828:1- ———= In :
%ﬁ 647.3g gi 647.3g

2

- 0.50879c1- ——=- 0.915 -— 3.31
g(aﬁ 34(? 647.3g (3:31)
G=0.29607- 1.3973428 10T - 1.1556161 10 'T? (3.32
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3.8.4. Compressed water region

The specific enthapy of compressed liquid water can be assumed to be equa to that
of saturated water at the same temperature with a satisfactory degree of accuracy if
the difference between the actual and the saturation pressures is quite small (El-
Wakil, 1984).

The specific entropy of compressed liquid water can be estimated by considering it
as an incompressed fluid (ElI-Wakil, 1984).

s=s +4186.8In Tl (3.33)

S
where

s, : specific entropy of the saturated liquid water at the same temperature.

T, : saturation temperature of the saturated liquid water at the same pressure.

The specific volume of the compressed liquid water can be estimated as a function

of the specific volume of the saturated water at the same temperature

Vi

" resarest 10°N(p- po)” (539
where
v, : specific volume of saturated liquid water at the same pressure
N = O.69384exp{6.9547- 0.1178519 +4.5658052 10“T?
- 7.50449588 10T +4.7142686 10°T* } (3.35)
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3.8.5. Accuracy of the estimated properties

To assess the accuracy of the values of properties of water and steam estimated by
employing the developed code, the results are compared with published steam tables
by Keenan et a. (1969) and ChemicalLogic Corporation (2003). The steam tables
produced by ChemicalLogic Corporation are based on the IAPWS-95 formulation.
The method used for estimating the accuracy of the evaluated property (t) is the

percentage difference, which is defined as

a -t .0
%Difference= g- =™ PRI = 100 (3.36)
T ubiished I

Tables 3.2, 3.3 and 3.4 list the predicted accuracies of the caculated properties of
superheated steam, saturated steam and saturated water, respectively. The results
show that the maximum difference is 7.24% for the specific volume of saturated
water. Otherwise, most of the data range is below 5%. This means that the
formulations used in this research to estimate the thermodynamic values of steam

and water are acceptable and accurate for the analysis of the steam Rankine-cycle.

Table 3.2 Ranges of percentage differences for the properties of superheated
steam (p=0.1MPato 28.0MPa, T=100°C to 900°C)

Property % difference _% difference
(Keenan et al., 1969) (ChemicalL ogic Corp., 2003)

h 0.01-3.48 0.04-3.39

S 0.00-2.83 0.00-0.25

v 0.00-5.73 0.00-1.12

Table 3.3 Ranges of percentage differences for the properties of saturated steam
(T=29°C to 175°C)

Property % difference % difference
(Keenan et al., 1969) (Chemical ogic Corp., 2003)
hg 0.01-0.31 0.04-2.87
S 0.00 —0.06 0.00 —0.05
Vg 0.00 —0.05 0.00 —0.02
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Table 3.4 Ranges of percentage differences for the properties of saturated water
(T=29°C to 175°C)

Property % difference % difference
(Keenan et al., 1969) (Chemical ogic Corp., 2003)
by 0.02-2.28 0.01-7.18
S 0.17-0.67 0.14-0.69
\ 0.20-4.86 0.19-7.24

3.8. Validation of Rankine-Cycle Mathematical Procedure

Figure. 3.6 shows a flow chart for the code developed to analyse a regenerative
Rankine cycle with multiple feed-water heaters. To validate the computer code
developed for the different types of Rankine cycles, a comparison with an actual
powerplant is made. The selected plant for the comparison is a fossil-fuel fired
powerplant in Kuwait. Figure 3.7 shows the heat balance diagram for the powerplant
in power-only mode with a power output of 300MW per steam-turbine set (Darwish,
2001). However, it is normally a steam Rankine-cycle based dual-purpose (i.e.
cogeneration) plant producing electricity and desalted water. Table 3.5 lists

operating parameters of the powerplant.

In order to simplify the calculations performed via the developed code, certain
assumptions are made that do not necessarily resemble the actual operation of the

powerplant. Assumptions made are:

Each component is at steady state.
Except the turbines and the pumps, al other processes are internally reversible.

Kinetic and potential energy effects are negligible.

o 0o T o

Pressure drop in pipes and jointsis negligible.
e. Steamisbled only to the feed-water heaters.

53



Py Te, B, Ty, Pontn e, DG

Cdadae
ha HPturbing LPturbine, condenser
sa inlet of theturbines

.

Feadhwater heater Cdaul i

Input number of hegters

|
A 4 A 4
Arbitrary Pressurel nput Optima TemperatureRise
Enter Enter
Typed hedter, extraction presaure) typeof hegters
Cdadae Input (}X_T_jae Input
Tirate Teit DGy, TID Tivotle Tedt TTD, DG,

Cdculae
Extration pressure

;
Quiput Cdadae
Wi, Wi, Wy hat echstate point of the heaters
A

Qutput
W, W, Wit

Figure 3.6 Flow chart for a computer program to estimate the performance of a
regenerative Rankine cycle with multiple feed-water heaters.

From the available operating parameters, thermodynamics properties for the
regenerative Rankine cycle are caculated for each state point. One method of

evaluating the developed computer codeisto compare the actual specific output in



Table 3.5 Operating parameters of a Kuwaiti regenerative

powerplant
Par ameter Value
Output (MW) 300.00
No. of feed-water heaters 6
Boiler mass flow rate (kg/hr) 261.04
Turbine efficiency (%) 84.32
HP turbine inlet pressure (bar) 139.00
HP turbine inlet temperature (°C) 535.00
Rehesat Pressure (bar) 36.70
Reheat Temperature (°C) 535.00
Condenser pressure (bar) 0.085

kJ/kg with the estimated one. Actua specific output can be estimate from

s 1n3
W, = QUput 3007 20°(KW) _ 114 ey i
h 261.04(kg/s) (337)

The estimated specific net-work is calculated from the difference between the work
of the turbines (wr) and the pumps (wpg), which is equal t0115330kJ/kg. Using
Equation 3.36, the difference between actual and estimated values is 0.35%, which
is very minor considering the assumptions listed above. However, the estimated
output will change when the optimal temperature difference criterion is used to
calculate the level of extraction pressure. The specific work output when using the
estimated optimal extraction pressures is1054.00kJ/ kg, which is lower than the
output when using actual extraction pressures for the powerplant. However, the
thermal efficiency changes from 42% in the case of actual pressures, to 44% for

optimal extraction-pressure input.
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Figure 3.7 Heat balance diagram of steam powerplant in Kuwait operated in power-only mode
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3.9. Conclusions

The steam Rankine cycle was studied, analysed and modelled in this chapter. The
different types of the steam Rankine cycle were first discussed, however, the
regenerative cycle with reheat is the one commonly employed in modern
powerplants. Hence, the main aims of this chapter are to model and smulate this
cycle. To successfully predict the performance of the steam cycle, a mathematical
procedure for estimating the thermodynamic properties of steam and water was aso

developed and presented in this chapter.

The estimated values of the thermodynamic properties of steam and water were
compared with other published data to validate the developed formulations. The
comparison showed that the mathematical procedure is sufficiently accurate to be
used in this research. The results of the model describing the regenerative Rankine
cycle with reheat were compared with an existing steam powerplant currently
operating in Kuwait using the heat balance diagram of the powerplant. Comparison
of estimated and actual net power outputs of the plant resulted in a difference of
0.35%. This means that the developed mode is accurate enough to be used in this
research. The next step is to link the program developed in Matlab to the other

programs simulating other processes and obtain performance results.
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Chapter 4

4. Seawater Desalination Processes

Rapid progress and decreasing cost of desalination makes it the major contributor to
freshwater supplies in the world today (Ettouney et a., 2002). There are many
different desalting processes used around the world currently, but the most
researched and practically-used technologies are distillation and membrane
processes. Distillation (i.e. evaporation) processes include multi-stage flash (MSF),
multiple-effect distillation (MED) and vapour compresson (VC). Membrane
technology includes reverse osmosis (RO) and electrodialysis (ED). Other
processes include freezing, membrane distillation and solar humidification, but these
are not yet successful commercially (Johansen et al., 1995; Buros, 2000; and
Ettouney et al., 2002).

Evidence from different studies show that the most widely used large-scale seawater
desalination techniques in the world in genera and the Middle East pecifically are
MSF and RO (Al-Sahlawi, 1999; Cardona et a., 2002; and Ettouney et al., 2002).
According to the International Desalination Association (IDA) inventory of the main
desalination technologies used in the world in 1998, MSF and RO make up 86% of
the installed desalination capacity (Buros, 2000). 44.1% of total MSF and RO
world-wide capacity is installed by the Member states of the GCC (DESWARE,
2003). Figures 4.1 and 4.2 show the dominance of MSF and RO over the other
desalination processes. In Kuwait, MSF continues to be the only technology used
for seawater desalination since it was first introduced in 1956 (El-Saie, 1993), and
the Kuwaiti Government has no plans to abandon this technology in the foreseeable
future. However, RO desalination process may be introduced may be introduced in
the future (MEW, 2002b).

In recent years MED and VC desalination processes have been developing and are

becoming more commercialy popular, but only for smal and medium capacities
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(Rautenbach, 1993; Wade, 1993; and Buros, 2000). Since Kuwait depends on
desalination for most of its freshwater needs, large capacity desalination units are
needed to satisfy the growing demand. As far as ED process is concerned, it is
normally used for desalination of brackish water (Johansen et al., 1995; and Buros,
2000).

The above literature review shows that MSF and RO the most used, commercially-
successful and technically-proven large-scale desalination systems. Hence, these two
systems are analysed in this research and incorporated with the mathematical models
to find the most suitable configuration for a hybrid powerplant.

The chapter includes a detailed description and analysis of multistage flash
desalination (MSF) and reverse osmosis (RO) desdination technologies. Section 4.1
presents the basic description of the MSF system and the steady-state mathematical
model describing the M SF process developed for this study. It will also cover the
different solution methodologies of the steady-state MSF modd used by different
researchers. Then, the most suitable solution method for this study will be
presented.

apor
Multi-Effect Compression
4% 4%

Muti-Stage
Flash
44%

Electrodialysis 6%

Reverse Osmosis 42%

Figure 4.1 Desdination capacity by process as percentage of total
world-wide capacity in 1998 (Buros, 2000)
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Figure 4.2 Installed capacity in the 10-year period 1987 to 1997
(Buros, 2000)

Section 4.2 introduces the RO process and its components. The section also includes
details of the energy requirements of the RO desalination plant that are published in
literature. Finally, the energy consumption of the RO system per unit product is
estimated from apilot RO plant operating in Kuwait.

4.1. Multistage Flash Desalination

Multistage stage flash (M SF) desalination is the only method used in Kuwait to
process seawater into potable water for everyday use. It isinstalled within the
powerplants to make use of the steam raised for the steam turbines, where the
combination of the two systemsis called a cogeneration or dual-purpose plant. To be
able to study and analyse the operation of the M SF plant, a mathematical model

must be used.

4.1.1. Process Description

The basic idea of the MSF distillation process is to evaporate seawater and then
condense it to produce salt-free (distilled) water. Seawater is fed to a flash chamber

(i.e. evaporator) with a pressure lower than the saturation pressure, which causes the
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flashing process. The steam then condenses when it passes through the condenser

tubes to a saturation temperature at the chamber pressure.

Figure 4.3 illustrates the MSF desdination plant. The MSF plant is divided into
three sections: heat input (i.e. brine heater), heat recovery and heat rejection. Each of
the heat recovery and rejection sections contains flashing chambers or stages. The
number of flashing stages in the heat rejection section is commonly limited to three.
On the other hand, the number of flashing stages in the heat recovery section varies
between 21 and 40. In addition, the plant contains pumping units, venting system
and cooling water control loop. These different plant sections involve six man
streams: intake seawater, rejected cooling seawater, distillate product, rejected brine

(i.e. blowdown), brine recycle and heating steam.

Seawater is introduced into the inside of the preheater (i.e. condenser) tubes of the
last flashing stage in the heat rejection section. Similarly, the brine recycle stream is
introduced into the inside of the preheater tubes of the last flashing stage in the heat
recovery section. The flashing brine flows counter to the brine recycle from the first
to the last flashing stage.

The saturated heating steam with a temperature range of 97-117°C drives the
flashing process. The heating steam flows on the outside of the brine heater tubes
and the brine stream flows on the inside of the tubes. As the heating steam
condenses, the brine stream gains the latent heat of condensation and its temperature

reaches the desired top brine temperature (TBT).

The hot brine enters the first flashing stage, where a small amount of product vapour
is formed. The flashing process reduces the temperature of the unevaporated brine.
The temperature reduction across the flashing stages is associated with adrop in the
stage pressure, where the highest stage pressure is found in the first stage after the
brine heater and the lowest pressure is that of the last stage. A vacuum is applied to

the flash chambers by steam ejectors to generate the progressively reducing pressure
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through the evaporators. Also, the minimum pressure and temperature in the last
stage are fixed by vapour volume and heat rejection considerations. The pressure
drop across the stages alows for brine flow without the use of interstage pumping

units.

In each stage (Figure 4.4), the flashed off vapour flows through the demister, which
removes entrained droplets of unevaporated brine. The vapour then condenses on the
outside surface of the preheater/condenser tubes. The condensed vapour collects
over the didtillate trays across the flashing stages to form the final product water,
which is approximately at 40°C. The condensation process releases the vapour latent
heat, which is used to preheat the brine recycle stream in the heat recovery section.
The same process takes place in the preheater tubes in the heat rejection section.
Thisresultsin an increase in the seawater temperature to a higher value, equal to the
temperature of the flashing brine in the last stage of the heat rejection section. The
intake seawater stream leaves the heat rejection section, where it splits into two
streams. The first stream is the cooling seawater stream, which isrejected back to the
sea, and the second is the feed seawater stream, which is mixed in the brine pool in
the last flashing stage in the heat rgection section (Johansen et al., 1995; El-
Dessouky et d., 1999; and Buros, 2000).

Additiona units in the desdlination plant include pre-trestment of the feed and
intake seawater streams. Treatment of the intake seawater is limited to simple
screening and filtration. On the other hand, treatment of the feed seawater is more
extensive and includes deaeration and addition of antiscalant and foaming inhibitors
(El-Dessouky et al., 1999). To reduce the chemical treastment cost, 75-80% of the
brine is recirculated, and only the make-up seawater is chemically treated (Johansen
et a., 1995). Other basic units in the system include pumping units for the feed

seawater, brine recycle and brine blowdown.
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Figure 4.3 Schematic diagram of a M SF desalination plant (Al-Shayji, 1998)
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4.1.2. Review of previous modelling work

Because of its simplicity and robust nature, the stage-to-stage solution approach is
the most widely method used by researchers to solve the steady-state M SF process
equations in analysis and optimisation studies (Glueck and Bradshaw, 1970; Beamer
and Wilde, 1971; Babrbaet al., 1973; and Montagna et al., 1991).

The mathematical mode presented by Glueck and Bradshaw (1970) is one of the
first models specifically developed for MSF performance evaluation rather than
design dtudies. They divide the single flashing stage into four compartments,
namely, brine pool, vapour space, product tray (i.e. distillate) and tube bundle.
Differential equations with supporting thermodynamic correlations are constructed
to describe the behaviour of system variables in each section for al flashing stages.

To obtain a steady-state model, zero values are assigned to all the derivatives.

The steady-state model obtained by Glueck and Bradshaw (1970) comprises eight
nonlinear algebraic equations. The model is solved by a nested and iterative stage-
by-stage method utilising the Newton-Raphson procedure to accelerate convergence.
The model is described by the term “nested” due to two facts. One is because of
countercurrent flow in the stages. The other is due to nonlinearities and dependence

of physical properties on temperature, pressure and salinity.

The Newton-Raphson method was also used by Hayakawa et a. (1973) to obtain
speedy and accurate solutions from a simulator which uses graphic representation to
solve the large number of interrelated variables of M SF desalination process. Each
stage is divided to 3 streams, namely, flashing brine, distillate and recycle streams.
Solution of the model commences from the hot side of the plant. This model was
developed to obtain the necessary information for determining the fouling factor as a
design value and the most suitable partial load operation curves. However, the

model can be adopted to study other parameters of the M SF process.



Barba et a. (1973), on the other hand, first solved a smplified steady-state model to
establish the quantity of heat supplied to the brine heater and the cooling water
temperature at the rejection section outlet as the initial guesses. A rigorous model
was then initialised starting with the hot side. The rigorous mode included two
major loops. In an inner loop, the reject cooling water temperature was adjusted
iteratively and computations were performed on the different rejection stages until
the computed feed temperature matched its specified value. A guess for the heat
input to the plant was made prior to the start of the inner loop and stage-by-stage
calculations of the heat recovery section were performed. After completing inner-
loop calculations, the outer loop is engaged by performing a check on the overal
enthalpy (i.e. energy) baance for the whole plant. Computations were terminated if
the overall enthalpy balance was satisfied. If not, the guess of the heat input to the
plant was updated and calculations repeated. The model converged in two iterations

with arunning time of 25 seconds for every simulation.

In his work, Helal (1985) presented an extensive review of work carried out in the
area of simulating the M SF desalination process and presented a unique method for
solving the set of non-linear equations of the M SF system developed from reviewing
past studies. In hisliterature review, Helal (1985) pointed out that some researchers
developed approximate models assuming constant physical properties, heat transfer
coefficient and temperature drop in all stages. These simplifying assumptions
always result in a reduction in the number of equations to be solved. He concluded
that these simple models are useful to initialise more rigorous calculations and for

preliminary design evaluations.

Helal (1985) developed a Tridiagonal Matrix (TDM) algorithm. In the TDM
method, iteration variables are updated simultaneously for each computational loop.
The model equations were linearised to take advantage of the special structure of the
equations to decompose the large system of equations into a number of subsystems
which were grouped according to the type of variables rather than stage location.
The direct substitution method was used to modify the flashing brine temperature for
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the performance calculations. The simultaneous approach used in the algorithm
minimises loop nesting. This solution approach presented by Helal (1985) can be
categorised under the global approach (i.e. the simultaneous solution of the complete
set of equations). The main features of the developed TDM algorithm are its high

convergence stability, reliability and flexibility under different case scenarios.

The TDM algorithm was also used by Fathalah (1995) and Husain et a. (1993 &
1994) for the assessment of both dynamic and steady-state simulation of the MSF
process. The agorithm by Husain et al. (1993 & 1994) represents a more realistic
Situation by feeding seawater directly to the last rejection stage. On the other hand,
Helal (1985) assumed that a separate mixer for combining makeup and recycle
streamsiis used.

In the TDM model by Fathalah (1995), calculations were initiated at the hot side of
the plant for a given TBT and seawater temperatures, and it proceeded iteratively
with calculations of flashing brine temperature rather than the brine recirculation
temperature. To solve the governing equations, the Nachtsheim-Swigert iteration
method was used. The author concludes that comparison of model output with actual
data for atypical plant was satisfactory.

Husain et al. (1993 & 1994) also utilised the commercial package SPEEDUP to
model stead-state operation of the MSF process. SPEEDUP is an equation oriented
flowsheeting software which has the capability for both stead-state and dynamic
simulations. The basic features of the software are (Husain et al., 1994):

Starts with a user-defined or built-in global set of equations.

Performs local linearization of the nonlinear equations by generating partial
derivatives.

Carries out symbolic manipulation by PASCAL routines and they then generate
FORTRAN sub-program to calcul ate derivatives.

Decomposes the global set of equations by re-ordering them to a block triangular

form.
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Results from both TDM formulations and SPEEDUP package show close agreement
with actual M SF plant data.

SPEEDUP commercial package was also used by Al-Shayji (1998) to smulate both
steady-state and dynamic situations of the MSF process. She concludes that results
from the package show excellent agreement with actual plant data. The package is
flexible at various levels of complexity but it is not suitable for day-to-day
simulations of a desalination plant because input preparation for the package takes a

large amount of time which may lead to convergence problems.

IPSEpro is another commercial simulation tool used utilised by Schausberger et al,.
(2003) for the simulation of a cogeneration plant that includes the M SF desdination
process. It is an equation-oriented simulation tool designed for power engineering
applications. The package consists of the following two parts (Schausberger et al.,
2003):

Process simulation environment (PSE)

Model development kit (MDK)

PSE is the flowsheeting tool, where the user defines the process graphicaly via
mode library icons. At the same time, PSE creates the underlying system of
equations which are then solved by the simulation engine.

Schausberger et al. (2003) vaidated the model developed in IPSEpro using
published data on MSF plant performance in literature, which showed good

agreement.

Bourouis et al. (1995) utilised a global (i.e. equation-oriented) approach to simulate
the MSF process. In this approach, the variables and equations were grouped into
subvectors and subsystems, each of which is associated with a plant unit. To

initialise the solution, the temperature of the brine leaving the brine heater and the
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freshwater production flowrate were specified. To solve the linearised set of
equations, they employed the Gaussian elimination method followed by an inverse
substitution with a local search of the pivot. They reported that the advantages of
the suggested approach are high speed convergence and ease of manipulation of
specification equations.

El-Dessouky and Bingulac (1996) presented an agorithm for solving the steady-
state model of the MSF process. The developed model can be used either for
designing new plants or analysis and optimisation of existing plants. The steady-
state model was solved using a one-dimensional fixed-point iteration and was
implemented using the computer-aided design iterative package LAS. To solve the
model, all eguations were grouped according to stages and then the relations
between variables in successive stages were established. Finally, equations

describing a single stage were divided into the following three groups (i.e. subsets):

Brine following through the brine pre-heater;
Non-evaporating brine flowing through the flash chamber; and

Mass of vapour formed.

Each group of these eguations can be expressed as a single nonlinear equation with
only one variable. The authors concluded that the main advantages of this method
are:

Less sensitivity to initial guesses,

Lessiterations to obtain the required solution;

No need for calculating derivatives, and

Flexibility in changing any design value.

Continuing their extensive research in modelling of desalination processes, Ettouney
(2004) and Ettouney and El-Dessouky (1999) developed their own simulation
package for thermal and membrane processes. The package, written in Visua Basic,

comprises of a number of mathematical models developed previously. The
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simulation package, which can model mechanical vapour compression (MVC),
thermal vapour compression (TVC), absorption vapour compression (ABVC),
adsorption vapour compression (ADVC ) and MSF desalination process, includes
the following features (Ettouney, 2004):

Ability to design and perform cost estimate for conventiona desalination
Processes.

Ability to sdect and adjust the design and cost parameters used in the
calculations.

The codes check and limit the value of input parameters within practical ranges.

Availability of help and tutorial files.

By the development of this simulation software, the authors seek ease of use,

flexibility and accuracy of results.

Ali et al. (1999) solved both the steady-state and dynamic mathematical models
describing the M SF process using the orthogonal collocation method. This method
was utilised to obtain a reduced model for the M SF process. The states of the full-
order model are approximated compactly by polynomials of an order equa to the
number of chosen collocation points. By using the orthogonal collocation method,

computational time was considerably reduced.

The orthogonal collocation method is a subset of the method of weighted residuals.
This method is iterative in nature where a first guess at the solution is provided by
the user. The solution is then imposed to satisfy the governing equations along with
the boundary conditions. Residuas arise because the chosen solution does not
satisfy either the equation or the boundary conditions. The basis for the method of
weighted residuals is the intelligent selection of the test function that minimises the
residua terms, which in turn leads to smdl error in the approximate solution
(Stewart et a., 1985). The variations in the method are distinguished by this test

69



function. There are five widdy used variations in engineering applications (Rice
and Do, 1995):

Collocation method;
Subdomain method;
Least square method;
Moment method; and
Galerkin method

The collocation method is widely because of several advantages:

It is easy to use because its formulation is straight forward,;
Excellent accuracy when many collocation points are used; and

Computation time is minimal

In the collocation method, the test function is the Dirac delta function a N interior
points, called collocation points, within the domain of interest. If these interior
collocation points are chosen as roots of an orthogonal jacobi polynomial, the
method is called the orthogonal collocation method (Rice and DO, 1995).

4.1.3. Summary of previous M SF models

Published work on modelling and smulation of the nonlinear system of equations
involved in the M SF process falls under the two basic methods. The methods are the
modular approach and equation-oriented or globa approach. Some models,

however, use uses a hybrid or combination of the two methods.

Much of the early work on MSF modelling and simulation utilised the stage-by-
stage modular approach due to its ease of use, in spite of its problems in
convergence and lack of stability. Recently, workers have been interested in using
the global approach due to the improvement in speed and capacity of computers.
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From the review presented, a clear-cut answer cannot be given about which
approach to choose over another since all published work on the subject claim
accuracy and flexibility of their models. Also, the problem of saving running time
and computer memory does not exist anymore because of the advancement of
computers. Hence, the type and nature of assumptions made to formulate the
equations which comprise the MSF process have more affect on accuracy of the
model developed. Thus, the author of this work chooses to use the stage-by-stage
sequential approach because it is simpler to formulate, check and change than
having alarge set of equations describing the entire M SF desalination plant.

4.1.4. Simplified M SF desalination Model

A simplified (i.e. linear) mathematical model for the M SF desalination system is a
useful tool for quick design studies, evaluation of plant performance and developing
an initial guess for rigorous mathematical models. The main advantage of the
simplified model is that it does not require an iterative procedure and needs only
minimal computation time. The linear model developed by (El-Dessouky and
Ettouney, 2002) isused in this study.

The following assumptions are used to obtain the simplified MSF moded (El-
Dessouky and Ettouney, 2002):

Constant and equal specific heat for al liquid streams.

Equal temperature drop per stage for the flashing brine.

Equa temperature drop per stage for the feed seawater.

Average latent heat of vaporisation in each stage.

Effect of temperature drop across the demister (i.e. mesh) within the stage is
negligible.

Temperature of feed seawater leaving heat rejection section is equal to the brine
temperature in the last stage.
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Other assumptions that are common in both simple and rigorous M SF mathematical

modds are;

The distillate (i.e. product) leaving any stage is salt free. The salt concentration
in the final product is only between 5 and 30 ppm compared with feed
concentration of 45,000 ppm.

Mass of flashed-off distillate as it enters the next stage is negligible.

No mist entrainment in flashing brine.

No heat losses to surroundings

The heats of mixing for brine solutions are negligible.

No subcooling of condensate in the brine heater (i.e. heat input section).

Pressure drops and the consequent saturation temperature depression in the
condenser can be neglected. This can be judified because the MSF plant
operates at vacuum, which causes pressure recovery to momentum change and
compensates the friction pressure loss (El-Dessouky et al., 1995).

Effect of non-condensable gases on heat transfer coefficient and condensation
temperature decrease is neglected due o the continuous withdrawal of these
gases from the flashing chamber and brine heater.

Vapour escaping to ventsis small and not accounted for in the mass balances.

4.1.4.1. TemperatureProfiles

A linear temperature profile is assumed for the flash chambers and the condensers.
The temperature drop per stage, AT, is obtained from the top brine temperature (T,)
and temperature of brine leaving last flashing stage (T,):

_(1,-T1,)
or = (To 4 4.1)
where n is the number of flashing stages

A general expression for the temperature of stagei is given:
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T, =T, - iDT (4.2)

From an energy balance on stage i and the given expression for the temperature of
stage i of the heat recovery section, a general equation is developed for the

temperature of the recycled brine in the condenser tubes:

T, =T,+(n- j)OT - (i - 2)(DT) (4.3)
where j isthe number of stagesin the heat regjection section

Assuming that the difference between the temperatures of the flashing brine and the
flashed-off steam in the stage has negligible effects on the energy baance and that

the temperature profile is linear, the following equation can be written for the

temperature drop in the heat rejection section:
= Tn - TCW
DT, _( % 4.4

where T, is the temperature of the seawater input to the condenser tubes of the

rejection section

From the previous equation, the general equation for the cooling seawater

temperature in the rgection section is:

T, =T, +(n- i+2)(0T;) (45)

ji
4.1.4.2. StageMassand Salt Balances

The following equation is obtained by applying the conservation of energy law for
first flashing stage:
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ol ag =M C,.. DT (4.6)

avg r~P,avg

The amount of flashed-off vapour can be obtained by re-arranging the above
equation:

M, = yM, (4.72)

Where,

y = CP,avg D% (47b)
avg

The vapour mass flowrate for the second stage is:
MV2 :y(Mr - le) (48)

By substituting the expression obtained for M, the mass flowrate of the second

stage vapour becomes:

MV2 = y(Mr - yMr) (493)
and,
M, =M, y(-y) (4.9b)

From the above, a general expression for the amount of vapour in each flashing
stage is obtained:

Mvi = Mry(l_ y)i_l (410)
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Assuming that all the flashed-off vapour in the stage condenses on the condenser
tube, the total mass flowrate of distillate produced in al stages can be written as:

My =M, [L- @- y)] (411)
This equation can be used to calculate the mass flowrate of the recycled brine since
either the total mass of distillate or steam into brine heater is always specified in

performance evaluation studies.

The mass flowrate of the flashing brine leaving stage i is given by the following

general expression:
My =M, - é Mg (4.12)

The salt concentration ('S, ) of the recycled brine is obtained from the salt balance on

the heat rejection section of the plant:

Ser+Soded:SseaMf+Sn(Mr_Md) (413)
Re-arranging the above equation for S,

S :lSseaMf +Sn(Mr - Md)' SodedJ
' M

r

(4.14)

Let S, =S, and M, =M, + M, the equation is further smplified:

S = (8- S”,)\:Af *SM| (4.15)

r
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The salt concentration of the flashing brinein stage i is given by:

cH (4.16)

To obtain the cooling seawater flowrate (M, ), the overall energy balance around

the MSF plant is used. Intake seawater temperature is the reference temperature in

the balance:

M s=M,C (Tn - Tsea)+ MdeP,avg (Tn - Tsea)+ MdCP,avg (Tn - Tsea) (417)

s''s cw ' P,avg

Re-arranging the above energy baanceforM ,, we get:

M =|_Ms| s MfCP,avg(Tn_ Tsea)J
> CP,avg (Tn - Tsea)

(4.18)

An energy baance is performed on the brine heater to obtain the mass flowrate of
the steam used to heat the brine:

M.J.,=M,C Ty - T.y) (4.19)

s’ s r P ,avg

The equation is re-arranged to calculate M :

MS — M rCP,av;; (TO - Trl) (420)

S

4.1.43. Physical and Thermodynamic Properties

Latent heat of evaporation (El-Dessouky and Ettouney, 2002)
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The following corrélation is used for calculating latent heat of evaporation (I ) in
kJkg. Itisvalidfor5£T 3 200°C:

| =2501897149- 2.407064037 +0.001192217 % - 1.5863 10°T?® (4.21)
Boiling point elevation (El-Dessouky and Ettouney, 2002)

The following correlation is valid for 10000£ S® 160,000ppm and
10£T 2 180°C:

BPE = AS+ BS* +CS® i

Where :

A=(8.325" 102 +1.883" 10°T +4.02" 10°°T2y (4.22)
B=(- 7.625" 10" +9.02" 10°T - 5.2 107T?);

C:(1.522 10%-3710°T- 3 10°T2) |,

Non-equilibrium allowance (El-dessouky et al., 1995)

NEA,, = (0.9784)™ (15.7378)" (1.3777‘5’151"'6)
(4.23)

N =

,.0.3281L
x

(0)
0 =
NEA = (0507 + NEAL) (0.5DT + NEA, !

o T

415. Reference M SF Desalination Plant

The Doha West MSF plant operating in Kuwait is used in this study to validate the
developed simple MSF model, and to perform analysis of the MSF desalination
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process in general. The plant (Figure 4.5), commissioned in 1983, uses a cross-tube
type MSF evaporator with recirculating brine. The plant comprises 24 flash stages,
21 in the heat recovery section and 3 in the heat regection section. There are a total
of 16 multistage flash units within the plant, with their output ranging from 27,277
m>/day (6.0 MG/D) to 32,732 m/day (7.2 MG/D) depending on the operation mode
of the plant (i.e. low or high-temperature).

4151. Validation of MSF modd

Table 4.1 lists the DW operational parameters used as input to the smple MSF
model. The operational parameters for the plant are for summer operation at 100%
capacity and 32.32 °C seawater feed. The results of the model are compared to
actual plant data and to output from the commercial software “DistX” by Advanced

Energy Systems Analysis consultancy company.

Tables 4.2 to 4.4 list results of the simple model, actual data and output from the
commercial software DistX for the flashing brine, distillate vapour and recycled
brine streams. The conclusions from the results of the three streams are:

1) Flashing brine stream

The results show excellent agreement between flashing brine output parameters
from the ssimple model on one hand and actual and DistX on the other. The mean
error for temperatures, mass flowrate and salt content between model and actual

valuesis 1.54, 0.21 and 0.20 percent, respectively.

2) Didtillate vapour stream

Results of the model are given in Table 4.3. The model vapour temperatures are
close to actua and DistX vapour temperatures. The mean percentage error between
model and actua valuesis 1.9%.
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O the other hand, the percentage error is larger for the mass flowrate of the vapour.
The largest error of about 26% occurs at stage 22 where there is alarge decrease in
the actua mass flowrate of vapour.

3) Recycled brine stream

Just like the previous two streams, the temperatures of the model recycled brine are
very close to actual and DistX values. The mean percentage error for temperatures
between model and actual is about 1%.

Comparison of model and actua recycle brine mass flowrate gives a mean
percentage error of 0.12%. However, a large error could occur if a thermodynamic
property such the specific heat is not estimated accurately. This in turn will affect
the values of flashing brine mass flowrate and distillate vapour mass flowrate.
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Figure 4.5 Simplified diagram of the Doha West cogeneration plant (desalination)
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Table 4.1 Input parameters to the smple M SF model

Par ameter symboal Unit Vaue
Total distillate produced My kals 313.25
Seawater temperature Teea °C 32.2
Seawater salinity Seea ppm 45,000
Brine heater steam temperature Ts °C 100
Brine heater steam pressure Ps kPa 101
Last stage brine temperature Th °C 40.5
Top brine temperature To °C 90.56
Stage width w m 17.66
Brine specific heat Cr kJkg.cC 3.84

Table 4.2 Model results for flashing brine variables

Flashing Brine
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&
®
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Temperature Mass flowr ate Concentration
(S (ka/s) (ppm)
Model Actual DistX Model Actual DistX Model Actual DistX
8847 8840 8847 3959.68 3953.64 3936.02 67739 67751 67716
86.39 8620 86.39 3946.15 3939.11 3922.07 67971 68000 67957
84.30 8390 84.30 393267 3924.03 3908.22 68204 68262 68198
8222 8170 8222 391924 3909.08 3894.45 68438 68523 68439
80.13 7940 80.13 3905.85 3804.33 3880.78 68672 68783 68680
78.04 7720 7804 389251 387972 3867.19 68907 69041 68921
7596 7500 75.96 3879.21 3865.33 3853.69 69144 69299 69163
7387 7270 73.87 386596 3851.08 3840.28 69381 69555 69404
7179 7050 7179 385276 3837.06 3826.95 69618 69809 69646
69.70 6830 69.70 383959 382317 3813.71 69857 70063 69888
67.62 6620 67.62 3826.48 3809.50 3800.55 70097 70314 70130
6553 64.00 65.53 381341 3796.00 3787.48 70337 70564 70372
6344 6190 6344 3800.38 3796.00 3774.48 70578 70811 70614
61.36 59.80 61.36 3787.40 3782.75 376157 70820 71056 70857
59.27 57.70 59.27 377446 3769.72 3748.74 71063 71298 71099
5719 5560 57.19 376157 375692 373598 71306 71536 71342
5510 5360 55.10 3748.72 374442 372331 71551 71770 71585
5301 5160 53.01 373592 373219 371071 71796 72001 71828
5093 4970 50.93 372315 372025 3698.19 72042 72226 72071
4884 4780 4884 371044 3708.64 368575 72289 72446 72314
46.76 4590 46.76 3697.76 3697.36 3673.38 72537 72661 72558
4467 4440 4467 368513 3686.44 3661.09 72785 72847 72801
4259 42,60 4259 367254 3677.33 3648.88 73035 73051 73045
4050 4050 4050 3660.00 3666.78 3636.73 73285 73285 73289
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Table 4.3 Modd results for ditillate vapour variables

Distillate Vapour

Temperature Mass flowrate
Stage (S (kg/s)

Model Actual DistX Modd Actual DistX
1 8726 8720 8691 1357 1469 14.01
2 85.17 8500 84.84 1353 1453 1394
3 83.08 8280 8276 1348 1508 13.86
4 81.00 8050 80.69 1343 1494 1376
5 7891 7820 7862 1339 1475 1368
6 76.83 76,00 7655 1334 1461 1359
7 7474 7380 7448 1330 1439 1350
8 7266 7150 7241 1325 1425 1341
9 7057 6930 7034 1321 1403 1333

10 68.48 6710 6826 1316 1389 1324
11 6640 6500 6619 1312 1367 13.16
12 6431 6280 6412 1307 1350 13.08
13 6223 60.60 6205 13.03 1325 1299
14 6014 5850 5998 1298 1303 1291
15 58.05 5630 5791 1294 1281 1283
16 9597 5420 5584 1289 1250 1275
17 5388 5220 5377 1285 1222 1268
18 51.80 5010 51.70 1281 1194 12.60
19 49.71 4840 4963 1276 1161 1252
20 4763 46.10 4756 1272 1128 1244
21 4554 4420 4550 1267 10.69 12.37
22 4345 4260 4343 1263 933 1229
23 4137 4070 4136 1259 1056 12.22
24 3928 3860 3929 1254 1169 1214

Further analysis can be performed to check the accuracy of the developed model.
One way is to calculate some overall performance parameters and compare them
with actual values. Table 4.5 shows model and actua performance variables. It can
be seen that the percentage error ranges between 0.21% and 7.95% for the different
properties. These calculated errors are acceptable considering the assumptions made
for the smple MSF modd.
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Table 4.4 Modél results for recycled brine variables

Recycled Brine

Temperature Mass flowr ate

Stage (W) (kg/s)

Mode Actual DistX Moded Actual  DistX
1 8430 8489 846 3973.25 3968.33 3950.02
2 8222 8270 825 3973.25 3968.33 3950.02
3 80.13 8050 805 3973.25 3968.33 3950.02
4 7805 7830 784 3973.25 3968.33 3950.02
5 7596 7600 763 3973.25 3968.33 3950.02
6 7387 7370 742 3973.25 3968.33 3950.02
7 7179 7150 722 3973.25 3968.33 3950.02
8 69.70 69.30 70.1 3973.25 3968.33 3950.02
9 6762 6710 68.0 3973.25 3968.33 3950.02

10 6553 6480 66.0 397325 3968.33 3950.02
11 6344 6270 639 397325 3968.33 3950.02
12 6136 6050 618 397325 3968.33 3950.02
13 5927 5830 59.8 397325 3968.33 3950.02
14 5719 5620 57.7 397325 3968.33 3950.02
15 5510 5410 556 397325 3968.33 3950.02
16 5302 5200 535 3973.25 3968.33 3950.02
17 5093 4990 515 397325 3968.33 3950.02
18 4884 4790 494 397325 3968.33 3950.02
19 4676 4590 47.3 397325 3968.33 3950.02
20 4467 4400 453 397325 3968.33 3950.02
21 4259 4210 432 3973.25 3968.33 3950.02
22 4050 4023 402 397325 3968.33 3950.02
23 3773 3800 374 397325 3968.33 3950.02
24 3497 3530 346 366264 3968.33 3950.02

Table 4.5 Performance parameters of Doha West M SF desalination plant

Parameter M odel Actual % error
Performance ratio 7.64 8.00 4.65
Brine circulation ratio (recycle kg/kg product) 12.68 12.67 0.11
Gain ratio (capacity/steam input) 7.41 8.00 7.95
Heat input (kJkg product) 304.78 282.10 7.44
Steam input (kg/s) 42.27 39.16 7.36
Recycled brine (kg/s) 3973.25  3968.33 0.12
Cooling seawater (kg/s) 1949.76  1862.19 4.49
Brine blowdown (kg/s) 498.31 499.36 0.21
Total seawater feed (kg/s) 299549  2878.50 3.91
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4.1.6. Analysisof Doha West M SF Plant

In this section, the energy consumption by the plant is calculated and analysis of
variables affecting its performance is presented.

4.1.6.1. Energy Consumption

The MSF desalination plant consumes both thermal and mechanical energy. The

three main contributors to energy consumption in the plant are:
Brine heater in theform of low-pressure steam

The steam extracted from the low-pressure turbine to brine heater is the energy
source used to produce freshwater in the MSF desalination process. The heat input
per kg product to the brine heater, at a value of 304.78 kJ/kg from Table 4.5 above,
is calculated from:

Oy, = ms * (hmperheat - Iﬁ'sat,liquid)%/I (424)

d

Water pumps

The MSF plant usudly comprises recirculation, cooling seawater, distillate,
blowdown and condensate pumps. The pumping energy is estimated using the
following equation:

w,,, =@ o (4.25)
pump
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Table 4.6 shows the mechanical energy consumption of the different pumps. The
total work is at a value of 2099.93 kW, which equals 6.70 kJkg product.

Steam-jet gjectorsin the form high-pressure steam

The steam is extracted to the gector at a pressure of 15 bar (or 1500 kPa) at
saturation conditions. Thus, the specific heat input (i.e. heat input per kg product) to

the gector is caculated from:

_rl /
=""e e 426
qe M q ( )

From the above eguation, the heat input to the gector per kg product is 15.83 kJ/kg
when | isat 1945.2 kJ/kg and rh,isat 2.55 kg/s.

41.6.2. Steam Extraction

The mass flowrate of the extracted steam into the brine heater is varied to study its
effect on MSF plant distillate output. The results plotted in Figure 4.6 show that
there is a positive linear relationship between steam input and distillate production.
The same direct relation also exists between steam temperature and distillate
production. However, the performance ratio, gain ratio and heat input to brine heater
do not change with the change in steam mass flowrate because the ratio MdMq stays

constant when varying the steam mass flowrate.

Table 4.6 Power consumption by pumps in M SF desalination plant

Volumetric flowrate Head Energy consumption
Pump 3
m°/s kPa kw
Didtillate 0.31 275.79 107.99
Recirculation 3.97 280.65 1393.87
Cooling
seawater 2.18 150.99 412.18
Blowdown 0.50 137.89 85.89
Other* N/E N/E 100.00
Total 2099.93

*geam condensate, ejector condensate and chemical dosing taken as 5% of calculated pumping
power (Darwish et al., 1997)
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Figure 4.6 Diagram of distillate production vs. steam mass flowrate into brine
heater

4.1.6.3. Number of Stages& Top Brine Temperature (TBT)

Figures4.7 and 4.8 illustrate the effects of number of stages and TBT on the specific
flowrate of cooling seawater and specific flowrate of recirculated brine, respectively.
Figure 4.7 shows that the three lines represented data for different TBTs are almost
superimposed. This means that the TBT has negligible effect on the specific cooling
seawater flowrate (i.e. Mow/Mg). The figure aso shows that the ratio Mq/Mg
decreases with the increase of humber of stages.

Figure 4.8, on the other hand, shows that the specific recirculated brine flowrate is
independent of the number of stages. However, the figure shows that the ratio M,/Mq
decreases with increasing TBT. These results agree with findings by El-Dessouky et
al. (1995).

The performance ratio (PR) is plotted against the TBT for different stage numbersin
Figure 4.9. It is shown from the figure that the PR is independent of the TBT, and
that it increases with increasing the number of the stages. This improvement in plant
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PR may be due to the smultaneous increase of the distillate flowrate and decrease of
steam flowrate. However, results published in El-Dessouky et al. (1995) show that
there is a slight increase in PR as the TBT increases for a specified number of
stages. This discrepancy may be attributed to the fact that a linear model is used in
this study but El-Dessouky et al. (1995) used a nonlinear model for the MSF
desalination plant.

In figure 4.10 the ratio M,/My is plotted against the TBT at different stage numbers.
It is shown that the plotted lines for the ratios at different stage numbers are drawn
on top of each other. This means that the number of stagesin a plant have negligible
effect on the M,/My. Furtehrmore, the figure shows that M./My is inversely
proportional to the TBT. The decrease in this ratio also means that specific pumping

energy will be decrease aswdll.

From the above analysis we can see that increasing certain parameters, such as
steam temperature and flowrate, and number of stages, in MSF plant will result into
increased distillate production and better plant performance. Nevertheless, there
should be a compromise when choosing these parameters keeping in mind fixed and
variable costs. For example, increasing the number of stages will increase the overall
cost of the plant but variable (i.e. running) costs may decrease when increasing the
number of stages. Also, increasing steam temperature means increasing the pressure

of the steam, which means more expensive steam.
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4.2. Reverse Osmoss

The principle of osmoss is based on the fact that, if two solutions of different
concentration are separated by a semi-permeable membrane, the solvent flows from
the dilute solution to the more concentrated solution. The process continues until
the osmotic pressure between the solutions is the same (i.e. reaching an equilibrium
state) (Heitmann, 1990).

The principle of osmosis can be reversed by applying pressure to the more
concentrated solution that exceeds the osmotic pressure. The solvent, in this case,
will flow to the dilute solution. Using RO in desalination of seawater, there is no
heating and the only energy required is electricity for pressurising the feed water.
This pressure ranges from 54 to 80 bar for seawater desalination (Amjad, 1993; and
Buros, 2000). Figure 4.11 shows the basic components of a RO plant.

According to Johansen et al. (1995) and Buros (2000), the successful
commercialisation and implementation of RO started in the 1970s, but in the 1980s,
RO became competitive with the classical distillation techniques (Van der Bruggen
and Vandecasteele, 2002). Since then, capacities of RO units have increased

Membrane Assembly
Sdline PRE- = |, Fresh
e TREATMENT | TREATMENT | A€
Fresn
High Pressure Pump Water
"

Concentrate  ¢——
Discharge —

Energy Recovery Turbine

Figure 4.11 Basic components of a RO plant
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dramatically to reach installation sizes of 45,000 m3/day in Bahrain and 56,000
m>/day in Jeddah, Saudi Arabia (Wade, 1993). According to Johansen (1995), a RO
process occupying 1 m® of space can produce 100-500 m® of potable water per day.
Buros (2000) reported that the world’s largest RO plant in Yuma, USA produces
270,000 m*/day of potable water from the Colorado River. In seawater RO plants,
20 to 70% of the feed is discharged to waste (Buros, 2000).

42.1. Seawater Intake

The location of the intake is of vital importance because of its influence on the pre-
treatment efficiency, plant availability and operating cost (Chida, 1997). The
location of the intake, however, is site-specific and can not be generalised.

According to Chida (1997), a minimum depth of 8 to 10 m is usually acceptable.
Bell-mouth location of the intake pipe should be positioned to have a minimum
clearance of 3 to 5 m from the bottom and 2 to 2.5 m clearance on all other sides to
minimise contamination by planktonic, algae and other marine suspensions.
Glueckstern (1999) reported that seawater obtained directly from surface water
aways requires comprehensive pre-treatment, such as media filtration and
continuous or intermittent disinfection, prior to final filtration. Glueckstern (1999)
also claims that economics of a medium-size seawater RO plant fed by high-quality

water from beach wellsis better than for aplant fed by an open surface intake.

4.2.2. System Configurations

RO configurations include single-stage, two-stages, and two-pass systems.
Selection among these configurations depends on the desired quality of the product
water. In this regard, the two-pass system gives the highest purity product.
Therefore, it is suitable for preparation of make-up boiler water. The single-stage

system gives the simplest layout of all configurations and its use is quite common in
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various desalination applications. The two-stage system is frequently employed for
brackish water use, where it is necessary to increase the overall recovery ratio. The
recovery ratio (i.e. water conversion factor) is defined as the percentage of the feed
water that is converted to permeate in a RO plant (Amjad, 1993).

42.3. Membranes

The membrane is the heart of the RO system. Therefore, careful consideration
should be given to the selection of the membrane material and configuration based
on water end-use requirements and feed water quality (Amjad, 1993). Membranes
usualy vary in their ability to pass freshwater and reject the passage of salts. No
membrane is perfect in its ability to reject salts.

Membranes are thin-sheet like materials, which form abarrier in the feedwater path.
RO membranes, while allowing water to pass through, retain 90-99% of all
inorganic substances in a solution, 95-99% of the organic constituents and almost
100% of the most finely divided colloidal matter (i.e. bacteria, viruses, colodia
silica) (Khan, 1986).

A membrane should have the following characteristics to function ideally (Amjad,
1993):

High water-flux rates

High salt rejection

Tolerant to chlorine and other oxidants

Resistant to biological attacks

Resistant to fouling by colloidal and suspended material

Inexpensive

Easy to form into thin films or hollow fibres

Tolerates high pressures

Chemically stable

Able to withstand high temperatures
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4.2.4. Membrane Materialsand Configurations

Over the years, there have been many developments in membrane materials and
there are hundreds of membranes commercially available for saline water processing
(Johansen et al., 1995). However, there are three commercialy popular and well-
developed membrane materials:

Cedllulose acetate
Aromatic polyamide

Thin film composites

RO membranes are divided into four basic configurations, namely (Byrne, 1995 and
Amjad, 1993):

Plate-and-frame — They are not common in RO applications because they
require a large amount of high-pressure hardware to congtruct, which makes it

expensive.

Tubular — These systems have minimal membrane area compared to flow

volume through the tubes which makes them expensive to purchase and operate.

Hollow fiber — These types of membranes are widely used in seawater
desdlination applications due to their ability to produce a large amount of
permeate from a single element. However, the elements are more prone to
fouling because their design does not alow for turbulent or uniform flow across
the fiber surface. It isalso difficult to clean.

Spiral wound — There is small potential for these membranes to experience
fouling or scale formation due to the uniform flow velocities and turbulence
across the membrane surface. They are also relatively inexpensive to

manufacture.
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4.2.5. Product-Water Quality

Ideally, the end-product from RO desdlination units contains 5% to 10% of the
original total dissolved solids (TDS). But, organics are almost completely removed.
Also, aresidual TDS between 400 and 1100 ppm is normally achieved in one-pass
RO plants. Alternatively, a TDS down to 80 ppm can be achieved in two-pass RO
plants (Johansen, 1994).

4.2.6. Energy Consumption

The main energy requirement for RO desalination plants is the electrical power
applied to the electric motor-driven high pressure pumps. However, other load
contributions come from the source water supply, pre-treatment system, second
stage pump and the distribution pump (Khan, 1986). On the other hand, diesel or

steam engine may be used to provide the mechanical power required.

In RO systems with energy recovery, the high-pressure brine exiting the final RO
stage is fed into an energy recovery unit. These units may be hydroturbines directly
coupled to the shaft of the high-pressure feed pump or Pelton wheels, which are
usualy connected to induction motor/generator sets (Amjad, 1993). Amjad (1993)
and Al-Mutaz (1996) reported that energy recovery can reduce energy consumption
in RO systems by 30 to 40%.

Darwish et al. (2002) reports the performance characteristics of the Jeddah-1 RO
plant phase I1. The plant consists of 10 units, each with a capacity of 5680 m*/d (237
m3/h). The feed salinity is about 43,300 ppm. However, the authors do not give a
range for the feed seawater temperature. Table 4.7 shows the performance

characteristics of the plant.
The table gives a figure of 3.84 kwh/m® for the energy consumption of the high

pressure pump when energy recovery turbine is used. However, the author assumes

20% additional energy consumption by other pumps in the plant (e.g. seawater
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supply, seawater boost, chemical dosing pumps). The specific energy consumption

comes to avalue of 5.09 kWhm? when considering the additional energy consumed.

According to Abou Rayan and Khaled (2002) the energy consumption of the RO
desalination plant located in Dahab City, Sinai, Egypt is 8.81 kWh/m®. The plant
comprises four units each with a 500 m*/d (20.83 m*h) capacity. The sdlinity of the

feed seawater is 44,000 ppm. Table 4.8 shows the energy consumption by the

different pumps in the plant. The authors assumed a pump efficiency of 90%.

Energy recovery is not utilised in this plant, which explains the relatively higher

specific energy consumption by this RO plant.

Table 4.7 Specific energy consumption of the Jeddah-1 RO plant

Par ameter Value
Feed pressure (bar) 60
Feed flowrate (m%/h) 677
Product flowrate (m*h) 237
Reject Pressure (bar) 56
Reject flowrate (m/h) 440
Feed pump efficiency (%) 76
Turbine efficiency (%) 84
Energy without energy recovery (kWh/m°) 6.27
Recovered energy (KWh/m?) 2.43
Net energy consumption (KWh/m®) 3.84

Table 4.8 Energy consumption of a single unit in the Dahab RO desalination plant

Pump Power consumption (kW)  Specific energy consumption (kWh/m?)

Sea pump 14 0.66
Filter pump 18 0.86
Additive pumps 1 0.05
High pressure feed pump 231 11
Energy recovery turbine 79 3.76
Total 188 8.81

Avlonitis et al. (2003) summarise the performance of small and medium sized RO

plants operating in Greece. Table 4.9 ligts operation characteristics and energy



consumption of the different plants. The table shows that the range of energy
consumption is between 3.02 kWh/m® and 9.38 kWh/m®. On the other hand,
DESWARE (2003) reported that the total energy consumption for seawater RO
desalination isin therange5to 7 kKwWh/m®. Also, Buros (2000) claimed that newly
commissioned seawater RO plants with energy recovery can have energy

consumption as low as 3 kwh/m®.

4.2.7. Pilot Plant at Kuwait Institute for Scientific Research (KISR)

The pilot plant is located at the Desalination Research Plant (DRP) (Figure 4.12).
System performance data available for the spiral wound membranes between the
dates 14/08/1995 and 03/01/1996 are used to estimate the specific energy
consumption of the high pressure feed pump (Table A-1, Appendex-1). The feed
seawater is drawn from a beachwell intake system using submersible pump with a

temperature range between 25°C and 26°C. The seawater salinity is around 41,000
ppm.

The RO plant with the spiral wound (SW) membranes is used as the reference plant
in this research because it is recommended by KISR over the hollow fiber (HF)
plant. According to Bou-Hamad et al. (1998), the spirad wound membranes had

several advantages over the hollow fiber ones:

SW membranes are |ess prone to fouling due to sime.

Higher availability. The availability of SW was 99.61% compared to 93.16% for
HF for a period of 12 months.

Salt rejection for SW membrane remained at design value throughout the year of
operation.

SW-based RO plants can operate under low pressure.

Plant nominal capacity is 300 m*/d (12.5 m*h), however, it varies between 10.70
and 12.86 m*h in the measured data used by the author. On the other hand, feed
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Table 4.9 Energy consumption of RO plants operating on the Greek islands

Location  Capacity Feed pressure  Temperature Energy Specific energy

(m¥h) (bar) (°C) recovery consumption
system (KWh/m?)
Oia 17 62 25-27 Pelton wheel 4.60
Oia 75 61 25-27 Turbo 4.65
charger
Oia 125 59 25-27 Pelton wheel 5.28
los 21 67 25-27 Px-60 3.02
Ithaki 25 71 25-27 Pelton wheel 9.38
Syros 24 56 25-27 Pelton wheel 6.16
Mykonos 21 70 25-27 Pelton wheel 8.36

pressure and flowrate varied between 46 bar and 56 bar and 33.02 m*h and 36.72
mh, respectively. Inorder to estimate theenergy consumption at each
measurement point without and with energy recovery turbines, Equations (4.27) and
(4.28) were used, respectively.

P
B @Ofeoed (4.27)
product 36 epump
Peoet * @raeet * Courbi
Enet —E- reject @reject turbine (428)

@product * 3600

Pressures are in kPa and volumetric flowrates are in m*h. Pump efficiency is around
65% and efficiency of Pelton wheel turbineis at 80%.

An average figure is then calculated for the specific energy consumption from the
estimated values of the energy consumption at each single measurement point. The
calculated average specific energy consumption of the high pressure pump without
the use of energy recovery is at a value of 6.41 kWh/m®, As given by Darwish et al.
(2002), 20% additional energy consumption by other pumps in the plant is added to
the figure calculated for the high-pressure pump. The new value for tota energy
consumption in the plant is 7.70 kWh/m®. On the other hand, the average total
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consumption for the plant when the pelton wheel turbine is fully loaded is a a value

of 5.49 kWh/m® (average value of 4.21 KWh/m?* when considering high-pressure
pump only).

The performance data provided by the KISR RO pilot plant and the estimated
energy consumption will be used in this research for modelling and calculations
which include RO desalination plants. The reason for this choice is because the
research is concerned with powerplants in Kuwait and the experimental study is
performed in Kuwait also. The estimated figure of 5.49 kWh/m® for the energy
consumption in RO plants is acceptable when compared with the figures given in
published literature.
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Figure 4.12 RO plant at KISR's Desalination Research Facility

4.3. Conclusions

MSF and RO remain the most widely used and commercialy successful seawater
desalination technologies in the world and Middle East. In Kuwait, MSF is the only
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desalination technology utilised for seawater desalination. A mathematical model
describing the MSF system has been developed to be able to correctly analyse the
technology in general and MSF desdlination plants in Kuwait specifically. A
thorough literature review of previous modelling work was presented to be able to
arrive at the method that best suits this research. It was concluded that the stage-by-
stage sequential approach to be used for thiswork because it is simpler to formulate,
check and change than having a large set of equations describing the entire MSF
desalination plant.

A smplified and linear formulation of the MSF system was combined with the
sequential approach which has the advantage of not requiring a rigorous iterative
procedure, which in turn results in minimal computation time. The developed linear
mathematical was applied to an existing desalination plant in Kuwait in order to
validate it. Results of the analysis showed that the developed model in this work is

generally accurate in predicting the performance of the M SF plant.

The second part of the chapter concentrated on RO desalination technology. RO
desalination plants are becoming more popular in the Middle East and Arabian Gulf
region due to its simplicity and low energy consumption. Modelling of the RO
system was not attempted in this work, rather, the energy consumption of the RO
desalination plant was estimated. Modelling of the RO system would not add any
benefit to this research since it is a sysem which consumes electricity rather than
thermal input such as steam. The available data from the RO pilot plant at the KISR
facility in Kuwait were used to estimate the required energy of a typical spiral
wound RO plant. The estimated figure of 549 kWh/m?® is acceptable when
compared with the figures given in published literature.
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Chapter 5

5. Air-Conditioning Systems

The two air-conditioning (A/C) systems that are studied in this chapter are vapour-
compression (VC) and absorption refrigeration (AR). Air-conditioning systems
installed in Kuwait are based on the vapour-compression cycle. The VC-based A/C
systems are not modelled in thiswork because their performance data and electricity
consumptions are available from published research and annual statistics published
by Kuwait’ s government. On the other hand, AR systems are modelled because they
consume steam and that is not readily available for the conditions of Kuwait in

general and DW powerplant specifically.

The first part of the chapter gives a basic background on VC systems and types of
A/C units installed in Kuwait. Section 5.2.2 gives a detailed description of the AR
single and double—effect cycles. The model describing the double-effect absorption
cycle is given in section 5.2.3 with the supporting thermodynamic property

equations.

5.1. Vapour-compression Refrigeration Cycle

In this section the ideal and actual VC cycles are discussed. The section also
includes analysis of the types of A/C systems used in Kuwait and the performance of

these A/C systems.

5.1.1. Ideal Cycle

The VC refrigeration cycle is the most widely used cycle for air-conditioning of
homes and commercial buildings. Figure 5.1 shows the ideal VC cycle. In the ided

cycle, the refrigerant enters the compressor at point 1 as saturated vapour and is
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compressed to condenser pressure. During the compression process the temperature
of the refrigerant increases above the surrounding temperature. The refrigerant then
enters the condenser at point 2 as superheated vapour and exists at point 3 as
saturated liquid because of the heat rejection process to the surroundings. Saturated
liquid refrigerant passes through an expansion tube and its temperature drops below
the temperature of the cooled space. The cycle is completed when the refrigerant
enters the evaporator at point 4 as saturated vapour-liquid mixture where it is

completely evaporated and becomes saturated vapour.

5.1.2. Actual Cycle

In practice, the idead VC cycle does not exist due to the irreversible nature of the
throttling process, pressure losses in components and irreversibilities in the

COmMpression Process.

To avoid damage to the compressor, complete evaporation of the vapour is ensured
before the refrigerant leaves the evaporator by superheating it. On the other hand,
theliquid in the condenser issub-cooled to a temperature less than the saturation

Qn
4
3 2
Condenser
. — Win
Expansion valve X Compressor
4 Evaporator 1
v
Q

Figure 5.1 Schematic diagram of the ideal vapour-compression refrigeration cycle
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temperature to avoid flashing of the liquid to gas before reaching the expansion
vave. These two improvements to the basic cycle cause the dryness fraction
reduction and an increased refrigeration effect.

5.1.3. Typesof A/C systemsin Kuwait

Research conducted by KISR categorised the available A/C system in Kuwait as
follows (M aheshwari et al., 2000):

Window and mini-split units
Packaged and ducted-split units
Chilled water systems

However, the most widely installed A/C systems in Kuwait are the packaged and
ducted split units and chilled water systems (a.k.a. chillers). The packaged and split
systems are generally indalled at resdentiad areas, while chillers are installed in

governmental and commercial buildings.

5.1.4. Performance and Capacity of A/C systemsin Kuwait

The performance of the three above mentioned A/C systems is studied to estimate
an average coefficient of performance (COP) of these systems. The COP then can be

used to calculate the monthly refrigeration load at the DW powerplant, where:

RFyc = (Pryc)(COP)

The average COP for the different systems is caculated based on Table B1 in
Appendix B. Table 5.1 shows the steps reguired to estimate the average COP based

on the available data from Kuwait, which is at a value of 2.01.
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Table5.1 Estimation of average COP for different types of A/C systemsin Kuwait

Type PR (kWelkWg) COP (1/PR) Market share(%) Corrected COP
Packaged + ducted
) 0.483 2.07 70 1.45
split
Air cooled 0.583 172 25 0.43
Water cooled 0.374 2.67 5 0.13

5.2. Absorption Refrigeration Systems

Absorption refrigeration systems (ARSs) are currently utilised in industrial
applications such as the chemical and food industries and in domestic applications to
provide cooling for houses and commercial buildings. ARSs use hest in the form of
steam or hot water as the input to produce the cooling effect. This heat source is
usualy a waste or extra steam (or hot water) that does not cause a penalty.
Absorption chillers can be of the direct-fired type but the economic and
environmental penalties do not justify its use. In this research, a mathematical model
depicting the operation of ARSs is developed and linked to the main powerplant
model to be able to smulate and predict its viability for supplying chilled water in a
conventional powerplant. The economic and environmental implications of linking

ARSsto the powerplant are aso analysed in the study.

This section starts with a discussion of the reasons for selecting the double-effect

water- lithium bromide (LiBr) fluid-pair for modelling in this research.

5.2.1. Selection of Appropriate AR System

Basic AR cycles can be of the single or double-effect configurations. Single-effect
absorption cycles have a lower efficiency than the double-effect cycles and usually
are unable to effectively utilise high temperature heat sources. The double-effect
cycle is more popular in A/C applications due to its improved efficiency and ability
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to use higher temperature steam. Also, the double-effect chiller makes-up 70% of
the AR market (Xu et al., 1996 and Arun et a., 2001). Hence, the double-effect
cycle ismodelled and analysed in this research.

The working fluid-pairs are the refrigerant and the absorbent solutions in the cycle.
The most common refrigerant-absorbent mixtures are the water-LiBr and the
ammonia-water mixtures. The latter fluid-pair is generally used for refrigeration
purposes requiring sub-zero cooling. The water-LiBr mixture, on the other hand, is
limited by the freezing point of water and therefore it is mostly used in A/C systems
(Dincer and Dost, 1996; Sun, 1997). Since the H,O-LiBr mixture is more commonly
used in A/C applications, it is selected as the fluid-pair for this research too. Hence,
the double-effect H,O-LiBr AR chiller is selected for modelling and analysis in this
research.

5.2.2. Description of AR System

5.2.2.1. Single-Effect AR Cycle

The basic single-effect AR cycle is shown in Figure 5.2. As shown in the figure, the
cycle comprises four main components, namely, absorber, generator, condenser and
evaporator. Contrary to VC refrigeration where there is one working fluid known as
the refrigerant, the absorption cycle utilises two working fluids known as the
refrigerant and the absorbent. These two fluids should have a strong chemical
affinity to each other. As mentioned above, the H,O-LiBr and ammonia- H,O fluid
pairs are the two most common working fluids in ARSs (Dincer and Dost, 1996).
However, a large number of fluid-pair combinations are available either
commercially or in test laboratories (Badr, 2001).

In Figure 5.2, the low pressure refrigerant vapour (water) at point 10 and the liquid

carryover from the evaporator at point 11 enter the absorber and are absorbed by a

strong absorbent solution (e.g. LiBr) at low temperature. When the solution contains
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asmal amount of refrigerant it is referred to as a strong solution, meaning that it has
astrong ability to absorb more refrigerant. On the other hand, aweak solution is one
which contains a large amount of refrigerant. When the absorber absorbs the
refrigerant it releases heat which is commonly removed by cooling water. The weak
solution leaving the absorber is pumped to the generator pressure and is preheated
by strong solution leaving the generator. The preheated solution enters the generator
at point 3. The heat added to the generator in shape of steam or hot water causes the
refrigerant in the solution to evaporate, and then it passes to the condenser at point 7.
The strong solution remaining in the generator is throttled back to the absorber via
the heat exchanger at points 4, 5 & 6. On the other hand, the refrigerant vapour
releases its latent heat in the condenser and is transformed into a high-pressure, low-
temperature liquid. The liquid refrigerant is throttled as it is taken to the evaporator
at point 9 where it extracts the heat (i.e. cooling load). The refrigerant is passed to

the absorber again.
! Qg
Condenser L - Generator ] 3
8 &Qc 4|
\

Heat Exchanger
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Figure 5.2 Single-effect AR cycle
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5.2.2.2. Double-Effect AR Cycle

The double-effect cycle is similar to the single-effect but it includes a second
generator and an extra heat exchanger. High-grade heat is added to the generator,
which improves the performance of the cycle (Arun et a., 2001). The idea is to
recycle the heat from the high-temperature generator to drive a lower-temperature
generator, leading to ahigher cooling capacity.

There are three main types of double-effect absorption cycles, namely, the series
flow, parallel flow and reverse parallel flow cycles (ASHRAE, 1998). However, the
series-flow double-effect cycle is described in detail here because it is the most
common configuration in A/C applications, which meets the criteria for this
research. There are other various configurations that are discussed by Sirkhin et al.
(2001), but are not commercialy available yet. Specifically, the HO- LiBr working
pair used in the series-flow system is selected due to its established efficiency in
A/C applications (Ziegler and Riesch, 1993).

Figure 5.3 shows the double-effect series-flow cycle. As with the single-effect cycle,
the weak H,O-LiBr solution is pumped from the absorber to generator | through
both the low and high temperature heat exchangers. At the high pressure and high
temperature generator (i.e. generator 1) part of the refrigerant evaporates the
remaining strong solution is passed to generator |1 through the high-temperature
heat exchanger. At generator 11, more refrigerant is evaporated from the solution by
the high pressure steam from generator |. The LiBr solution passes through the low
temperature heat exchanger back to the absorber (points 8, 9 & 10). The condensed
steam at generator |1 isthrottled (point 12) and is passed to the condenser (point 13).
The refrigerant vapour generated at generator |1 is also passed to the condenser
(point 14). The liquid refrigerant goes through an expansion device (point 15) and
passes to the evaporator (point 16) as a low-pressure and low-temperature liquid
water. The saturated liquid is evaporated again by the cooling load and is passed to
the absorber.
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Figure 5.3 Double-effect AR cycle
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5.2.3. Literature Review of AR System Modes

This section includes areview of previous published work concerning the modelling
of ARSsin general. Thereview is not limited to the double-effect H,O-LiBr because
the basic energy and mass balance equations are similar for most absorption cycles.
Formulations and the solution method of the double-effect H,O-LiBr are then

presented.

Manohar et al. (2006) modelled the double-effect H,O-LiBr cycle using the artificial
neural network (ANN) technique. The purpose of the study was to evaluate the
accuracy of the ANN technique in predicting the performance of the double-effect
series-flow chiller. The designed model was trained with one year of experimental
data. Results show that the predicted COP was within £1.2% error of actual value.
Manohar et a. (2006) concluded that the developed ANN algorithm can be used to
predict the performance of the AR chiller quite accurately.

106



The models developed by Xu et a. (1996), Sun (1997) and Arun et a. (2001) to
simulate and anayse the H,O-LiBr double-effect cycle were based on energy and
mass balances of the cycle and basic thermodynamic correlations estimating the
temperatures, pressure and enthalpies of the refrigerant and solution. The research
by Xu et al. (1996) was aimed at analysing the effect of design parameters such as
solution circulation ratio, solution concentration, pressure in the generators and
evaporator on the COP and heat transfer area of the double-effect series-flow cycle.
On the other hand, Sun (1997) produced detailed thermodynamic design data and
optimum design maps that, the author hoped, would be used as reference in
designing and selecting new absorption refrigeration systems. The aim of the
research by Arun et al. (2001) was to compare the performance of the parallel-flow

absorption cycle with the series-flow.

Gordon and Choon Ng (1995) developed a general steady-state thermodynamic
model for cooling systems and applied this modd to ARSs. The main aim of their
research was to utilise the developed model in capturing the irreversibilities in
absorption chillers which, in turn, would be of diagnostic value and a useful tool in
predicting chiller performance over a full range of operating conditions. The model
showed good agreement with experimental and manufacturer catalogue data in terms

of coefficient of performance (COP).

In a different approach to the above research, Fu et al. (2006) developed an object-
oriented dynamic model aimed at providing building blocks and capability for
designing ARSs based on different working fluids and cycle configurations. The
model was tested by the authors through the construction of different absorption
chiller models. Validations showed good agreement between model and
experimental data. Other dynamic models are also presented in Anand et a. (1982),
Butz & Stephan (1989) and Jeong et al. (1998).

A large percentage of research concerned with ARSs concentrates on modelling and

simulation of the solar absorption cycle. These models can be found in Li and
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Sumathy (2001), Florides et al. (2002), Joudi et al. (2003), Argiriou et a. (2005),
Assilzadeh et al. (2005), and Casals (2006).

52.31. Summary

The review shows that the models describing the performance of the AR cycle are
either steady-state or dynamic. Steady-state modelling is of importance to this
research because it is sufficient for analysing the performance of the system and
calculating energy input and output. Research also shows that the combination of
energy and mass balance equations and thermodynamic properties of working fluids

is the base for modelling and smulation of ARSs.

5.2.4. Modelling of AR Systems

The main objective of the ARS modd isto:
Estimate the number of absorption chillers required to satisfy the cooling
capacity.
Calculate the mass flowrate of steam input to the generator.

Calculate the energy input to the generator.
To be able to complete the modelling of the AR cycle, the thermodynamic properties
of pure water and solution must be calculated. The properties that are of importance
to the modelling in thiswork are pressure, temperature, concentration and enthalpy.
5.2.4.1. Thermodynamic Properties
Solution Enthalpy
The enthalpy (h) in units of kJkg of the H,O-LiBr solution is described as a

function of solution temperature (°C) and concentration (%). The coefficients of the
equation are listed in Table 5.2. (Patterson and Perez-Blanco,1988).
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h(T.X)=5 & a,x'T’ 5.)

i=0 j=0
The working range of Equation 5.1 is:

0<T <180°C
0< X <70%

Saturation Temperature of Water in Solution

The saturation temperature (T, ) in °F of water in the HO-LiBr solution is givenin

terms of solution temperature (°F) and concentration (%). The coefficients of the
equation are given in Table 5.3 as published by Patterson and Perez-Blanco (1988).

T.T.X)=8 & a,X, T’ (652)

=0 j=0

Table 5.2 Coefficients of Equation 5.1(Patterson and Perez-Blanco,1988)

i ajj i &j ] 8
00 1.134125E+00 0 1 4.124891E+00 0 2 5.743693E-04
1 0 -4.800450E-01 11 -7.64390E-02 1 2 5.870921E-05
2 0 -2.161438E-03 2 1 2.589577E-03 2 2 -7.375319E-06
3 0 2.336235E-04 3 1 -9.500522E-05 3 2 3.277592E-07
4 0 -1.188679E-05 4 1 1.708026E-06 4 2 -6.062304E-09
5 0 2.291532E-07 5 1 -1.102363E-08 5 2 3.901897E-11
Table 5.3 Coefficients of Equation 5.2 (Patterson and Perez-Blanco,1988)
P aj i aj I aj
00 -1.313448E-01 0 1 9.967944E-01 0 2 1.978788E-05
1 0 1.820914E-01 11 1.778069E-03 1 2 -1.779481E-05
2 0 -5.177356E-02 2 1 -2.215597E-04 2 2 2.002427E-06
3 0 2.827426E-03 3 1 5.913618E-06 3 2 -7.667546E-08
4 0 -6.380541E-05 4 1 -7.308556E-08 4 2 1.201525E-09
5 0 4.340498E-07 5 1 2.788472E-10 5 2 -6.641716E-12

Mass Fraction of Solution
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The solution concentration can be calculated by rearranging Equation 5.2 to appear

inthe form:

T, = A+BX +CX?+DX®+EX*+FX°® (5.3)

where,

A=-0.1313448+ 0.9967944T +0.00001978788T *

B = 0.1820914+ 0.001778069T - 0.0000177948T >

C =-0.05177356- 0.0002215597T +0.000002002427T *

D =0.002827426+ 0.000005913618T - 0.00000007667546T *

E = - 0.00006380541- 0.00000007308556T + 0.000000001201525T

F = 0.0000004340498 + 0.0000000002788472T - 0.00000000000664171T >

The above equation is solved for the mass fraction ( X) using Matlab’s function
fzero with the water saturation temperature (Tsat) and solution temperature (T )

known.
Solution Density

The solution density (r ) described by Equation 5.4 is estimated in terms of the
solution temperature and concentration (Patterson and Perez-Blanco, 1988). The
coefficients of Equation 5.4 are given in Table 5.4. The calculated solution density is

used to estimate the power consumption of the solution pump.

Qo

((T.X,)=4

=0 j=0

a; X, T (5.4)
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Table 5.4 Coefficients of Equation 5.4 (Patterson and Perez-Blanco,1988)

i aj ] aj i aj

00 9.939006E-01 0 1 -5.631094E-04 0 2 1.392527E-06

1 0 1.046888E-02 11 1.633541E-05 1 2 -2.801009E-07

2 0 -1.667939E-04 2 1 -1.110273E-06 2 2 1.734979E-08

3 0 5.332835E-06 3 1 2.882292E-08 3 2 -4.232988E-10

4 0 -3.440005E-08 4 1 -2.523579E-10 4 2 3.503024E-12
The pump work can be calculated from:

mx(P,—P;)
w=—2-"2 (5.5)
PXNpump

However, it is assumed that the density does not change significantly from point 2 to
point 1. Hence, the pump work is small enough and can be neglected in the
calculations because the pump is compressing liquid which has very small values of

specific volume in comparison to refrigerant vapour in VC cycles (Polyzakis, 2006).

Properties of pure water

The pressure of pure water is estimated using Equations. 3.20 and 3.21. While the
saturation temperature as a function of known saturation pressure can be calculated
from Equations. 3.22 and 3.23. The enthapy of both superheated and saturated
steam can be estimated from Equations. 3.16, 3.19a and 3.19b and the enthalpy of
saturated liquid water is estimated using Equation 3.27.

5.2.4.2. Double-Effect Cycle M odel
As discussed previoudy, the series-flow double-effect is the most common cycle
used in A/C applications. The modelling of this cycle is done in Matlab by applying

the energy and mass balance equations on the components of the cycle. The first
step in the procedure is determining the inputs to the model. From the reviewed
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literature (Sun, 1997 and Xu . d., 1996) and manufacturers’ catalogues, the inputs
are selected to be:

Absorber temperature (T5)

Condenser temperature (T,)

Evaporator temperature (Te)

Generator | temperature (Tg1)

Refrigeration capacity (Qe)

Heat exchanger effectiveness (¢)

Liquid carryover (CO)

Heat transfer potential (AT pot)

Liquid carryover occurs in the evaporator when a small amount of liquid refrigerant
is not evaporated. The heat transfer potential is the temperature difference between
Generator |1 and condenser |.

Assumptions

To be able to successfully model the cycle with a reasonable degree of accuracy the
following assumptions has been made regarding the working fluids (ASHRAE, 2001
and Foy, 2001):

Steady-state operation.

Refrigerant is pure water.

H,O-LiBr solutionsin generator |, generator |1 and absorber are in equilibrium
(points 1,5 & 7).

The fluid in Generator | is saturated vapour, and it is fully condensed at the low-
pressure generator I1.

Water refrigerant at the exit of the condenser and evaporator is saturated liquid
(points 15 & 17).
Liquid water carryover is saturated (point 18).
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No pressure changes in the pipes; pressure drop exists only in expansion valve
and pump.

Throttling processis isoenthalpic.

Solution pump is 100% efficient.

Negligible heat losses.

5.2.4.3. Moddling Procedure

The following procedure gives a detailed presentation of the double-effect cycle
shown in Figure 5.3, which is influenced by the work of Foy (2001). The single-
effect modelling procedure is given in Section B.2, Appendix B.

Stepl

To be able to proceed with the analysis of the cycle, the temperatures of generator 1
(Tgy)and condenser ( T,;) must be known. So, as an initial step, Ty, is guessed at

1/2 T,4;. The condenser temperature is calculated from:
TCI = TgII + ATpot (56)

Step 2

The input temperatures and the LiBr mass fractions are assigned to corresponding

pointsin the cycle:

T, =T, X1 =0

I,=T X12=0

Ts =Ty Xi3=0
Tg =Ty X1 =0
Ti1 =Ty Xi5=0
T, =T X16=0
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T4 =Ty X17,=0

Tig =T,

Since there is only state change across the evaporator from liquid to vapour:

T =T,

Step 3

The pressure at the exit of generator 1l ( P;,) can be calculated using Equation 3.20

from T,, and X;,, assuming:

Tsat12 = T2

From the assumptions:

P12 = P12

Since it is assumed that there is no pressure drop in the pipes:

P, =Py, Ps = Py,
P; =Py, Pg = Py,
P, =Py, Py = Py,

The procedure used to calculate P;, isfollowed to calculate the pressure at point 15

( P15) where Py 15 = Py and:

P; = Pis Pi3 = Pis
Pg = Pi5 P14y = Pis
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The pressure at point 17 ( P;,) is also calculated using the above procedure:

Step 4

The first step in calculating the concentration of LiBr at point 1 isto calculate the
saturation temperature ( Tsq. 1) &t the point. Ty, 1 is calculated using Equations 3.22

and 3.23 from the known T; and P, .

The concentration of LiBr at point 1 ( X;) can now be calculated using Equation 5.3
with the known T4, ; and T, utilising the fzero command in Matlab’s optimisation

toolbox. Also:

X, =X
X;=X;
Xy =X

The concentrations of LiBr at points 5 and 8 ( X5 & Xg) are aso caculated using the

previous method, and:

X6 = X5
X7 = X5
X9 = Xg
X10 = Xg

Step 5

The low-temperature heat exchanger temperatures T; and T, are calculated using the

equation describing the effectiveness:
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_ (T3-T) — (T3-T)

EHX = (1 n) T (hooty) (5.7
Ty = Tg + (Tg — T2)€nx 10w (5.8
T3 =T, + (Ts — T2)enx ow (5.9
And for the high-temperature heat exchanger, T, and T, are calculated from:

e = oy = (o) (510
Ty = T3 + (Ts — T3)eyx hign (5.11)
Te =Ts + (Ts — TS)EHX,high (5.12)

The pressure at point 7 is assumed to be the saturation pressure (i.e. Ps,. 7 = Py),
from this the saturation temperature of water Tg,., can be calculated using
Equations 3.22 and 3.23 as a function of Pg,, ;. Now, the actual temperature of the
solution at point 7 (T;) using Equation 5.3 from the known T, , and X, through the

use of the fzero command in Matlab, which eiminates the need for an iteration

process.

The previous procedure for caculating T, is also used to calculate the temperatures
at points 10 and 13 (T;, and T;3). By this, all the pressures, temperatures and LiBr
mass fractions are now know and the next step is to calculate the enthalpies and the
mass flowrates of fluidsin the cycle

Step 6

I. Enthalpies
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The enthalpies at points 1, 3, 4, 5, 6, 8 and 9 are calculated using Equation 5.1 from
the known temperatures and LiBr concentrations at these points. Also:

h, =h,
h, = hq
hio = hg

The enthalpy of superheated water vapour at point 11 ( hq,) is caculated from Py,
and T;, using Equation 3.16. On the other hand, the enthalpies at points 12 and 14
(hy, and h,,) are caculated from the assumption that they are at saturation State
using Equation 3.27.

It was assumed above that the refrigerant exiting the condenser is at saturation state,
and T4 15 = Ty5. SO, the enthalpy at point 15 can be caculated using Equation 3.27
from the known saturation temperature. The same procedure is used to calculate h,,

and hyg.

Since there is no enthalpy change across the expansion device:

Il. Massflowrates

The mass flowrate at point 17 can be calculated using the mass and energy balance

equations on the evaporator:

Mg = My7; + Myg (5.13)

Qe = Myzhy7 + myghig — myhye (5.14)
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The mass flowrate of the liquid carryover from the evaporator ( m,g) is calculated as

a percentage of the vapour mass flowrate ( m,,):

g, (5.15)

Mg = oo

Rearranging the above equations to solve for m, ;:

my; = (Q = (5.16)

100)h18_ (1+%)h15

and,

myg = %mu (5.17)

Mg = My7; + Myg (5.18)
Mys = Mye

To be able to calculate the mass flowrates of fluids through the absorber, an overall

and LiBr mass balances are performed:

my =My + My (5.19)

my Xy = myeX0 (5.20)

The two equations above are used to solve for my:

m, = ( - (5.21)

118



also,

m; =my
mz =my
my =my

A LiBr mass balance at generator | gives:

myX, = msXs

myX,
- =
msg X5
And,
me = Mg
m; = mg
A mass balance is applied on generator I:
my; = My — Ms (5.22)
mqp; = Mqq
my3 = Myq
The mass balance on the condenser gives:
My, =My — My3 (5.23)

With the mass flowrates and enthalpies known at al points on the cycle, an energy

balance on generator 11 and condenser | is applied:

Qg = Myshyy + mghg —my;h; (5.24)
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Qcr = Mmyihyy —myzhy, (5.25)

At this point, the guessed temperature for generator Il ( T,;;) must be corrected
because it affects the accuracy of the results. The assumptions listed for the model
state that the heat rejected by condenser | isreceived by generator I, whichis

written as;

Qcr = Qqur

A while loop is added to the program to satisfy the above equilibrium condition, in
which the convergence criterion is set at an error of less than 0.01. Once

convergence is reached, the correct T, is stored and an energy balance on the other

componentsis applied:

Qg1 = my1hyy + mghg —myh, (5.26)
Qcrr = Myzhys + myghyy —myshys (5.27)
Qq = Mmy7hy7 + myghyg + myghyg — mihy (5.28)

The COP isdefined as,

cop =2 (5.29)

le

5.2.4.4. Validation of AR model
The model was validated using results published by Foy (2001). The input variables

for the model are listed in Table 5.5. The results of the model simulated in this
research work are shown in Tables 5.6 and 5.7. A comparison between the

120



performance results from the developed Matlab model in Table 5.7 and Foy (2001)
results in Table 5.9 shows that the percentage difference between the energy flows
and COP is in the range 4.67% and 5.11%. This difference is acceptable if the
difference in the modelling and simulation procedures and software interface are

considered.

The author attempted to verify the results of the two models with examples given in
ASHRAE (2001) but found that there are various errors in most physical properties
and performance parameters. It may be due to the ambiguity of the input data given

in the reference book.

Table 5.5 State points of double-effect model

Parameter Unit Value
Absorber temperature, T, °C 20
Temperature of refrigerant vapour to °C 30
condenser, T,

Evaporator temperature, Te °C 2.5
Primary generator temperature, Tg °C 120
Secondary generator temperature, Tg, °C 05Ty
Refrigeration capacity, Qe kw 40
Heat exchanger effectiveness, ¢ % 80

Heat transfer potential °C 5
Liquid carryover -

5.2.5. Reference AR Chiller

To have a powerplant that is as close to reality as possible and performance results
that are reliable, an AR chiller that is commercially proven and available in the
market is used. The Trane Horizon absorption chiller series is used as the system to
be connected to the hybrid powerplant in this research. This particular company is

used because of its sizable market share and availability of chiller performance data.

The chiller selected from their range of AR chiller isthe ABTF-1150 model, 1165

Tons (Trane, 2005), and it was chosen because it had the highest COP and a
relatively large refrigeration capacity of 4428 kWr per chiller. The details of the
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Trane AR chiller are given in Table 5.10 below. Other calculations concerning the
steam flowrate, number of chillers required, fuel cost and CO, emissions are
formulated and calculated in Chapters 6 and 7. The assumptions used in the
developed Matlab program for an absorption double-effect cycle above are used to

estimate the performance and steam consumption of this Trane chiller.

Table 5.6 state points of developed double-effect model

Point Temperature Pressure Concentration Enthalpy Massflowrate

°C kPa % kJ/kg kgls
1 20.00 0.71 47.91 37.76 0.072
2 20.00 50.53 47.91 37.76 0.072
3 65.28 50.53 47.91 137.84 0.072
4 109.06 50.53 47.91 236.20 0.072
5 120.00 50.53 54.20 259.13 0.064
6 76.22 50.53 54.20 167.75 0.064
7 61.29 422 54.20 167.75 0.064
8 76.60 422 61.44 191.92 0.057
9 31.32 422 61.44 107.18 0.057
10 43.79 0.71 61.44 107.18 0.057
11 120.00 50.53 0.00 2722.20 0.008
12 81.60 50.53 0.00 341.64 0.008
13 30.04 422 0.00 341.64 0.008
14 76.60 422 0.00 2644.70 0.008
15 30.00 422 0.00 125.60 0.016
16 2.50 0.71 0.00 125.60 0.016
17 2.50 0.71 0.00 2506.88 0.016
18 2.50 0.71 0.00 10.47 0.000

Table 5.7 Performance parameters of developed double-effect model

Qe le QgZ ch ch Qa COP CR
kw kw kw kw kw kw
40.00 22.37 20.06 20.02 20.83 43.32 1.79 4.54
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Table 5.8 Validated results published by Foy (2001)

Point Temperature Pressure

Concentration

Enthalpy Massflowrate

°C kPa % kJ/kg kgls
1 20.00 0.723 47.58 37.30 0.074
2 20.00 50.732 47.58 37.30 0.074
3 65.50 50.732 47.58 138.20 0.074
4 109.10 50.732 47.58 236.60 0.074
5 120.00 50.732 54.03 259.00 0.065
6 76.40 50.732 54.03 167.70 0.065
7 61.00 4214 54.03 167.70 0.065
8 76.80 4214 61.51 192.70 0.057
9 31.40 4214 61.51 107.70 0.057
10 44.40 0.723 61.51 107.70 0.057
11 120.00 50.732 0.00 2721.80 0.009
12 81.80 50.732 0.00 342.80 0.009
13 30.10 4214 0.00 342.80 0.009
14 76.80 4214 0.00 2644.90 0.008
15 30.00 4214 0.00 124.40 0.017
16 2.50 0.723 0.00 124.40 0.017
17 2.50 0.723 0.00 2505.70 0.017
18 2.50 0.723 0.00 9.60 0.000

Table 5.9 Vdidated performance parameters published by Foy (2001)

Qe le
kw kw
40.00 23.47

QgZ
kw
21.11

ch QCZ
kw kw
21.06 21.95

Qa
kw
45.50

cop

171

CR

4.40

Table 5.10 Performance data of Trane ABTF-1150 AR chiller (Trane, 2005)

Parameter Unit Value
Absorber temperature, T, °C 35
Temperature of refrigerant vapour to °C 38
condenser, Teo

Evaporator temperature, Te °C 6
Primary generator temperature, T, °C 149
Secondary generator temperature, Tg, °C 05Ty
Refrigeration capacity, Qe kw 4428
Heat exchanger effectiveness, ¢ % 80
Heat transfer potential °C 5
Liquid carryover - 0
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5.2.6. Conclusions

The chapter concentrated on two popular refrigeration cycles, the vapour-
compression and the absorption refrigeration cycles. Section 5.1 described the
electrically-driven VC A/C cycle and studied power consumption of the different
types of A/C units used in Kuwait, and then the average power consumption was
estimated.

The absorption refrigeration system was described in detail and discussed in Section
5.2. Thetwo main types are the single- and double-effect systems. The double-effect
cycle was selected for modelling and smulation in this research because of its
higher COP and suitability for both resdentia and commercia sectors.
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Chapter 6

6. Desgn and Modelling of Hybrid Configurationsfor the Doha
West Power plant in Kuwait

The Rankine steam cycle, MSF and RO desdination processes, and VC A/C and
ARSs have been studied and analysed in Chapters 3, 4 and 5, respectively.
Mathematical models for the steam-consuming processes were also developed to be
able to simulate their performance under prevailing weather conditions in Kuwait
and electric and water demand data. The models were validated using real data from

existing processes and plants.

In this chapter, hybrid powerplant configurations are developed using the processes
and technologies mentioned above that would satisfy the demand for electricity,
freshwater and cooling required by the DW powerplant. Matlab programs developed
for MSF desalination and AR chillers are integrated with the Rankine cycle program
along with available datafor VC A/C and RO desalination. The objective isto study
the economic and environmental feasibility of turning this existing conventional (i.e.

dual purpose) powerplant into a hybrid system.

Section 6.1 of this chapter discusses different hybrid powerplant configurations
presented in literature, and introduces the configurations that are studied and
analysed in this study. The assumption and constraints used to develop and simulate
the hybrid configurations are discussed in Section 6.2. Section 6.3 contains the
electricity and water consumption data that are used to simulate the DW monthly
production profiles and the methodology used to estimate the base and A/C electric
loads.

Sections 6.4 to 6.9 present the different powerplant configurations modelled and

simulated in this research work and the corresponding mathematica correlations for
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fud cost and CO, emission estimation where applicable. The differences and

modifications in equations for the various models are also discussed.

6.1. Hybrid Configurations

This section is divided into two parts. Section 6.1.1 presents a literature review of
various hybrid powerplant configurations based on the steam cycle and various
combinations of processes related to this research work, together with the
anticipated benefits and negative impacts. Section 6.1.2 introduces the powerplant

configurations that are selected for modelling and simulation in this research.

The main objective in selecting these different hybrid configurations is to reduce
fud cost and negative environmental impacts while satisfying demand for
electricity, freshwater and cooling. One possibility is to reduce the demand for
electricity during the summer by shifting the production of cooling from
conventional A/C systems powered by electricity to cooling produced centrally
using AR units that use steam as input, with MSF as the only desalination option.
Another idea is to study the effect of using electricity for seawater desalination by
utilising RO units instead of the steam-consuming M SF desalination process, while

switching the cooling load to AR chillers.

6.1.1. Hybrid Plant Configurationsin Literature

This literature review concentrates on powerplant configurations that incorporate

technologies and processes of relevance to this research work.
6.1.1.1. Power-RO Systems
Single-purpose powerplants that generate power only and utilise the RO desalination

process are becoming popular around the world, especially in the Gulf region. The

low overal cost of RO desaination and its proven reliability are encouraging
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governments to consider this option for new powerplants. The Y anbu Industrial City
powerplant in the KSA is an example. The powerplant has a daily capacity of 50,400
m?® of fresh-water production (Khawgji et al., 2007).

Other studies available on powerplants connected to only RO desalination units in
the Gulf region are only theoretical analyses. Darwish et al. (2005) studied the
performance of RO systems combined with gas turbines available at Kuwait's
powerplants with very low utilisation period (See Figure 6.1). A more recent study
by Darwish et al. (2009) considered RO desdlination units in association with
combined-cycle powerplants. These studies demonstrated the possibility of fuel
savings and reductions in CO, emissions when using RO instead of other
desalination processes. Methnani (2007) used the Desalination Economic Evaluation
Program (DEEP) published by the International Atomic Energy Agency (AIEA) to
compare the performance and fuel cost of a RO desdination unit operated in
association with a combined-cycle powerplant with other desalination processes.
When compared with the multiple-effect desalination (MED), Methnani (2007)
concludes that RO desalination costs are significantly lower.
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Figure 6.1 Gas turbine operating a RO desalination plant (Darwish et d., 2005)
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Some of the recent studies on the feasibility of adding RO desdination at Kuwait's
powerplants are Darwish and Darwish (2008), Darwish et al. (2008) and Darwish et
al. (2007). The main conclusion from these studies is that applying RO desalination
in Kuwait results in savings in fuel consumption at powerplants, reduced CO,

emissions to the atmosphere and less water production cost.

6.1.1.2. Power Generation with M SF-RO Desalination

El-Sayed (2001) concluded that a cogeneration system with a variable-load can
impose a fuel pendty on the system and raise the water production-cost
considerably. This happens when there is a mismatch between the power and
freshwater demands. The author suggesed a modification to the system
configuration to match power and water demands, if improvement to the efficiency
of the system is desred. El-Sayed (2001) recommended a hybrid system in which
another desalination technology is added, in this case vapour-compression, to avoid

power-water mismatched demands by steadily producing water.

The work of Azoury (2001) focused on power and desalination in the Gulf region.
The author argued that the low power-to-water ratio (PWR) for powerplants in the
Gulf region is an indicator of water production priority over base load power
generation. As plants are commonly designed according to summer peak conditions,
this leads to low year-around operational thermal-efficiency. As a solution, Azoury
(2001) recommended the use of RO desalination along with the exising MSF
process in a hybridised thermal powerplant.

El-Sayed et a. (2000) and Agashichev and El-Nashar (2005) listed the following
technical and economic benefits of hybridisation between M SF and RO systems:

Higher product water recovery and less power consumption by RO.
Maximum RO membrane permesbility.
Prolonged RO membrane life.

Lower consumption of chemicals and RO membrane replacement rates.
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Greater flexibility in the cogeneration power/water systems (i.e. flexible range of
power-to-water ratio).

Possibility to use seasonal surplus of idle power.

El-Sayed et al. (2000) published results on the performance of two RO pilot plants,
using two different membrane types, for an experimental MSF/RO hybrid set-up.
The two RO plants have a nominal capacity of 300 m*/day each. One plant is of the
spiral-wound membrane type and the second uses the hollow-fiber membrane type.
The two plants are fed by one common seawater header and utilise one common
chemica dosing and cartridge filter system. When in hybrid mode, the feed is
provided by a pre-treatment plant which is linked to the A-1 MSF unit of the Doha
East powerplant in Kuwait. The pre-treatment plant receives the rejected seawater
from the heat rejection section of the plant. Different performance parameters for
both hybrid and single mode operation for the RO plant were published by El-Sayed
et al. (2000).

The results showed that the specific electrical energy consumption under hybrid
operation for the spiral-wound membrane is between 5 and 6 kwh/m?, with the
majority of the data being below 5.5 kWhm? for the first 2000 hours of operation.
On the other hand, the data for RO-only mode (i.e. using surface water as feed)
showed that the specific energy consumption is between 6.5 and 7.0 kWh/m®. The
authors argued that the lower specific energy consumption for hybrid operation is
due to the increase in product water recovery during this mode of operation. They
also concluded that the eectrical energy consumption under MSF/RO hybrid
operation can be reduced by 15% to 25%.

In their theoretical study, Agashichev and El-Nashar (2005) presented a techno-
economic evaluation and assessment of the sustainability for a “triple” hybrid
system which consists of power generation via gas turbine (GT), MSF and RO
desalination processes. In their proposed plant, the MSF and RO desdination
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processes were completely separated and operated independently. What the authors
meant by “hybrid scheme” here is that the plant produces freshwater simultaneoudy
by utilising GT electricity to drive an RO unit, and thermal and some electrical
energy for the MSF plant.

The following load-dependent indicators were calculated for the evaluation of the
techno-economic performance of the hybrid plant proposed:

Water cost.

Electricity generation cost.

Cost of low-grade heat.

Specific CO, emissions.

Cost of CO, due to imposed carbon tax.
In the analysis of the hybrid plant, the GT load was varied to study its effects on the
above mentioned indicators. The authors argued that the drop in the operating load
leads to a non-linear increase in specific fuel consumption. The cost of generated
electricity increases too. It was also concluded that MSF desalination is more
sensitive to variation in GT load than the RO system. When the GT load was
dropped from 100% to 20%, the specific water production cost increased from US$
0.93 to US$ 1.27 for MSF and from US$ 0.68 to US$ 0.87 for RO. Finaly, specific
CO; emissions were found to increase with the decrease in GT load. For aload drop
from 100% to 20%, the specific CO; emissions increased from 9.29 to 18.03
kgCO,/m? for MSF and from 2.77 to 4.91 kgCO,/m? for RO. It is worth mentioning
that the above results give a clear indication that RO desdination costs less to
produce freshwater and contribute less CO, emissions to the environment than M SF
desalination.

In arecent study by Al-Katheeri and Agaschichev (2008), a hybrid powerplant with
the same components as the system suggested by Agashichev and El-Nashar (2005)
was analysed but with a proposed aquifer storage and recovery (ASR) that adds
flexibility and optimises water production. The advantages of this hybrid
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configuration, the authors concluded are increased range of PWR, ability to use
surplus power for water production by RO, efficient fuel utilisation and the creation

of strategic water reserve.

Other studies that analysed and listed the advantages of power and M SF-RO hybrid
plants include Cali et d. (2008), Sanz et d. (2007), Hamed (2005), M arcovecchio et
al. (2005), Awerbuch (1997) and Al-sofi et a. (1992). The authors argued that the
implementation of the hybrid power-MSF-RO concept could increase plant water
production, reduces energy requirements, reduces capital cost through the use of a
common seawater intake and adds flexibility to the system when there is a mismatch

between water and electricity demands.

6.1.1.3. Power-AR Plants

In a study published by Al-Hawa and Al-Mutairi (2007), a combined cycle
powerplant was suggested with AR chillers included in the plant to replace the
cooling load satisfied by the VC A/C system in Kuwait. The authors assumed that
the chiller is a single-effect water-LiBr absorption unit powered by steam extracted
at an intimidate pressure from the steam turbine. Results of the study showed that

there are significant savings in power when this configuration is used.

Rosen et al. (1994) studied the advantages of implementing district cooling in
Ontario, Canada using AR chillers that are supplied with heat cogenerated from a
hydro-electric plant. The results were compared with a base-case year using energy
quantities and environmental emissions. When the suggested configuration replaced
40% of the cooling requirement, savings of 30 PJ of total energy for the province
were claimed to be achievable. The reduction in CO, emissions were around 758

metric ktonnes per year.
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Studies on the subject of cogeneration plants and ARSs include Emho (2002), Xu et
al. (2000), Tang and Rosen (1999), Rosen and Le (1996) and Tomimori et al.
(1990).

6.1.1.4. Hybrid power--RO-AR Plants

Darwish (2002) proposed a district cooling system for a university campus in
Kuwait based on AR chillers fed by steam from two existing steam turbines at the
nearby Doha East powerplant. The freshwater demand would be satisfied by RO
desalination units instead of the existing MSF unit, and the available extraction
steam for the MSF would be used to feed the AR chillers. Advantages of such a
configuration, he concluded, are the slowing down of the demand for extra
powerplant capacity additions, lower energy consumption and shaving of peak

power.

6.1.1.5. Summary

The literature review of different configurations involving the processes studied in
this research shows that there is potential for energy savings and improvement in
efficiency. Some of the advantages listed in these published studies are increasing
utilisation factor of equipment at existing powerplants, solving the problem of
power-water production mismatch and greater flexibility in the operation of the

powerplant.

The configurations presented above will be the bases of the hybrid plant designs for
this research work with other configurations added to ensure that the study covers all
possible powerplant designs. For example, the hybrid power-M SF-AR and power-
MSF-RO-AR configurations will be analysed & so.
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6.1.2. Suggested Hybrid Configurations

The conventional powerplant configuration (i.e. power-freshwater cogeneration) is
first modelled and analysed in this work to be used as a base to compare other
configurations with. Another configuration, which is not hybrid, is the power-RO
configuration that uses electricity only to satisfy the various demands at the DW
powerplant. This configuration is useful in determining the ability of RO
desalination to satisfy the demand for freshwater and its effect on the number of
turbines in operation. It is also used to compare the fuel efficiencies of both the MSF
and RO desalination processes. The hybrid configurations that are modelled,
simulated and anal ysed in this research work are:

i. Power-MSF-RO
ii. Power-MSF-AR
iii. Power-RO-AR
iv. Power-MSF-RO-AR

These hybrid powerplant configurations are discussed in detail in the following
sections.

6.2. Assumptionsand Constraints

The DW powerplant comprises 8 steam turbines and 16 MSF desdination units
(every 2 MSF units operate on steam extracted from one turbine). Table 6.1 shows
the operating parameters of the powerplant. The main objective of the hybrid
powerplant configurations is to try to run the minimum number of steam turbines at
full capacity, and operate M SF units and AR chillers on as much extracted steam as
possible. Only in the case where extracted steam does not satisfy the demand of all
processes, stand-by (or off-line) boilers already existing at DW will be brought

online to make-up for the shortage.
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The rationale behind using the stand-by boilers at the power station is that because
there are 8 turbine sets each fed by a boiler. Results of the conventional (i.e. power-
freshwater cogeneration) powerplant configuration (see Appendix C) show that not
all 8 turbines are needed to satisfy the demand for electricity. Therefore, there are
always available auxiliary, stand-by boilers to be used to provide the M SF units with

the steam necessary to meet the demand on freshwater production.

Table 6.1 Operating parameters of DW cogeneration plant

Par ameter Value
Output (MW) 300.00
No. of feed-water heaters 6
Boiler steam mass flow rate (kg/s) 277
Turbine efficiency (%) 84
HP turbine inlet pressure (bar) 140.00
HP turbine inlet temperaure (°C) 535.00
Reheat Pressure (bar) 36.80
Reheat Temperature (°C) 535.00
Condenser pressure (bar) 0.085

The amount of extra steam needed to be generated by the stand-by boilers is
estimated in the Matlab program by subtracting the maximum value of steam that
can beraised in the main boilers from the total amount of steam needed or operating
the MSF units to meet the required demand for freshwater and when adding AR
units to the plant. As both AR chillers and M SF units receive sseam from the same
stand-by boilers, steam pressure for AR chillers needs to be reduced steam via a

pressure reduction station.

The constraints and assumptions of the hybrid configuration models are as follows:

Turbines work at nominal (i.e. full) capacity of 300 MW.

Maximum capacity of each main or auxiliary boiler is 277 kg/s.

Steam is extracted from turbine for both MSF and AR units.

Steam flowrates above the maximum capacity of 277 kg/s are generated in
auxiliary boilersto satisfy M SF and AR demands.

Steam raised in the auxiliary boilersis designated as Z in the program.
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Modifications are concerned with processes within the powerplant. Any
additions or modifications required outside the powerplant (e.g. steam or chilled
water distribution) are not considered.

Price of oil is US$43.77/barrel.

Price of natural gasis US$8.72/M MBtu.

These assumptions are incorporated into the developed model. The program is
executed for all months of the year, except for the hybrid configurations that involve
replacing VC A/C load with AR chillers, the program is run for the months March to
November. Freshwater demand is always satisfied all year round regardless of the
hybrid scenario being analysed.

6.3. Electricity Generation and Water Production Data

Electricity and water production data published by MEW for Kuwait’s powerplants
are used in the modelling and analysis of hybrid powerplant configurations. The
available data are for 2001 since they were the latest available at the start of this
research.

6.3.1. Electricity Production

The sets of data that were available from MEW are for the tota eectricity demand
(in MW) for the entire of Kuwait from all power stations . The half-hourly profile
was used to produce an electricity generation profile for each day of the month.
These different data profiles will help in determining the electric base load and A/C
load. Since this data could not be obtained for DW, which is the reference power
station for this study, the percentage share of DW to total national annual electricity
production in 2001 was estimated. Compared with a total electricity production of
34.299 TWh in 2001, DW production was 9.647 TWh (see Table 6.2), resulting in a
percentage share (Yopw) of DW of around 28%.
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Some researchers have estimated the base load at the national level or for a power
station to be the lowest production during the year. However, this assumption may
not be entirely correct because the lowest generation might be due to unusua events

such as holidays wherea large number o f the population has travelled abroad.

Table 6.2 National and DW electric generation in 2001 (MEW, 2002a)
National electric generation DW electric generation

Month

GWh GWh

January 1869 586
February 1619 536
March 1881 610
April 2526 775
May 3335 886
June 3797 961
July 4119 1095
August 4346 1135
September 3791 920
October 3094 867
November 2055 683
December 1866 592
Annual Total (TWh) 34.3 9.6

In this work, the months of December, January, February and half of March are
assumed to be winter months where there is no A/C demand. The average hourly
generation was estimated for each day during this period. At the national level, this
resulted in adaily base load of 59.313 GWh. The daily A/C load is calculated for the
rest of the months of the year as the difference between the total daily load and the
estimated average value for the daily base load.

The above estimated base load value is the total national figure for all power
stations. Hence, multiplying the national base load of 59.313 GWh by the estimated
%pw Of 28%, the DW base load comes to a value of 16.7 GWh/day. The daily
estimates of base load and electricity generation are multiplied by the days of the
month to obtain monthly profiles. It would be more beneficial to have daily profiles
of eectricity generation and their economic and environmental effects, but the lack
of consistent and reliable daily data has restricted the study to monthly-based
profiles.
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In this research the year is divided into two seasons, summer and winter seasons.
The summer season is from April to November during which A/C systems are used
in Kuwait round the clock. The winter months, on the other hand, are from
December to February. The month of March is usually considered a spring month
during which A/C systems are used in the second half of it when temperatures reach
25° C and above. Hence, the A/C load for March is assumed to be for 15 days but in
the Matlab program are spread over the whole month for the sake of simplifying the

output.

6.3.2. Water Production

The monthly water production data for 2001 are published by MEW (2002b). Table
6.3 shows the monthly water production at DW. The monthly water production is
presented in million m®. The freshwater produced in DW comes from seawater
desalination from existing M SF desalination units at the plant.

Table 6.3 Monthly water production in 2001 at DW
(MEW,2002b)
Monthly water production

Month
million m?

January 9.947

February 8.885
March 10.974
April 12.205
May 13.263
June 13.238
July 13.501
August 13.662
September 12.771
October 12.085
November 11.894
December 11.653
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6.4. Conventional DW Configuration

The performance of the DW powerplant (Figure 6.1) must be assessed before hybrid
plant configurations are developed and analysed. A simplified flow diagram is
shown in Figure 6.2. The fuel consumption and CO, emissions of the conventional
plant are estimated to use them as a bench-mark to compare the performance of
hybrid powerplants against, after which the most efficient configuration for Kuwait
can be suggested. The mathematical models for the steam Rankine cycle and the
MSF desalination process developed and presented in Chapters 3 and 4 are linked

together and run smultaneously to simulate the DW cogeneration plant.

6.4.1. Steam mass flowr ate calculations

The main objective of the linear model describing the M SF is to calculate the mass
flowrate of the steam to be bled from the turbine or fed from an auxiliary boiler to
the brine heater. The calculated steam mass flowrate is then used as an input to the

main program simulating the cogeneration plant.

M (mass =1)

%
—
=
El
H
]

—
LP TURBINE
[

oy

2

(mass =1)

y2)

4]

51 TWO MSF UNITS
3

)]

[20]

N2 (y) = mass fraction
-~ [number] = state
1 point

\

e 171 j,:
[e]

[24]

[23]

Figure 6.2 Schematic diagram of the DW conventional powerplant
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Figure 6.3 Simplified flow diagram of DW conventional powerplant

The objective of the program describing the power cycle, on the other hand, is to
calculate the amount of steam input from the boiler to the steam turbine. So, the new

additions to the Rankine cycle mathematical model are:

Calculation of the number of M SF units to be operated at DW.

Calculation of the number of steam turbines to be operated at DW taking into
account the base load, A/C load and internal el ectricity consumption.

Estimation of oil and natural gas consumed by DW and the corresponding cost.

Estimation of carbon dioxide (CO,) emissions.

The Rankine cycle model calculates all temperatures, pressures and enthalpies
required for performance estimation of the cycle. In Figure 6.1, the enthalpies are
numbered according the state point numbering between brackets from h; to hps
(kJkg). The MSF model is now executed to determine the mass flow rate of the
steam (mgusr) to be extracted from the turbine at point [ 7] on the diagram. Also, the

enthalpy of the steam in and out of the MSF units is calculated from the known
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thermodynamic properties from the Rankine cycle program. The mass fractions at

points [4], [5] and [6] are calculated since all variables are known.

—_ (h19_h18)

V1= (hy—hys) (61)
_ V1(hp3—hy4)+(hyg—hy7)
Y2 = (he—1y3) (6.2)
_ (hi6—hqs5)=y1(ha3—hp4)—y,(hp3—hys)
37 (he—h1s) (6.3)

Since the mass flowrate of steam (mg ;11.,) raised in boilers is unknown and should
be estimated using the developed code, the mass fractions, turbine work and power
can only be calculated by solving the following equations simultaneoudy using the
Matlab function fsolve. A flow chart of the modelling procedure is presented in

Figure6.3.

S (YmsF>humsF iquia) *P1a(1=Y1=Y2=Y3=YusF) (6.4)
mximng (1-y1-y2-¥3) '

and

Viuse = mS’MSF/mS boiler , which is the mass fraction of steam into M SF units.

Vo = (1—3/1—372—Y3)X(h15—hmixing) (6.5)
* (hy—hys) '
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_ Yalha1=hy)+(1-y1—y,~Y3—Ymsr) < (h14—hq3)

Ys = (hg—h31) (6.6)
— atys)x(hao—hp1)+(1-y1 -y —y3—Ymsr) X (hi3—h13)
6 = (6.7)
(ho—h20)
The equation for turbine work output is,
Wr = (hy — hy) + (L — y;)(hg — hg) + (L —y; — y,) (hs — h¢)
+(1 - y; =y, — ¥3)(he — hy)
+(1—y1 =Y, —¥3 = Ya — Yusr) (hy; — hg)
+(1—y1—Y2—Y3 = Ya—¥s — Yusr)(hg — ho)
+(L—y1 =Y, = Y3 = Vs — Y5 — Y6 — Yusr)(ho — hyp) (6.8)
The power output per turbine is calculated from the following equation
Output = mg pojrer X Wr inkW (6.9)

6.4.2. MSF Desalination Analysis

The DW powerplant comprises 16 M SF units, 4 of which have a maximum capacity
of 27,277 m*/day each, and 12 units with a maximum capacity of 32,732 m*/day

each. It isassumed in thiswork that the 4 units with the lower
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INPUT

h, to h,,
Turbine Rating

A

CALCULATE

Mass fractions (v, - ¥3)

A

ITERATE (fsol/ve)
i
equations 4 - 9

SOLUTION

Mg poiterr Nmixing: Y4» ¥s5, ¥Ye, VVr

h
END

Figure 6.4 Flowchart of procedure to determine mass flowrate of steam raised
in boiler

capacity are in constant operation and that they are always operated by steam

extracted from the turbinesin operation.

The following correlation is used to estimate the number of high capacity units that
will be needed to satisfy the demand aong with the 4 low capacity units:

N :VV\Ndemand - (NMSF,L " Caye, days)
M A Cayg s~ days

(6.10)
The total number of M SF units that need to be operated to satisfy freshwater demand
is:

NMSF = NMSF,L + NMSF,H (611)
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The next step is to estimate the number of MSF units that will be fed by steam
extraction from the turbine. Each turbine set feeds steam to two MSF units.
However, there is usualy a mismatch between electricity and water demands, hence
auxiliary boilers must come on-line to provide the required steam for the M SF units
not connected to a turbine. So, the amounts of oil and natural gas consumed by the
auxiliary boilers are calculated to be added later to those consumed by the main
boilers of the powerplant.

Heavy oil consumption

The monthly consumption of heavy fuel oil from the low capacity M SF units is:

, . N N
My mse L = gmMSF'L Qt:h'L = g 3600° 24" days (6.12)
é Nl CVai u

The monthly consumption of oil from the high capacity M SF unitsis:

_Gane, Quu

0 2\  op
My e 1t = 2Ny - NT?)i 3600° 24 days (6.13)

$ hboiler ’ CVoil a9 u

The total monthly consumption of heavy oil by auxiliary boiler feeding MSF units

not covered by steam extraction is:
Moiimss = Moitmse L T Mot s 1 (6.14)

The extra fuel energy (E, ys MJmonth) consumed by the auxiliary boilers to run

the MSF units is calculated using the following equation:

Eoivs =CVai ™ My e (6.15)
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Natural gas consumption

The volume of natural gas consumed for the low capacity M SF unitsis:

V _ ?mMS:,L Qbh,L N
gas,MSF,L — e -

0
: "7 36007 24" days
e h boiler CVgas o

The volume of natural gas consumed for high capacity MSF unitsis:

€, 0 U
Vgasmse v = LQNLH?‘(NMSF - NTZ)l:I’ 3600" 24" days
' ' 2 hboiler Cvgas g Q

6.4.3. Total Powerplant Fuel Cost

(6.16)

(6.17)

The data concerning heavy oil and natural gas consumption at DW published in
MEW (2002a) are used to determine the quantity of each fuel used at the plant in
percentage terms. The analysis shows that heavy oil consumption at DW is 90% of

the total and natural gas is 10%. Hence, when calculating the consumption of each

fud, the corresponding percentage values are considered when executing the

program. The formulas used to estimate the cost of oil and naturd gas a the

powerplant are presented below.

Cost of ail

To estimate the amount of oil consumed at the plant in terms of barrels, first the

monthly mass flowrate of fuel consumed in main boilers to run the steam turbines is

calculated:
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My pover = :wﬂ 3600" 24 days (6.18)
' & Ny CV, o

boiler oil

This equation is used to calculate the heavy oil energy in MJ per month consumed in

the plant:

Eoil,total = (Cvoil ’ moil,power ’ 10»3' aoiI )+ (EoiI,MSF ’ aoil) (619)

The oil energy estimated is converted to barrels per month using,

NB,, = E,, .o K (6.20)

oil oil,total

and the cost of the oil in million $US consumed at the station is estimated from,

Cai =NB;; " Ce (6.21)

Cost of natural gas

The monthly amount of natura gasin m3 consumed at DW is calculated from:

% eamQ iler NT u' 4 4 . 9 - ":l

Vgas o =é‘?e—:m;ll _ é\'/ 0 g 3600 24" daysT+ (\/gas,MS: agas)l,‘ (6.22)
é@ boiler ¥ Vgas [ @ H

Egas,total :Vgas,total ’ CVgas ’ W (623)

The cost of the natural gas consumed &t the station can now be estimated from:
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=E_., C. 10 (6.24)

gas,total gas,total gas

6.4.4. Carbon Dioxide Emissions

The published report by EPA (2005) is used in this research. It is useful in that the
information required to calculate CO, emissions is simple yet comprehensive. Table
6.4 lists the values of the parameters required to estimate CO, emissions caused by
combustion of heavy oil and natural gasat DW.

The correlation used to estimate CO, emission for various types of fuelsis:

Reo, =CV” CC” F~ (#4/)) (6.25)

To estimate the monthly CO, emissions the amount calculated above is multiplied

by the corresponding calculated amounts of oil (NB,,) or natural gas (V

gas,total ) .

6.5. Power-RO Plant Configuration

The suggested configuration is for a single-purpose powerplant producing electricity
only to satisfy the electric load (i.e. plant internal, basic and A/C loads) and supply
electricity to RO desalination units that are used to meet freshwater demand (see
Figure 6.4). MSF desdination is not utilised in this part of the modelling. The
Matlab code developed for a Rankine cycle producing eectricity only is utilised to
analyse the performance of the powerplant.

The same monthly electricity and water demand profiles are used for this powerplant
configuration as for the cogeneration plant. There are two parameters that have to be
specified to complete the mode for the power-RO plant. They are the capacity of

the RO plant and the electricity consumption per unit of water produced.
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Table 6.4 Heat contents and carbon content coefficients (EPA, 2005)

Carbon Content Coefficients Fraction
Fuel Type Heat Content (kg carbon/kJ) Oxidised
Solid Fuels MJ/kg
Anthracite coa 26.25 2.68E-05 0.99
Bituminous coal 27.78 2.42E-05 0.99
Sub-bituminous coal 19.93 2.51E-05 0.99
Lignite 14.97 2.49E-05 0.99
Coke 28.84 2.94E-05 0.99
Unspecified 29.08 2.40E-05 0.99
GasFuels MJI/m®
Natural gas 38.30 1.37E-05 0.995
Liquid Fuels MJ/kg
Crudeail 40.52 1.92E-05 0.99
Nat gas liquids & LRGs 26.13 1.61E-05 0.995
Motor gasoline 36.40 1.83E-05 0.99
Aviation gasoline 35.28 1.79E-05 0.99
Kerosene 39.62 1.87E-05 0.99
Jet fuel 39.62 1.83E-05 0.99
Didtillate fuel 40.73 1.89E-05 0.99
Residual oil 43.95 2.04E-05 0.99
Naptha for petrofeed 36.68 1.72E-05 0.99
Petroleum coke 42.06 2.64E-05 0.99
Other oil for petrofeed 40.73 1.89E-05 0.99
Soecid napthas 36.68 1.88E-05 0.99
Lubricants 42.41 1.92E-05 0.99
Waxes 38.71 1.88E-05 0.99
Asphalt/road ail 46.39 1.95E-05 0.99
Still gas 41.92 1.66E-05 0.99
Misc. products 40.52 1.92E-05 0.99

Note: For fuelswith annually variable heat contentsand carbon content coefficient, 2003 U.S. average
valuesare presented. All factorsare presented in higher heating values.

The selected capacity of the RO plant should be within the range of commercially
available RO capacities. The recently commissioned Fujairah hybrid plant in the
UAE includes a RO plant with a capacity of 170,475 m*/day. But it is established
that RO plants are available at capacities as high as 320,000 m*/day (Veolia Water,
2005). To take advantage of the concept of “economies of scale’, the current set-up
of the MSF plant a¢ DW will not be implemented for the suggested RO plant. In
other words, it is best in terms of economics and efficiency to install fewer number

of RO units with higher capacities than the current M SF units.
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To be able to satisfy the highest distilled water demand during 2001 of 441,258
m®/day and have spare capacity, the RO plant selected here will include 5 RO units
of 110,000 m*/day.

6.5.1. RO Energy Consumption

The specific energy consumption by RO units at DW estimated in Chapter 4 is5.49
kKWHm?®. Knowing the capacity of each RO unit and the energy consumption, the
total monthly electricity consumed by RO can now be calculated.

Number of required RO units

Ngo = —Hdemand_ (6.26)

Caro*days

Monthly electricity consumed by RO

Ero totat = Eroumit X Cago % Ngo X days (6.27)

Equations (6.21), (6.24), and (6.25) are used to estimate cost of oil, cost of gas, and
the CO, emissions, respectively at the power-RO plant.

6.6. Power-M SF-RO Plant Configuration

The first hybrid configuration that can be suggested for the DW powerplant
comprises of the conventional dua-purpose set-up with a RO seawater desalination
system added to it. A flow diagram of the suggested configuration is shown in
Figure 6.5. The feasibility of utilizing both the MSF and RO desdination
technologies at the plant is studied and analysed. The capacity of RO desalination is
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increased from 5% to 95% and MSF desdlination is decreased by the same
percentage. This research does not suggest any physical connection between RO and
MSF technology by sharing the same water intake or using the discharge of one
technology as feed to another. The suggested configuration assumes that these
desalination processes work independently to satisfy freshwater demand of DW

powerplant.

The rationale behind this configuration is to study the ability to use excess electricity
generated by the steam turbines during low A/C load periods. In other words, the

> Electricity to grid

Fuel Steam Electricity Fresh water

Steam ¥ RO > Waterie
turbine plant

v

Boiler

Figure 6.5 Simplified flow diagram of power-RO powerplant configuration

configuration helps in matching steam and electricity generation with demand.
Utilising the RO desalination technology in the winter time when A/C load is zero
helps make use of available electricity and avoids the use of auxiliary boilersto feed
MSF units with steam. The constraints and assumptions listed previously apply for
this configuration. Also, the input parameters and mathematical correlations used for
the conventional and power-RO configurations (see Sections 6.4 and 6.5) are not

changed for this configuration.
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6.7. Power-MSF-AR Plant Configuration

The mathematical model of the power-MSF-AR hybrid configuration is a
development of the model used to evauate the performance of the DW cogeneration
plant discussed in Section 6.4. This section describes the work undertaken to model
aconventional plant that includes AR chillers. See Figures 6.6 and 6.7 for details.

Electricity to grid
Electricity Fresh water
1 RO

plant 4

A 4

Fuel Steam

Steam Electricity
turbine

v

""" » Boiler

. —> Waterline
(oil/gas)

A A 4

Steam >
MSF
plant Fresh water

Fuel Steam
_____ » Auxiliary .
boiler

(oil/gas)

Figure 6.6 Simplified flow diagram of power-M SF-RO hybrid powerplant
configuration

6.7.1. AR Energy Consumption

The model developed in Chapter 5 to simulate the double-effect H,O-LiBr chiller is
utilised to estimate the energy (Q4r) required to operate it, which is then fed to the
main Rankine-cycle model. The first step in linking AR chillers to the conventional
plant is to calculate the number of AR units that would replace the A/C load
satisfied by VC units. The number of AR units at DW can be estimated from:
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Unit g = Lrac)(€oP) (6.28)

CaaRr unit

The above equation estimates the total number of AR chillersthat may be fed by the
8 turbine-sets at DW. The mass flowrate of steam required to operate one AR chiller
is estimated from the following equation:

QAR
N o 6.29
AR unit (hAR,steam_hAR,liqum) ( )

The mass flowrate of steam required to run N number of AR units for a single
turbine-set can be caculated from:

_ (unitar)(marunit) (6.30)

mAR,total - NT

6.7.2. Steam mass flowr ate

The addition of AR to the conventional-plant model means that Equations (6.3) to
(6.8) will have to be modified to account for the extracted steam (mgpeqm ar) from
the turbines. It must be noted that not all the required steam for AR will come from
the turbines, but part of it must be raised in auxiliary boilers as will be detailed
below. The modified equations are:

ys = (1_3/1_YZ)(hmixing,AR)+(Y1+YZ)(h-23)_h-16
3 =

(6.31)

(hlﬁ_hmixing,AR)

h _ (hartiquia) W ar)+(1=y1-y2-¥3-y ar) (n15)
mixingAR (1-y1-y2-y3)

(6.32)
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i _ msr)(hmsriiquia)th1a(1=Y1-Y2—Y3—YAR—YMSF)

mixing MSF — (633)
g (1-y1-Y2=Y3—Yar)
v, = (1-y1-Y2-¥3-Yar) (R1s—Rmixing MsF)
s =
(h‘7 _hZZ) (6 )
11 (mass =1)
[2] (mass =1) |
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. //g
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[41
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Figure 6.7 Schematic diagram of cogeneration powerplant wit AR steam
extraction
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Figure 6.8 Simplified flow diagram of power-MSF-AR hybrid powerplant
configuration

— Ya(ha1=h22)+(1=y1—Y2=¥3-Yar—YMmsF)(h14)—hi3
s =
(hg=hz1)

(6.35)
— (Ya=ys)(ha0—h21)+(1=y1—-Y2~y3—VaArR—YMsF)(h13—h12)

ho—h

( 9 20) (6_36)
Wr = (hy — hy) + (1 = y;)(h3 — hs) + (1 — y; — y,)(hs — hg)
+(1 =y, =y, —y3 = Yar)(he — h7)
+(1—y1 — Y2 — Y3 — Ya — Yar — Yusr)(h; — hg)
+(1 =y, = Y2 —¥3 = Y1 — Y5 — Yar — Yusr) (hg — hg)
+(A =y = Y2 = Y3 = Ya — Y5 — Y6 — Yar — Yusr)(ho — hyg) (6.37)

Where the unknowns to be solved-for in the program are (Figure 6.8):

Msteam boiler
hmixing,MSF

Y3
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6.7.3. Fud Cost & CO, Emissions

Equations (6.12) to (6.16) are also modified to account for AR steam extraction and
used in this section to estimate the cost of fuel and CO, emissions of the power-
MSF-AR configuration. Since the objective is to analyse the viability of replacing
VC A/C with AR chillers, the replacement takes place gradually based on
percentage decrease of VC load and increase in AR load at increments of 10% until
reaching 100% AR load. Details are given in Table 6.5.

INPUT

h, to hao,
Rating
Matcam, AR
Misteam MSF

A

CALCULATE

Mass fractions (yi1 - y¥2)

A

ITERATE (rso/ve)

equations 3 - 9

|

SOLUTION

Y3. ¥4, ¥5, ¥y6, Nnixing,msF > Matecam,boiler » VVT

A
END

Figure 6.9 Flowchart of procedure to determine turbine output in a
cogeneration + AR plant
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Table 6.5 AR load variation in a conventional plant

AR Electric power consumed by A/C

load (MW)
% April May June July August  September October November
100 430 785 869 960 1026 917 554 275
0 387 706 782 864 387 387 499 248
80 344 628 695 768 821 734 443 220
70 301 549 608 672 718 642 388 193
60 258 471 521 576 616 550 332 165
50 215 392 435 480 513 458 277 138
40 172 314 348 384 411 367 222 110
30 129 235 261 288 308 275 166 83
20 86 157 174 192 205 183 111 55
10 43 78 87 96 103 92 55 28

For this configuration, there are three different processes that will consume either oil

or natural gas. Fuel is supplied to boilers for steam turbines, M SF desalination units

and AR units. The mass flowrate of oil consumed for MSF units is estimated using
Equations (6.12), (6.13) and (6.14), and for steam turbines using Equation (6.18).

The amount of oil consumed to raise steam in auxiliary boilers for part of AR

demand is estimated using:

Myi1,AR —

[ (2)(Q4ar)(NT)
(Mboiter)(CVoir)

| > 3600 x 24 x days

The energy consumption of AR auxiliary boiler is:

— -3
Eoil,AR - (CVoil x moil,AR x Apil x 10 )

Hence, an additiona term is added to Equation (6.20) to account for E
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Eoil.total = (CVoil x moil,power X NT % Aoi x 10_3) + (Eoil,MSF x aoil) + (Eoil.AR x aoil) (640)

To caculate the oil consumption for the power-MSF-AR configuration in barrels the

total cost Equations (6.20) and (6.21) are used.

The monthly consumption of natural gas due to the addition of AR chillersto the
plantis:

V,

_ [(Z)(QAR)(NT)(“gas)
gas, AR —

(Uboiler)(CVgas) . 3600 x 24 x days (641)

The total monthly natural gas consumption for the power-MSF-AR configuration

becomes:
(2)(Qur)(NT)(tgas)
% = x 3600 x 24 x d + (V, X
gas,total (nboiler) (Cl{qas) ays ( gas MSF 6zgas)
+ (VgaS,AR x 6(gas) (642)

The total natural gas energy for the power-MSF-AR configuration is calculated
using Equation (6.23) and the cost by applying Equation (6.24).

Carbon dioxide emissions for the configuration are estimated using the same

procedure discussed in the conventional plant section without any modifications to
Equation (6.25).
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6.8. Power-RO-AR Hybrid Plant Configuration

Figure 6.9 shows the flow diagram of power-RO-AR configuration. In this hybrid
configuration, AR chillers are added to the eectricity producing only powerplant
with RO units as the seawater desalination system. The power-RO model discussed
in Section 6.5 is modified to account for the steam that will be extracted for AR
chillers. The same modelling procedure discussed in Section 6.7 is used. Equations
(6.28) to (6.37) are added to the power-RO-AR model, with only the term yy,sr
taken out since there is no MSF desalination. The fuel cost and CO, emissions of
this hybrid configuration are estimated using Equations (6.38) to (6.42). Equations
(6.40) and (6.42) without the M SF term become:

Eoil.total = (CVoil x moil,power X NT % Aoip X 10_3) + (Eoil.AR x 6(oil) (643)

Vg

_ “(z)(QAR)(NT)(agas)
as,total —

(Uboiler)(CVgas) ] * 3600 * 24 * days + (VgaS'AR * agas) (644)

The aim of developing the hybrid power-RO-AR configuration is to study the effect
on the fuel consumption of turning a power-only plant to a cogeneration plant a
desalination process other than MSF. For the power-RO-AR hybrid configuration,
only the performance during the summer months and March is studied since there is

no A/C load in the winter and adding AR chillers would not make any difference.

6.9. Power-M SF-RO-AR Hybrid Plant Configuration

The power-MSF-RO-AR hybrid configuration comprises of all possible
combinations of suggested systems (see Figure 6.10). The MSF and RO systems are
utilised for seawater desalination, and VC and AR A/C to satisfy the cooling load.
The power-MSF-AR mathematical model is modified to include RO desalination
equations (Equations (6.26) and (6.27)). The RO load is varied, as in the power-
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MSF-RO configuration, from 5% to 95% for every percentage AR load. The
mathematical correlations and procedure used for previous hybrid configurations are
also used to mode the power-MSF-RO-AR configuration and estimate fuel cost and

CO, emissions.
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"o Fresh water to waterli
Fuel Steam plant [ Freshwater to waterline
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----- ’ >
Boller turbine Steam
(oillgas) A
AR > Cooling
plant
Fuel Steam
_____ Auxiliary R
boiler e
(aillgas)

Figure 6.10 Simplified flow diagram of power-RO-AR hybrid

powerplant configuration
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Steam L g
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Figure 6.11 Simplified flow diagram of power-M SF-RO-AR hybrid

powerplant configuration
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Chapter 7

7. Performance Evaluation of Hybrid Configurations

The hybrid configurations suggested for the DW powerplant were discussed in
Chapter 6 and the corresponding mathematical correlations were presented. The
performance results of the suggested hybrid configurations are presented and
analysed in this chapter. Specifically, the total fuel cost, which includes heavy oil
and natural gas consumed at DW, is used in this work as an indicator of the
efficiency of each powerplant configuration analysed. Based on the results, an

operation strategy for winter and summer seasons is recommended.

The mathematical modelling of the hybrid configurations also includes the CO,
emissions caused by burning the fuels inside the powerplant, but these results are not
discussed here and instead they are presented in tabulated form in Appendix C. The
reason for not including them in this chapter is that they follow the same pattern as
the fuel cost graphs, and both quantities are dependent on the amount of fuel burned
in the boilers. Also, cost as an indicator is easily understood by readers of all levels
and backgrounds, and can be related to the number of barrels of oil saved which is

important for an oil producing country like Kuwait.

The fuel cos for the DW conventional powerplant is presented and discussed in
Section 7.1. In Section 7.2, the results of the power-RO configuration are presented
and compared with the fuel cost of the conventional DW powerplant. The fuel cost
of the hybrid configurations power-M SF-RO, power-M SF-AR, power-RO-AR and
power-M SF-RO-AR are presented and discussed in Sections 7.3, 7.4, 7.5, and 7.6,
respectively. Finally, the optimum configuration is selected for each month of the
year in Section 7.7 using the fuel cost results presented in previous sections and an

operation strategy is recommended for winter and summer months. The total annual
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fuel cos is aso presented with the corresponding savings in the quarntities of fuels
used at the powerplant.

7.1. DohaWest Cogeneration Plant

The published data on electricity and water consumption and the developed
mathematical model for a cogeneration plant are used to simulate the performance of
the DW. It must be emphasised here that the objective of the exercise is not to
exactly simulate the current situation at DW but to improve on some operation
practises where applicable with the constraint of satisfying the demand at al times.
Table C-1 in appendix-C shows the results of the smulation.

Figure 7.1 below shows the actual electricity consumption published by MEW
(20028) and the electricity generated using the developed model. It is clear from the
figure that the electricity generated satisfies the demand despite the fact that the
number of estimated turbines in operation being less than the actual published
number. The discrepancy in the number of turbines can be attributed to two major
reasons. The first is the assumption in this research that the turbines work only at
fully capacity, which is not the practice in the existing powerplant. Turbines in an
electric powerplant can vary in capacity to match the corresponding demand for
electricity. Also, the DW plant is connected to the grid, which means that the plant
can bring turbines on-line to make-up for a shortage of electricity supply from other
power stations. In the model, DW isisolated from the influence of other stations for

the purpose of simplifying the modelling procedure.

Figure 7.2, on the other hand, shows the monthly desalinated water consumption and
production. It can be seen that the water production estimated using the
mathematical model satisfies the consumption (i.e. demand) for the year 2001. Only

in the month of July there is no spare capacity where the production and demand are

equal.
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The total monthly fuel cost for DW, which includes heavy oil and natural gas, is
shown in Figure 7.3. The figure shows a general increasing trend as the temperature
increases during the summer months. The highest cost is in August at the peak of
summer, and then the cost starts to drop as temperatures start to decrease during the
autumn and winter months. Figure 7.4, which shows the CO, emissions for the
plant, also follows the same general trend. The main reason for the increase in
electricity consumption during the summer and the corresponding increase in fuel
cost isdueto the A/C load.
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Figure 7.1 Comparison of actual and generated electricity at DW for 2001
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Figure 7.3 Total fuel cost at DW cogeneration plant for 2001
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Figure 7.4 CO, emissions from DW cogeneration plant for 2001

7.2. Power-RO Plant Configuration

The results of the power-RO plant simulations are presented in Table C-2 in
Appendix-C. Figure 7.5 shows the distilled water demand and the water produced by
the RO plant. It can be seen that the selected capacity satisfies the demand for all
months of the year. However, the water production in June and August is
significantly higher than the demand during these months. This can be decreased, in
theory, by reducing the seawater intake into the 5" RO unit, which in turn would

reduce the full capacity of 110,000 m*/day.

Figures 7.6 and 7.7 show the tota fuel cost and the CO, emissions for the power-RO
plant compared with the conventional plant, respectively. The figures show that
these parameters are lower for the power-RO plant except for the month of July.
This could be attributed to the fact that the number of turbines operated by the

163



power-RO plant (7 turbines) is higher than those for the conventiona plant (6

turbines) during the month of July.

It can be seen from figures that the power-RO plant is more fuel efficient than the
cogeneration powerplant, contrary to the common believe that cogeneration plants
are aways more efficient. However, the main reason for the higher rate of fuel
consumption by the conventional (i.e. cogeneration) powerplant is the extra amount
of steam supplied by auxiliary boilers to operate the MSF units when there is a
mismatch between electric and freshwater demands.
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Figure 7.5 Comparison between freshwater demand and production by RO
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7.3. Power-M SF-RO Plant configuration

The fuel cost for the hybrid power-MSF-RO configuration is shown in Figures 7.8,
7.9 and 7.10 for the summer months, and Figure 7.11 for the winter months. March
is included with the summer months because of, as explained in Chapter 6, A/C
power consumption during the second half of it. Detailed results of the power-M SF-

RO configuration are given in tabulated form in Appendix C.

7.3.1. Summer Results

The fuel cost in the figures ranges from approximately $50 million and $116 million
at RO loads from 5% to 95%. The mildest summer months can be seen to be March,
April and November where the cost is lower than the other months. The sharp
increase in the cost for April at 85% RO load is due to the increased number of
turbines to satisfy the electricity demand of the RO units, whereas the number of
turbines during March and May remains constant. The decreasing trend for the mild
summer months is a result of replacing M SF units operated by steam from auxiliary
boilers with RO wunits running on available electricity in the powerplant.
Furthermore, the constant cost in November starting at 40% RO load is due to the
fact the there is no further benefit in reducing the number of M SF units in operation
since they are operated on steam extracted from turbines. It must be mentioned here
that the extracted steam to MSF units does not affect the output capacity of the
turbines because the boilers are designed to feed a fully-loaded turbine and 2 MSF

units.

Figure 7.9 shows the fud cost for the hottest summer months of June, July and
August. There are no savings in fuel cost in August, as depicted by the flat line,
because there are 7 turbines in operation during the month due to the high A/C load.
These 7 turbines cover the 14 MSF units in operation with extracted steam. Hence,
there are no auxiliary boilers operating in August. The July profile overlaps with
fuel cost in August at 80% RO load due to the increase of turbines from 6 to 7.
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There is also a decreasing trend for June despite the number of turbines remaining
constant. The reduction in cost is attributed to the reduction in steam from extra
boilers to MSF units, which are replaced by RO units. The fuel cost results for

September and October in Figure 7.10 follow the same pattern as the June results.

7.3.2. Winter Results

Figure 7.11 shows the fuel cost for the months of January, February and December.
Asfor the results of the summer months, the RO load increases from 5% to 95% to
replace M SF desalination units. The figure shows that the lowest fuel cost of the
year isin February. It is the lowest month not only because there is no A/C load but
also in February National and Independence days are celebrated, during which
citizens usually travel abroad to spend their holidays. The figure also shows that the
fudl cogt stays constant at 45% RO load and above, and decreasing the number of
M SF units has no benefit.
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Figure 7.8 Fuel cost of power-MSF-RO configuration for March, April and May
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It can also be seen that fuel cost in December starts higher than that of January, but
it goes below at 60% RO load. The main reason for this is that in December the
hybrid plant starts with a higher number of MSF units, which means more steam
from auxiliary boilers. But, when the MSF units are 6 for both months (i.e. no

auxiliary boilers needed), the fuel cost in December falls below that of January.

In general, the winter results for the power-M SF-RO configuration show that the RO
desalination process can replace a large percentage MSF desalination load without
the need to bring any extra turbines in operation above the base load number of 3
turbines. This means that the steam generated at the boilers can be reduced too since
there is no steam extraction from the turbines to MSF units, hence, a reduction in
fuel cost.
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Figure 7.11 Fuel cost of power-MSF-RO configuration for winter months
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7.3.3. Further Analyss

The optimum results of the power-M SF-RO configuration for the months March to
November are presented in Table 7.1. The table shows that during the hottest month
of the year, August, the RO load is the lowest compared to other summer months.
This is due to the fact that in the peak of summer produced electricity is consumed
mainly by VC-based A/C systems. On the other hand, the optimum results in the
mildest summer months of March, April and November, the RO load is at 55%, 45%
and 40%, respectively. This means that there is excess electricity produced by
turbines running at full load (i.e. 300 MW) that can be utilised for RO instead of

producing more steam to operate M SF units.

7.4. Power-MSF-AR Plant Configuration

The tabulated results of the power-MSF-AR hybrid configuration are presented in
Appendix C. In this section the fuel cost results are presents in Figures 7.12, 7.13
and 7.14. The graphs show the fuel cost in $ million plotted against the AR load in
percent. The 0% represents the plant in the conventional cogeneration mode. The
results for January, February and December are not included since there is no A/C
load during these months.

Table 7.1 Optimum Operation parameters of power-M SF-RO configuration
From March to November

RO load Crue Qco2
Month % Nt Nuss Neo million$  ktonne

March 55 3 6 2 50 524
April 45 4 8 2 64 677
May 30 5 10 2 83 874

June 20 6 12 1 96 1015

July 20 6 12 1 99 1049

August 5 7 14 1 116 1224

September 15 6 12 1 96 1015
October 25 5 10 1 83 874
November 40 4 8 2 64 677
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The total fuel cost for March, April and May is shown in Figure 7.12. These months
are mild summer months. The genera trend of the results shows that the fuel cost
increases when AR is added to the configuration while the number of turbines in
operation remains constant. This is because there are now two processes in operation
that require steam as input, M SF desalination and AR. On the other hand, thereisa
drop in fuel consumption when the number of turbines decreases. The main reason
for the decrease in the number of turbines is that the electric load of the VC A/C is
switched to thermal load in the shape of steam to satisfy the desalination and AR
demands. In fact, when the number of turbines is 5 and less, there is no benefit to

switch to the power-M SF-AR hybrid configuration.

The results show that there are small savings in fuel cost in the months of June,
September, October and November, as shown in Figures 7.13 and 7.14. In June, the
fud cost a 20% AR load is less than that of the original cogeneration plant.
However, thisisthe only AR load that shows savings over the cost of 0% AR load.

In October, however, the hybrid configuration is more fuel efficient than the
cogeneration plant at 20% and 30% AR loads. The best performance for the hybrid
configuration is in November, where the fuel cost and emissions are less than those
for cogeneration at AR loads from 30% to 70%. For the hot summer months of July
and August, there are no savings in fuel consumption since the A/C load is high and
the use of AR chillers requires large quantities of steam from stand-by boilers which

reverses any benefits obtained from reducing the number of turbines in operation.
The optimum operating conditions for the power-MSF-AR hybrid configuration are

given in Table 7.2. The table shows the lowest cost values for the months that

showed fuel savings over the conventional powerplant fuel cost.
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Figure 7.12 Fuel cost of power-M SF-AR configuration for March, April and
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Figure 7.13 Fuel cost of power-M SF-AR configuration for June, July and August
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Figure 7.14 Fuel cost of power-M SF-AR configuration for September, October
and November

Table 7.2 Optimum operation parameters of power-M SF-AR configuration

AR ms,boiler ms,aux mS,AR CFueI QCOZ
Month |oad Nt Nar Nro
% tonne/s  kg/s kg/s Million$ ktonne
June 20 5 79 15 1.39 189 110 113 1215
September 20 5 84 14 1.39 195 116 109 1170
October 20 4 51 13 111 134 71 97 1044
November 30 3 38 13 0.83 100 53 85 918

7.5. Power-RO-AR Plant Configuration

The total fuel cost for the power-RO-AR hybrid configuration is presented in
Figures 7.15, 7.16 and 7.17. As in the previous section, the summer months are
divided into three periods with the fuel cost plotted against the AR load. Other plant

details and CO, emissions are given in Appendix C.
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The total fuel cost for March, April and May are shown in Figure 7.15. The graph
shows no general trend for these three months. Instead, the cost in May shows a
general increasing trend, except a 50% AR load when the number of turbines in
operations drops from 5 to 4. So this can be said to be the optimum operating point
for the power-RO-AR configuration for May. On the other hand, the cost in April is
lower for all AR loads than the cost for a power-RO plant. The cost decreases
sharply for 100% AR load because the number of turbines changes from 4 to 3.
During March, there are significant savings at 60% AR load when the number of

turbines decreases from 4 to 3.

Figure 7.16 shows the total fuel cost for June, July and August, and Figure 7.17
shows the cost for September, October and November. The general trend in these
figuresis that there is a sharp drop in fuel consumption when aturbine is put out of
operation then an increase when the number of turbines remains constant. The other
trend that can be noticed is that the peaks and troughs increase in numbers during
the hottest months of the year (i.e. June, July, August and September). The cost
remains approximately constant in November because the number of turbines
remains 4 for AR loads from 0% to 90%. The sharp decrease in November, like
April, is due to the decrease in the number of turbines to 3. This means that the
steam needed to satisfy the total A/C load by AR chillers is less than the steam
needed to run the fourth turbine.

It can be said, as a general remark, that there is no optimum AR percentage loading
that can be generalised for all months under investigation, since it can be seen from

the figures that the absolute minimum is changing for different months,

Table 7.3 includes the optimum operation parameters that result in minimum fuel
cost and CO, emissions. The table basically gives the most efficient combination for
the hybrid power-RO-AR configuration. The number of RO desalination units is
relatively small because of the large specific output capacity of the units assumed.
On the contrary, the number of required AR chillers needed to satisfy the cooling
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load is large because the specific capacity of available chillers on the market is
small, about 4.43 MW for the units used in this research. It can a so be seen that the
amount of steam raised in auxiliary boilers is small compared with that of the

power-M SF-AR configuration.
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Figure 7.15 Fuel cost of power-RO-AR configuration for March, April and May
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Figure 7.16 Fuel cost of power-RO-AR configuration for June, July and August
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Table 7.3 Optimum Operation parameters of power-RO-AR configuration

AR ms,boi ler ms,aux ms,AR CFue! QCOZ
Month |oad N+t Nar  Ngro
% tonnel/s kgls kg/s million$ ktonne
March 60 3 62 3 0.81 0 86 48 513
April 100 3 196 4 0.83 73 272 59 630
May 50 4 178 4 111 40 247 74 791
June 40 5 158 5 1.39 6 219 81 862
July 40 5 175 4 1.39 17 243 87 924
August 20 6 94 5 1.60 0 130 9% 1013
September 30 5 125 4 1.37 0 173 79 837
October 40 4 101 4 1.09 0 140 65 692
November 100 3 125 4 0.83 24 173 52 548

7.6. Power-M SF-RO-AR Plant Configuration

The power-M SF-RO-AR Matlab program is run for the months March to November.
During the winter months of January, February and December the powerplant will
switch to the power-MSF-RO configuration (Section 7.3) since the assumption that
thereisno A/C load during these months.

To be able to study the performance at all possble combinations, the AR load is
varied from 10% to 100% and the RO load is varied from 5% to 95% at each AR
load. The results shown in Figures 7.18, 7.19 and 7.20 are for the lowest fuel cost
for summer months for a specific RO load at AR loads from 10% to 100%. For
more detail s, see power-M SF-RO-AR resultsin Appendix C, Section C.6.

Figure 7.18 shows the optimum fuel cost at AR loads ranging from 10% to 100% for
March, April and May. The optimum values in March show a gradual increase and
are always occurring at RO loads of 50%. The large decrease in cost at 100% AR
load for April is due to the change in the number of turbines from 4 to 3, a which
the A/C load is satisfied by only AR units.
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During the month of May, there are two decreasing trends because the number of
turbines drops from 5 to 4 at 40% AR load and from 4 to 3 at 100% AR load. Asin
April, the absolute minimum fuel consumption is at 100% load which coincides with
60% RO load and 3 turbines in operation

The fuel cost results for June, July and August are shown in Figure 7.19. The graphs
show that the profile increases and decreases several times due to the change in the
number of turbines at different AR loadings. During the months of July and August,
there are more peaks and valleys than the previous months and this is mainly due to
the change in the number of turbines 3 times, from 6 to 3. This means that this
suggested hybrid configuration allows for extra turbines available for future increase

in electricity demand in Kuwait.

Figure 7.20 shows the optimum fuel cost profiles for September, October and
November. In September, the optimum cost is at 60% AR and 45% RO loads, and 4
turbines. In October the absolute minimum cost is reached at 100% AR load at
which there are only 3 turbines in operation with a RO load of 60%. It can be
noticed from Table C.110 in Appendix C that there are 3 turbines working at 90%
AR load as well, but the difference is in the extra MSF unit that operates on steam

from the auxiliary boiler.

Finally, during November the minimum cost of fuel isat 70% AR load. At that point
there are 3 turbines working at a RO load of 60%. Tables C.118 to C.121 in
Appendix C show that the number of turbines, MSF and RO units are equa for AR
loads from 70% to 100%. Here, what makes the difference is the AR load itself,

which requires more steam from auxiliary boilers as it increases.
In general, the results show that the optimum cost always occurs when there are no

auxiliary boilers feeding steam to MSF units, which clearly indicates that the

integration of RO with MSF is more efficient. Also, these optimum results occur at
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different RO loads, indicating that there is a different optimum MSF-RO

combination for each month.
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Figure 7.18 Optimum fuel cost of power-MSF-RO-AR hybrid configuration for
March, April and May
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7.7. Selection of Optimum Hybrid Configuration and Operation Strategy

The results of the suggested hybrid configurations have been presented and
discussed in previous sections. The total fuel cost, which includes the cost of oil and
natural gas, was used as an indicator of the fuel efficiency of the different plant
configurations. The aim of this research work, as stated previoudly, isto recommend
an optimum hybrid powerplant configuration and operation strategy that will satisfy
the demand for electricity, freshwater and cooling. The objective is discussed in this
section using the total fuel cost results.

Table 7.4 summarises the total fuel cost for the developed hybrid configurations and
compares it with the fuel cost of the DW conventional powerplant. It must be
emphasised that the fuel cost results for the hybrid powerplants are the lowest costs
obtained from the different system combinations. In Table 7.4 the lowest value for

each month isin bold.

The fuel cost during the winter months of January, February and December is
estimated for only the conventional, power-RO and power-M SF-RO configurations.
The results show that the most efficient powerplant configuration for winter, when
thereis no A/C load, is the power-RO configuration. The superiority of the power-
RO configuration over the other 2 is due to the low energy consumption of the RO
desalination process per unit output compared with the existing MSF desalination.
The lack of A/C load during winter means that only 3 turbines are needed to satisfy

demand during winter.

The results in Table 7.4 show that the power-RO-AR hybrid configuration results in
the most viable for Kuwait. The power-RO-AR hybrid configuration has the lowest
total fuel cost except for July, during which its fuel cos is equal to that of the
power-MSF-RO-AR configuration. There are two possible justifications for the
efficient performance of the power-RO-AR configuration over others. The first

reason is the lower steam consumption per unit output of AR chillers compared to
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MSF desdlination units. This leads to lower fuel cost when there is a need for
auxiliary boilers. The second reason is the lower number of turbines as a result of
switching the desalination load from electrical to thermal, and the full use of
available electricity by RO desalination units when the turbines are operating at full
capacity of 300 MW per turbine.

Table 7.5 gives the recommended hybrid powerplant configuration for each month
of the year and the corresponding operation strategy. The power-RO-AR hybrid
mode is selected for 9 months (i.e. al summer months) of the year. However, the
AR chiller load and the number of turbines vary for different months. In July,
however, the power-MSF-RO-AR configuration is not recommended along with the
power-RO-AR powerplant because it requires the installation of 436 AR units which
is more than double the number of units for the power-RO-AR configuration of 175.
During the winter months, on the other hand, the power-RO operation strategy is
selected because of its superior performance compared with other hybrid
configurations. The lack of A/C load during winter time helps fully use the
electricity generated by the 3 on-line turbines.

The fuel cost savings when switching to the suggested hybrid powerplant
configurations are given in Table 7.6. The savings are estimated by subtracting the
fuel cost of the hybrid configurations from the fudl cost of the conventional DW
powerplant. The total fuel cost savings for the whole year is about $363 million,
which is divided as $328 million for heavy oil and $35 million for natural gas. This
amounts to savings of about 8 million barrels of oil and 114 million m® of natural

gas per year.
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Table 7.4 Summary of total fuel cost for conventional plant & hybrid

configurations ($ millions)

Month  conventiond P-RO PMSFRO  PMSFAR  PROAR  PMSRO-
AR
January 72 47 50 N/A N/A N/A
February 67 2 16 N/A N/A N/A
March 77 62 50 81 48 54
April 90 74 64 % 59 66
May 106 76 83 109 74 76
June 115 89 % 113 81 89
Jly 114 107 99 118 87 87
August 119 107 116 122 % 97
September 111 89 96 109 79 87
October 101 76 83 97 65 72
November 90 59 64 85 52 58
December 79 45 48 N/A N/A N/A

Table 7.5 Operation parameters & strategy of recommended optimum hybrid
configurations

) ) AR RO RO AR Fuel
Configuration NT . . CO;
load load units units cost
Month
million
% % ktonne
January P-RO 0 100 3 4 47 495
February P-RO 100 3 4 44 463
March P-RO-AR 60 100 3 4 62 48 513
April P-RO-AR 100 100 3 4 196 59 630
May P-RO-AR 50 100 4 4 178 74 791
June P-RO-AR 40 100 5 4 158 81 826
July P-RO-AR 40 100 5 4 175 87 924
August P-RO-AR 20 100 6 4 94 96 1013
September P-RO-AR 30 100 5 4 125 79 837
October P-RO-AR 40 100 4 4 101 65 692
November P-RO-AR 100 100 3 4 125 52 548
December P-RO 0 100 3 4 0 45 479
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Table 7.6 Monthly fuel cost savings for suggested plant
configurationsin million $

Month Configuration Fuel cost savings
January P-RO 25
February P-RO 23
March P-RO-AR 29
April P-RO-AR 31
May P-RO-AR 32
June P-RO-AR 34
July P-RO-AR 27
August P-RO-AR 23
September P-RO-AR 32
October P-RO-AR 36
November P-RO-AR 38
December P-RO 34
Total 363

7.8. Economic Analysis of New Systems

In order to justify the investment in the new processes and integrate them to existing
cogeneration powerplants in Kuwait, the cost of these systems is estimated in this
section. The cost analysis will help in knowing the payback period and whether the
savingsin fuel cost cover the investment cost. The costs of the RO desalination plant
and AR chillers are calculated and analysed in this section.

7.8.1. RO Desalination Costs

The cost of the RO plant in this work is based on the cost of the RO pilot plant at
KISR discussed in Chapter 4. The reason for choosng to base the economic
evaluation on this RO plant is because the electric consumption of RO plants in this
research is based on that plant and for the extensive experience a KISR in RO
research for over 15 years. The different costs published in Ebrahim et al. (1999)
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usng data collected from KISR's RO pilot plant are based on the following

assumptions:

Single-stage RO system using beachwell intake.
Plant capacity of 27,300 m*/day.

Spira-wound memberanes

Continuous plant operation.

90% plant availability.

Electricity prices at US$0.062 per kWh.

Table 7.7 Lists the capital and operating cost components used in the study by
Ebrahim et al. (1999). The cost break-down for the RO plant isgiven in Table 7.8 in
Kuwaiti Dinars (KD) as it was published by Ebrahim et al. (1999). The capital cost
is divided into two categories, building and construction (A) and RO unit cost (B).
Category A is applied once only. However, the RO unit category (B) is multiplied
by the RO plant capacity, then by the number of RO units to be installed at the site.
The capacity of the RO plant, as stated previously, is 110,000 m*/d.

Thetota cost of AinTable 7.8 is:

Couitacotat = (Chuitaunic) > (Capacitygy) (7.1)
= (127) < (110,000) = $13.97 million
The total cost of asingle RO system investment is:
Croplant = (CRO,unit) x (Capacityg,) (7.2)

= (693.31) x (110,000) = $76.26 million

The cost of purchasing 5 RO desalination unitsis $381.3 million
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Therefore, the total capital cost of site preparation and installation of 5 RO units
desalination with a capacity of 110,000 m*/d each is:

$13.97 million + $381.3 million = $395.27 million
For the operating cost, on the other hand, the “Energy” category in Table 7.8 is not
considered in the calculations since the electricity consumption of the hybrid plants
is consdered in Section 7.7. Hence, the cost of RO units operating in Kuwait is
US$0.127 per m”.

The annual tota operating cost is:

Cop = (0.127) x (110,000) x (5) = $69,850

Table 7.7 Capital and operating cost components for a seawater RO plant

Capital cost components Operating cost components
- Site devel opment, buildings and offices - Energy

- Power supply, instruments and control - Chemicals

- Pipelines and transfer pumps - Filter cartridges

- Seawater intake structure - Other consumables

- Pretrestment system - Labour

- RO unit and membranes - Maintenance

- Brine discharge facilities
- Product water treatment and storage

Table 7.8 Cost of asingle RO desalination plant in Kuwait

Items Cost (KD per m*/d) Cost (US$ per m*/d)
Capital cost:

A. Building, Furnishings, A/C 37.074 127.00
B. RO unit (membranes & machinery) 202.425 693.31
Operating cost:

L abour 0.017 0.058
Chemicals 0.011 0.038
Energy 0.095 0.325
Spare parts & maintenance 0.009 0.031
Total operating cost 0.132 0.452

1KD=US$3.425
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7.8.2. AR ChillersCosts

The total capital cost of an AR plant comprises the following main costs:

Cost of AR chiller unit
Cost of pumps
Cost of cooling tower

Operation & maintenance costs

The cost of the AR chiller plants published in specialised literature isused since it is
not available in Kuwait for the lack of AR chiller manufacturers and distributors.
The cost data presented by Tri-State, the Generation and Transmission Association
Incorporation, are given in Table 7.9. The table shows the tota installation cost of a
steam-fired double-effect AR chiller (including pumps and cooling tower & piping)
for different refrigeration capacities and annual maintenance cost for each of these
capacities. The chiller size of interest for thisresearch is of the 1000 RT capacity. It
can be seen that it has the lowest ingtallation and maintenance costs of 605 $/RT and
226 $/RT, respectively. Capacities of the chiller are at Air-conditioning and
Refrigeration Institute (ARI) standard conditions.

The cost data presented in Table 7.9 can be verified by comparing it with other
published cost data for AR chillers. Table 7.10 shows the cost chillers from data
gathered in 2006 by the U.S. Department of Energy (DOE). The data in the table are
for a direct-fired double-effect AR chiller. It can be seen from Table 7.10 that the
installation and maintenance costs are comparable with those listed in Table 7.9 for
the 1000 RT double-effect chiller. Therefore, the above mentioned costs in Table 7.9

are used for the economic analysisin this research work.
The capital and maintenance cost calculations of the AR chiller plant should be

based on the maximum number of AR chillers estimated for the hybrid plant
configuration. Results in Table 7.5 show that the AR chiller load is at 100% during

187



April and July. However, the power-M SF-RO-AR configuration is not selected
because it requires a large number of AR chillers compared with the power-RO-AR
configuration for the same month, which is not feasible from an economic point of
view. Therefore, the 196 chillers (N,z) in April are sdlected as the maximum
number to be ingtalled for the new hybrid configuration. The refrigeration capacity
of the reference AR chiller, as mentioned in Chapter 5, is 1165 tons. The capital cost
calculations of the AR plant is:

CAR,capital = (CapaCityAR) x (Ccapital,unit) x (NAR) (73)
= (1165) x (605) x (196) = $138.15 million

The annual maintenance cost of the AR plant is:

CAR,mant = (CapaCityAR) x (Cmant,unit) x (NAR) (74)

= (1165) x (22.6) x (196) = $5.16 million

Table 7.9 Cost of steam-fired- double-effect absorption chillers
(Tri-State, 2009)

Chiller capacity Installation cost M ai ntenance cost
RT $RT $RT
200 957 38.6
300 847 33.6
400 777 28.7
500 722 254
600 691 254
700 666 24.3
800 642 23.7
900 623 23.2

1000 605 22.6

Table 7.10 Cost of direct-fired double-effect absorption chillers cost

(DOE, 2009)
Chiller capacity Installation cost M ai ntenance cost
RT $RT $RT
300 625
500 625 18-31
1000 625
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7.8.3. Payback Period

To prove that the recommended hybrid powerplant configuration is economically
viable, the payback period is estimated usng the capital costs of additional
processes to be installed at DW powerplant. The payback period is defined as the
length of time needed before the initial investment is recouped. This method is
sufficient for this research work since the am is to study the viability of one
recommended scenario. Other more complex financing methods can be used when
multiple project alternatives need to be compared. The following correlation is used
to calculate the payback period for installing RO desalination units and AR chillers
at the DW powerplant (DEED, 1999):

y (F S— Cmant)

t=1  (1+a)t = Ccapital (7.5)

The following assumptions have been made to complete the calculations:

Maximum 5 year study period for investment payback
The same annual operating costs for every year

The same fuel savings every year

Energy cost is not included

5.75% discount rate (d) (CBK, 2008)

Results of the payback period calculations are shown in Table 7.11. The net savings
is the parameter used to determine the payback period of the investment, which is
the difference between the cumulative savings and the capital investment. The
results show that the invested capital in RO desalination and AR chiller plants is
recouped in the second year of commissioning. Thisisavery good return period for
such an investment and emphasises the benefit of hybridising existing cogeneration

powerplants in Kuwait.
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Table 7.11 Payback period and costs of new processesin million $

Year Annual O&M costs  Fuel savings Cumulativesavings Capitd cost  Net savings

1 5.23 363 339 533 -104
2 5.23 363 660 533 127
3 5.23 363 963 533 430
4 5.23 363 1250 533 717
5 5.23 363 1520 533 988

7.9. Conclusions

The results of the mathematical models developed in Chapter 6 for the hybrid
powerplant configurations were presented in this chapter. Specifically, the totd fuel
cost was presented as the performance indicator for the different configurations and
the selection of an appropriate operation strategy. First the results of the DW
conventional plant, which was modelled also, were presented and used as a bench
mark to compare the performance of other models against. The input data for the
models were for the year 2001. The DW powerplant was studied as a single-purpose
(single output) plant with the power-RO configuration. The power-RO configuration

showed significant savingsin fuel cost over the conventional DW plant.

The analysis and comparison of al developed powerplant configurations showed
that the most fuel efficient operation strategy is the power-RO-AR hybrid mode for
all summer months. During winter, it was recommended to operate the powerplant
in power-RO single-output mode. The total yearly fuel cost savings for the new
developed configurations are approximately $363 million, with 90% of the cost
attributed to heavy oil. The savings in oil are about 8 million barrels, and 114
million m® of natural gas per year. The payback period for the installation of RO
desalination and AR chiller systems at the DW powerplant is only one year. The
capital and annual operating costs were considered in the calculations excluding the

energy costs since they have been calculated separately.
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Chapter 8

8. Conclusionsand Recommendations for Future Work

8.1. Conclusions

Kuwait has been investing heavily in the commissioning of capital-intensive
cogeneration powerplants to keep-up with the growing demand for electricity and
freshwater during the past 30 years, which has been averaging around 7% each
annually. However, the available electric capacity could not cope with the ever
increasing demand and the country experienced power shortages in 2006 in most
residential areas (Sebzali, 2007). It was shown that the continuous building of new
cogeneration plants and increase in consumption is due to rapid population increase,
urbanisation and development of new cities, generous eectricity and water subsidies
and most importantly A/C consumption during 7-9 months of the year. These
powerplants are burning oil and natural gas to produce the required power and
freshwater. Kuwait's reserves of oil and natural gas, which represent the main
source of the national revenue, are limited. Therefore, it is in Kuwait's interest to
find asolution or a strategy to conserve its oil resources and to slow down the rate of
commissioning of new expensive cogeneration powerplants. Another added benefit

is the reduction in CO, emissions to the environment.

The concept of hybrid powerplants has been the topic of various recent research
papers written by experts and organisations interested in the power sector in the Gulf
region. The basic idea of a hybrid powerplant is to integrate several processes that
utilise thermal energy or eectricity within the powerplant to satisfy the demands for
electricity, water and in some cases cooling or heating simultaneously (See Section
6.1). One of the scenarios is to incorporate efficient processes to existing
cogeneration plants to improve its flexibility and efficiency in satisfying the demand
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for electricity and water. The most popular and efficient seawater desalination
process is the RO system, which is being installed at many powerplants around the
region (See Section 5.2). Another suggested configuration is to use the steam
extracted from the steam turbines at powerplants to operate AR chillers to satisfy the
cooling demand instead of VC A/C systems, and use excess electricity to run the
efficient RO desalination. Hence, these different systems were investigated and
studied in this thesis. In addition, the heat-based process such as the steam Rankine
cycle, MSF desdlination and ARSs were modelled and simulated to estimate the

amount of steam required for each of them.

The steam Rankine cycle was modelled, smulated and analysed in Chapter 3. The
mathematical model is based on the regenerative cycle with reheat, which is the
working cycle of steam powerplants in Kuwait. First the thermodynamic properties
of steam and water were estimated using correlations published in literature and then
verified. The comparison between properties estimated using the developed code
and those published in literature (See Section 3.5) showed that the modelled

thermodynamic properties are accurate within = 5%.

A steam powerplant operating in Kuwait was simulated to analyse its performance
(Section 3.6). The accuracy of the model was estimated using actual data from that
reference powerplant without steam extraction to multi-stage flash (MSF)
desalination units. The percentage difference between the actual data and model
outputs were around 0.35%, which is fairly accurate considering the number of

assumptions made in modelling the powerplant.

The MSF is the only seawater desalination process used in Kuwait to produce
freshwater and it is the most popular desalination process around the world. To
complete the analysis of Kuwait cogeneration (i.e. dual-purpose) powerplants, the
MSF was modelled and simulated (Chapter 4). A simplified MSF mathematical
model was utilised as an acceptable compromise between computing time and
accuracy. The model was validated using actual data from the DW MSF plant in
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Kuwait and output from a commercial software for the same desalination plant. A
comparison between actua performance parameters and those from the model
developed in this study showed that the percentage difference was between 0.21%
and 7.95%. These values are deemed acceptable for this research work.
Furthermore, the energy consumption of the DW MSF plant, as a reference plant,
was estimated to be used as an input to the main program simulating the DW
cogeneration plant and the developed hybrid configurations.

The seawater reverse osmosis (RO) desalination process has gained popularity in the
past few years because of its efficiency compared to the energy-intensive MSF
process. The RO process uses electrical input to drive the high pressure pumps as its
source of energy to produce freshwater (Section 4.2). The electric energy
consumption of areference RO pilot plant at Kuwait Institute for Scientific Research
(KISR) was estimated at 5.49 kWh/m®. This value is comparable with published

energy consumption figures for seawater RO plants in literature.

During the seven to nine hot summer months, residential, commercial and
governmental buildings in Kuwait use the vapour compression (VC) cycle-based
A/C systems to keep thermal comfort within these buildings. The so called package
and split-units are mostly used in villas and apartment buildings, while large
capacity chilled-water systems are used in commercia and governmental buildings.
An average coefficient of performance (COP) of about 2.01 was estimated for these
different A/C systems using available published data This value was used to
calculate the monthly A/C load at DW powerplant. It was assumed that there is no

A/C cooling load during the months of January, February and December.

Absorption refrigeration systems (ARSs) are gaining popularity, as a replacement
for VC A/C systems, in district cooling schemes where there is an available source
of steam or hot water as an input to produce the required cooling. The double-effect
water-LiBr AR chiller was selected for modelling and simulation due to its

improved efficiency, ability to utilise higher temperature steam, popularity in A/C
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applications (see Section 5.2). The developed model is based on steady-state energy
and mass balance equations combined with formulations of thermodynamic
properties of the working fluid-pair. The main objective of the model was to
estimate the energy input in the form of steam to the AR chillers. The model was
fairly accurate when compared with a similar published model for a double-effect
chiller. Finally, to simulate areal AR plant, the Trane Horizon AR chiller series was
selected as a reference model, and then simulated to estimate the steam required per
AR chiller to produce the cooling effect.

With the thermal processes involved (i.e. steam Rankine cycle, MSF desdination
and ARSs) modelled, and the electric energy consumption of VC A/C systems and
RO desalination estimated, hybrid powerplant configurations can be developed and
analysed by integrating the Matlab programs.. The basic configuration used as the
basis of any hybrid configuration is the Rankine-cycle based DW cogeneration
powerplant currently operating in Kuwait. One configuration that is not under the
“hybrid” category is the single-purpose power-RO plant, which generates electricity
only to satisfy the demand for power and freshwater via the electrically-driven RO
desalination system. The hybrid powerplant configurations selected for analysis in
this research include (Section 6.1):

Power-M SF-RO
Power-MSF-AR
Power-RO-AR
Power-M SF-RO-AR

o 0o T o

The rationale behind selecting these hybrid configurations is to include all possible
electrical and thermal combinations to satisfy the demand for electricity, freshwater
and cooling, and study their monthly effects on fuel consumption and CO,
emissions. Configurations b, ¢ and d are applied for summer months only since there
is no cooling load during the winter months, which means AR chillers will not be
needed.
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Each developed configuration was simulated for every month of the year to satisfy
the various demands, assumptions and constraints (Sections 6.2 & 6.3). For the
different hybrid configurations, the RO load was varied from 5% to 95% and AR
chiller load from 10% to 100% and the powerplants were simulated at these
different combination. Performance comparisons for the different simulated hybrid
configurations were based primarily on total fuel cost, which comprises of the cost
of heavy oil and natural gas consumed at the powerplant. It was decided by the
author that fuel cost is amore significant factor in the final selection of the optimum
hybrid configuration for Kuwait than CO, emissions because cost as an indicator is
easily understood by readers of al levels and backgrounds, and can be related to the
number of barrels of oil saved which is important for an oil producing country like

Kuwait.

The following powerplant configurations were simulated to estimate the fuel cost

during the winter months of January, February and December:

Cogeneration
Power-RO
Power-M SF-RO

The results of winter ssimulations show that the power-RO operation strategy is the
most efficient with the minimum fuel cost (Table 7.4). During these months, the
powerplant requires only 3 turbines to satisfy the demand for both electricity and
freshwater, in spite of operating the electrically-driven RO desalination process. The
power-M SF-RO configuration comes second. This means that the current operation
strategy of cogeneration powerplants in Kuwait is inefficient and it is costing the

country millions of Dollarsin oil revenues.

On the other hand, the power-RO-AR hybrid operation strategy is the most efficient
during all summer months from March to November. During July, however,
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simulations of the power-RO-AR and power-MSF-RO-AR hybrid configurations
result in equal fuel cost. However, the power-MSF-RO-AR configuration is not
recommended because it requires more than double the number of AR units required
for power-RO-AR configuration. There are two possible justifications for the
efficient performance of the power-RO-AR configuration over others. The first
reason is the lower steam consumption per unit output of AR chillers compared to
MSF desdlination units. This leads to lower fuel cost when there is a need for
auxiliary boilers. The second reason is the lower number of turbines as a result of
switching the A/C load from electrical to thermal, and the full use of available
electricity by RO desalination units when the turbines are operating at full capacity
of 300 MW per turbine.

The fuel cost savings resulting from switching to the power-RO configuration
during winter and power-RO-AR configuration during summer are estimated by
subtracting the fuel cost of the new configuration from the fuel cost of the
conventional DW powerplant. The total fuel cost savings for the whole year is about
$363 million, which is divided as $328 million for heavy oil and $35 million for
natural gas. This amounts to savings of about 8 million barrels of oil and 114 million

m?® of natural gas per year.

The cost analysis of adding RO desalination and AR systems to the powerplant
show that the tota capital cost is around $533 million and the annua operating and
mai ntenance cost for both processesis $5.23 million. The calculated payback period
of invested capital in the new processes is only one year, where the net savingsin
the second year of operation is around $127 million. This shows that the
hybridisation of existing cogeneration powerplants in Kuwait is economically viable

and logical.
However, the research did not study the cost of chilled-water distribution and district

cooling scheme for the recommended powerplant configurations. The high cost of

commissioning a new district cooling scheme due to piping and infrastructure work
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would increase the total cost of powerplant configurations that include AR systems
as a cooling production option. Therefore, the inclusion of district cooling cost to the
economic analysis of adding new systems might have lead to a different result in
regard to the recommended operation strategy for the summer season, and that
conventional powerplants might be a preferred option from an economic point of

view.

8.2. Recommendationsfor Future Work

The research work presented in this thesis can be improved further by focusing on
other efficient technologies and processes, and improving the details and analysi s of

plant demand profiles. Hence, future work can include the following:

Implementation of hybrid powerplant configurations that include RO
desdination and AR systems.

Studying and analysing the technical and economic feasibility of chilled-water
distribution network to the powerplant configurations that comprise AR systems.
The analysis and optimisation of daily and hourly operation of the powerplant.
One example is the production of freshwater by RO desalination during non-
peak hours during the summer months when A/C load is at a minimum.
Consideration of operating the stand-by (back-up) gas turbines installed at
Kuwait's powerplants in a combined cycle with high temperature steam
generators (HTSG) and steam turbines.

Modelling and simulation of RO desalination to be able to study the effects of
performance improvements on its energy consumption.

Analysis of the effects of integration of MSF and RO desalination by using the
cooling seawater reject leaving heat-rejection section of MSF as feed to RO
desdlination.

Including other desalination technologies that are gaining ground commercialy
such as low temperature multi-effect boiling (LT-MEB) and mechanica vapour

compression (MVC).
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Investigating the possibility of adding water storage systems such as water
towersor aguifers.

Studying the effects of implementing hybrid power generation on the release of
other gases to the atmosphere such as Nitrogen oxides (NOx) and Sulphur
dioxide (SOy).
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Appendix A

A. MSF Desalination Rigorous Model

A.1l. MSF Rigorous Mathematical Model

First the basic mass, salt and energy balance equations for the stages of both

recovery and rejection sections are developed with their supporting thermodynamic

equations. Then the procedure used to solve the system of nonlinear equations is

presented with a brief description of the underlying MATLAB agorithm for solving

these equations.

A.1.1. Assumptions

The following assumptions are necessary to develop a mathematical model for a

M SF desalination plant which best represents actual plant performance:

The distillate (i.e. product) leaving any stage is salt free. The salt concentration
in the final product is only between 5 and 30 ppm compared with feed
concentration of 45,000 ppm.

Mass of flashed-off distillate as it enters the next stage is negligible.

No mist entrainment in flashing brine.

No heat losses to surroundings

The heats of mixing for brine solutions are negligible.

No subcooling of condensate in the brine heater (i.e. heat input section).

Pressure drops and the consequent saturation temperature depression in the
condenser can be neglected. This can be judified because the MSF plant
operates a vacuum, which causes pressure recovery to momentum change and

compensates the friction pressure loss (El-Dessouky et al., 1995).
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- Effect of non-condensable gases on heat transfer coefficient and condensation
temperature decrease is neglected due o the continuous withdrawal of these
gases from the flashing chamber and brine heater.

- Vapour escaping to ventsis small and not accounted for in the mass balances.

A.1.2. Brine Heater

Most of the heat required to run the MSF system is thermal energy in the form of
low pressure steam fed to the brine heater. The low pressure steam is usudly bled
from the steam turbine in dual-purpose power plants.

Energy balance equation

MsLs = MrCP,BH (TO - Tri)

Heat transfer equation

- 6

To - Tri -

M Cp g (To' Tri):UBH Aen & ° L
|n£s_ Tri O

8 Ts' TOﬂB

A.13. Stage Model

From a heat and mass balance on an MSF plant with brine recicrculation, six
equations can be developed for each stage of the heat recovery or rejection sections.
The following equations represent stage number i in the recovery section at steady
state:

Mass balance

Mg My, =M + My,
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Salt balance

Mg 1S 1 = Mg S

Energy balance on flashing brine

MFBi—lCP,FBi—lTFBl =ML, +M45C T

FBi ~P,FBi " FBi

where,
Cprsi iscalculated at Segi and Trsi; and
Lvi iscaculated at Tp;

Heat transfer equation

8
o)

r| 1° ri £

¢
¢
A, -T/
| vi-1
éng v nlﬂﬂ

The above equation is rearranged to a simpler form:

M rCP,r (Tri—l - Tri ) = UAHR

® 0

g r| 1- ri ;_ Expé UAHR +

§|n8 vi-1 T/ M CPr
v r| lﬂﬂ

T, =Ty +DT
Cp, iscaculated at S, and % ;and

U is calculated at Tp;

Temperature losses in brine pool
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T, =T, +BPE+NEA+DT,,

Stage overall energy balance

M FBi—lCP,FBi—lTFBi—l +M Di—lCP,Di—lTDi—l =M FBiCP,FBiTFBi +M DiCP,DiTDi +M rCP,r (Tri - Tri+l)

The mass and salt balance equations are altered for the first stage of the hesat

recovery section. They can be written as follows:

First stage mass balance
M, =M + My,

First stage salt balance
MrSr = MFBiSFBi

The above equations also apply for the heat rejection section, but there a few
changes in notations where applicable. The subscript “HR” will be changed to “HJ’
denoting the heat rejection section. Also, M, will be replaced by Miqa, which
comprises the two streams, feed seawater (Mg) and cooling seawater (Mcw). The
mass balance, salt balance and overal energy balance eguations for the last stage

can be written as follows;

Last stage mass balance
MFBi—lMDi—lMF = Mr +MBD+MFBn+MDn

Where the subscript n denotes the number of the last stage

Last stage salt balance
MFBi—lSFBi—l + MFSF = Sn('\/lr + MFBn + MBD)

Last stage overall energy balance
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M FBi-lCP,FBi-lTFBi-l + M Di-lCP,Di-lTDi-l + M FCpFTF = M FBnCP,FBnTFBn + M DnCP,DnTDn
+M BDCP,BDTFBn +M rCP,rTFBn + MtotaICP,totaI (Trn - Tsea)

A.14. Splitters

Blow-down splitter
M BD — M FBn ~ Mr
Equalities

SBD = Sr = SFBn
TBD = Tr = TFBn

Rej ect seawater splitter
Mcw = Mtotal - MF

Equalities

Sew = SF = S
TCW = TF = TNR+1
Where,

NR is the number of the recovery stages

A.15. Physical and Thermodynamic Properties

Seawater density (El-Dessouky and Ettouney, 2002)

The following correlation is valid for O£ S3 160,000ppm and 10 £T 3 180°C.
The seawater density (p) isin kg/m®:
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r =(AF, + AF, + A,F, + A,F,) 10°

Where

. (e 1000 )- 150)

i 150
G, =05

1G, =B

G, =2B%-1
I A, =4.032219 G, +0.115313 G, + 0.000326 G,

i A, =-0.108199 G, + 0.00157 G, - 0.000423 G,
LA, =-0012247 G, +0.00174 G, - 9° 10°°G,

I'A, =0.000692 G, - 8.7° 10°°G, - 5.3° 105G,

)

bJ(.')
I

1

T

= (2T - 200)
: 160
iF, =05

T —
(Fo= A
:F3:2A2-1
IF, = 4A"- 3A

Pure water specific heat (Al-Shayji, 1998)
The following correlation isvalid for 10 £ T 3 150°C :
Cp, =4.2- 366271 10*T +3.638" 10°T2+3.3" 10°°T?
Seawater specific heat (Al-Shayji, 1998)
The specific heat capacity of seawater is obtained by multiplying the heat capacity
of pure water by a factor which depends on brine concentration given in ppm. The

heat capacity isin kJ/kg °C:

Cp o = (- S 103(0.01094428 - 20.628" 10°°T))Cp,,

Latent heat of evaporation (El-Dessouky and Ettouney, 2002)

215



The following corrélation is used for calculating latent heat of evaporation (L) in
kJkg. Itisvalidfor5£T 3 200°C:

2501.897149- 2.407064037 +0.001192217 > - 1.5863 10°°T*
Overall heat transfer coefficient (El-Dessouky et al., 1999)

The following correlation calculates the overall heat transfer coefficient (U) for the
brine heat and for heat/condenser tubes in kW/m? °C. It is valid for 40 £ T @ 120°C
with a standard deviation of 1.76%:

U =1.7194+0.0032063T +1.5971" 10°°T?*- 1.9918" 10 'T?®

Boiling point elevation (El-Dessouky and Ettouney, 2002)
The following correation is valid for 10,000£ S3 160000ppm and
10£T 3 180°C:

BPE = AS+BS? +CS®
Where
=(8.325" 10 +1.883" 10°“T +4.02" 10°°T?)
=(- 7.625" 10* +9.02" 10°°T - 52" 107T?)
c={1522"10*- 3 10°T- 3" 10°T?)

Non-equilibrium allowance (El-dessouky et al., 1995)

NEA, = (0.9784) (15.7378)" (L3777 " |

,.0.3281L

& FA__ 0 (0.5DT + NEA,)

NEA =
(0.5DT + NEAm)
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Where,

NEA 1o = non-equilibrium allowance for stage length of 3 meters

NEA = non-equilibrium alowance for any other stage length

H = height of the brine pool in meters. H is higher than the gate height (GH) by 0.1-
02m

V, = flashing brine flowrate per chamber width (kg/m 9)

L = chamber length in meters

AT = stage temperaturedrop in °C

Temperature loss across demister (Al-shayji, 1998)
DT, = exp](1.885- 0.02063T,,)/1.8]

Where,
Toi = distillate temperature in stage i in °C

Gate height (El-Dessouky et al., 1999)

e gl ¢ v
ng - é MDj j(2r FBiDPi)-OE'-:l
j=1 7] ¢
Cc,W
Where,

AP; = pressure difference between stagesi and i+1
Cq = gate discharge coefficient, ranging from 0.4-0.6
W = stage width

A.1.6. Solution Procedure of nonlinear equations

A.16.1. Brine Heater

As presented above, there are two equations to describe the performance of the brine
heater. The two unknown variables are the temperature of the recirculation brine
going into the brine heater (T1) and the recirculation brine mass flowrate (M,). After

defining the input variables, the two equations are solved simultaneously using the
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optimization toolbox command fsolve. Initial guesses are provided by using the
simple M SF model.

A.1.6.2. Heat Recovery section

The flowchart below shows the algorithm used to solve the system of nonlinear
equations. There are six equations and six unknowns to be solved in each flashing

stage in the recovery section. The 6 unknown variables are:

Distillate mass flowrate (Mg)

Vapour temperature (T,)

Flashing brine temperature (T)
Flashing brine mass flowrate (Msp)
Flashing brine salt concentration (Si)

Recirculation (recycled) brine temperature (T)

Input variables for each flashing stage are:

Recirculation brine temperature from previous stage (Tr,i-1)

Recirculation brine mass flowrate (M,) determined from brine heater model
Recirculation brine salt concentration (S)

Stage dimensions (width,length,heat transfer area,heigh of brine)

Stage pressure (P)

The 6 solved variables from previous stage

The fsolve command is included in a separate function file and initial guesses
required to run it are provided from the simple MSF model. This solution method
could be categorised as a hybrid of the modular sequential and globa methods. It is
modular because it is solving the model in a stage-by-stage mode, and the global

part involves solving a set of 6 nonlinear equations simultaneoudly. It is a simple
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method in that it does not require mathematical manipulation of the equations to put

them in terms of certain output parameters.

The results for the temperatures of the flashing brine, vapour and recirculation
streams were close to actua plant data. However, the mass flowrate and salt
concentration of the flashing brine stream were fluctuating. In an actual plant, the
mass flowrate of the flashing brine should gradually decrease and the salt
concentration should be increasing. Figures A2 and A3 show the mode result for

both parameters.

Input data

Tr.ifl ’ Mr' Sr' |:’ii |:’ifil.i I\/Id.ifli Tv.ifli Tifli
be.ifli Sfb.ifli Tr.i+1

Define 6 equations and unknown
variables

+

Provide Initial guesses for:
Mai ., Tui, Ti s My, Seoi » T

i

Run fsolve command to calculate for 6
unknow variables

Ryt sgosfao sagei-d cdalaias

Save obtained variables for stage i to file

Figure A.1 Solution procedure of heat recovery section
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Flashing brine flowrate (kg/s

Brine Salinity (ppm)

3937.50

3937.00

3936.50

3936.00

3935.50 4

3935.00

3934.50 4

3934.00 T T T T T T T T T T T T T

8 9 10 11 12 13 14 15 16 17 18 19 20 21
Stage

Figure A.2 Flashing brine mass flowrate for heat recovery stages

67,760.000

67,750.000

67,740.000

67,730.000 +

67,720.000

67,710.000

67,700.000

67,690.000 T T T T T T T T T T T T T T T T T T
8 9 10 11 12 13 14 15 16 17 18 19 20 21

Stage

Figure A.3 Flashing brine salt concentration for heat recovery stages
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A.1.6.3. Heat Rgection Section

A clear solution strategy for heat rejection section was not reached. More thought
need to be put to determine what variables to be assumed known and what variables

should be solved using the nonlinear model.

A.1.7. Solution Algorithm

MATLAB's fsolve function uses different built-in algorithms for solving a set of
nonlinear equations, depending on what the user chooses the option to be. The
algorithms are divided into two main categories: the large-scale and medium-scale
algorithm. Since the number of unknown variables is relatively small in the
developed M SF model presented here, the medium-scale agorithm is selected by the
author to solve the M SF problem.

There are three methods that can be selected by the user to solve a set of nonlinear
equations under the medium-scale algorithm. They are the Gauss-Newton, Trust-
region dogleg and Levenberg-Marquardt methods. The trust-region dogleg method
is utilised in this work because of its robustness, strong convergence properties. In
other words, the trust-region method efficiently converges to the global minimum
whereas the pure Newton method may cycle it and converge to a local minimum
(Sadjadi and Ponnambalam, 1999). A description of the method is presented below.

A.1.7.1. Trust-region Dogleg Method

The basic idea of the trust-region method is to move from point x in nspace to a
point that resultsin alower function value. Thismeansthat f is approximated with
a simpler function g, which reasonably reflects the behaviour of function f ina
neighbourhood N around the point x. The neighbourhood is called the trust region.
A trial step s is computed by minimising over N . If f (x+s) < f(x), the point is

updated to be x+s. Otherwise, the current point remains unchanged and N is
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shrunk, and the trial step computation is repeated (Mathworks, 2005 & Sadjadi and
Ponnambalam, 1999). The trust region problem is mathematically presented as:

min}%sT Hs+s' gg , subject to |Ds| £ D
i

where,

- H isthe Hessian matrix

g isthegradient of f at current point x

D isadiagonal scaling matrix

|| isthe Euclidean norm

- D isapositive scalar

A.1.7.2. Nonlinear system of Equations

Solving anonlinear system of equations F(X) involves finding a solution that every
equation in the nonlinear system is equal to zero. Meaning for n equations and n

unknowns, xT K" hasto befound such that F(x) =0 where

&0
F, (Y
=€ 2V
%
é a
& (0

Using the trust-region strategy, a merit function is needed to decide if X,,, is better

or worse than X, :

qnﬂﬂ=%ﬂﬁ+dYH&+®
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where d is the search direction. From Newton’'s method, the search direction d,

can be solved such that:

I(x)d, =-F(x)
X1 = X, T,

where J is the n-by-n Jacobian matrix

But aminimum of f(d) is not necessarily aroot of F(x). But the Newton step d,

isaroot of
M(Xk +d): F(Xk)+‘](xk)d

And d, isasoaminimum of m(d)where

. 1 1
min m(d) = E”M (x, + d)||§ = §||F(xk)+ J(x )d]

1

:EF(Xk)T F(Xk)+dTJ(Xk)TF(Xk)

+~d"(3(x) 3(x )

Then m(d)is a better choice of merit function than f(d) , and the trust-region

subproblem can be formulated as follows:

mingS F s ) Fx )+ 7306 ) Fx )+ 50700 ) 30 g

subjectto |[Dxd| £D
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A.2. Datafrom KISR’sRO pilot plant

Table A.2.1 Performance data of KISR RO desalination pilot plant

Pfeed Qfeed Q product F)br ine Q brine Etotal
kPa mh m*h kPa m%h kwh/m?
4700 35.12 12.24 4700 22.88 4.96
4650 35.29 12.33 4650 22.96 4.90
4700 36.00 12.26 4700 23.74 5.05
4700 35.54 12.42 4700 23.12 4.95
4700 35.32 12.34 4700 22.98 4.95
4700 35.57 12.17 4700 23.40 5.04
4700 35.48 12.28 4700 23.20 4.99
4700 35.34 12.27 4700 23.07 498
4700 35.31 12.23 4700 23.08 4.99
4700 35.61 12.24 4700 23.37 5.02
4700 35.37 12.35 4700 23.02 4.96
4750 35.44 12.08 4750 23.36 511
4700 35.15 12.32 4700 22.83 494
4700 35.50 12.11 4700 23.39 5.05
4725 35.67 12.13 4725 23.54 5.09
4725 35.58 12.20 4725 23.38 5.05
4730 35.66 12.38 4730 23.28 501
4725 35.60 12.23 4725 23.37 5.05
4750 35.21 12.01 4750 23.20 5.10
4750 35.58 12.12 4750 23.46 511
4750 35.90 12.16 4750 23.74 5.13
4750 35.16 12.19 4750 22.97 5.04
4750 35.61 11.97 4750 23.64 5.16
4750 35.54 12.26 4750 23.28 5.06
4800 35.34 12.20 4800 23.14 511
4750 35.67 12.21 4750 23.46 5.09
4770 35.52 12.23 4770 23.29 5.09
4780 35.19 12.21 4780 22.98 5.07
4800 35.29 12.02 4800 23.27 5.16
4700 34.92 12.13 4700 22.79 498
4700 35.61 12.01 4700 23.60 5.09
4750 35.94 12.36 4750 23.58 5.07
4800 35.29 12.05 4800 23.24 5.15
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Table A.1 Continued

Pfeed Qfeed Q product F)br ine Q brine Etotal
kPa mh m%h kPa m%h kWh/m®
4800 35.11 12.04 4800 23.07 5.13
4800 35.74 12.10 4800 23.64 5.19
4800 35.70 12.03 4800 23.67 521
4800 35.19 12.37 4800 22.82 5.03
4750 35.44 12.12 4750 23.32 5.09
4750 35.67 12.04 4750 23.63 514
4750 35.36 12.16 4750 23.20 5.07
4750 35.13 12.22 4750 22.91 5.02
4750 35.51 12.05 4750 23.46 512
4750 35.43 12.13 4750 23.30 5.09
4750 35.53 12.16 4750 23.37 5.09
4800 35.71 12.36 4800 23.35 5.10
4800 35.35 12.16 4800 23.19 512
4700 35.83 12.07 4700 23.76 5.10
4750 35.18 12.11 4750 23.07 5.07
4800 35.32 12.23 4800 23.09 5.10
4800 35.23 11.98 4800 23.25 517
4750 35.16 12.13 4750 23.03 5.06
4750 35.42 12.17 4750 23.25 5.07
4800 35.28 12.01 4800 23.27 5.16
4800 35.34 12.08 4800 23.26 5.15
4750 35.31 12.15 4750 23.16 5.07
4750 35.07 12.13 4750 22.94 5.05
4800 35.17 11.99 4800 23.18 5.16
4800 35.50 1241 4800 23.09 5.06
4600 34.50 10.95 4600 23.55 5.23
4750 35.08 12.17 4750 22.91 5.03
4750 35.16 12.06 4750 23.10 5.08
4750 35.11 12.03 4750 23.08 5.08
4750 35.13 12.05 4750 23.08 5.08
4750 35.44 11.99 4750 23.45 514
4750 35.04 11.93 4750 23.11 511
4750 35.16 11.85 4750 23.31 5.15
4800 35.34 12.01 4800 23.33 517
4800 35.23 11.97 4800 23.26 517
4800 35.14 11.98 4800 23.16 5.16
4800 35.49 11.92 4800 23.57 5.22
4800 3541 11.77 4800 23.64 5.26
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Table A.1 Continued

Pfeed Qfeed Q product F)br ine Q brine Etotal
kPa mh m%h kPa m%h kWh/m®
4750 35.44 11.85 4750 23.59 5.18
4800 35.52 11.81 4800 23.71 5.26
4800 35.14 11.74 4800 23.40 5.24
4800 35.68 11.87 4800 23.81 5.26
4800 35.15 12.07 4800 23.08 5.13
4800 35.27 11.85 4800 23.42 5.22
4800 34.55 11.88 4800 22.67 512
4800 34.88 11.81 4800 23.07 5.19
4800 34.79 11.87 4800 22.92 5.15
4800 35.16 11.68 4800 23.48 5.27
4800 34.81 11.67 4800 23.14 5.23
4850 34.40 11.79 4850 22.61 5.19
4850 35.17 11.65 4850 23.52 5.33
4850 35.45 11.97 4850 23.48 5.25
4850 35.44 11.67 4850 23.77 5.36
4850 35.20 11.83 4850 23.37 5.27
4850 35.01 11.76 4850 23.25 5.27
4850 35.17 11.81 4850 23.36 5.27
4850 35.45 11.89 4850 23.56 5.28
4850 35.32 11.49 4850 23.83 541
4850 34.60 11.61 4850 22.99 5.28
4850 34.58 11.59 4850 22.99 5.28
4850 35.11 11.57 4850 23.54 535
4850 34.55 11.73 4850 22.82 5.23
4850 34.90 11.66 4850 23.24 5.30
4850 34.64 11.40 4850 23.24 5.36
4850 34.78 11.61 4850 23.17 5.30
4850 34.67 11.64 4850 23.03 5.28
4850 34.36 11.74 4850 22.62 5.20
4850 35.15 1151 4850 23.64 5.38
4850 34.34 11.62 4850 22.72 5.24
4850 34.11 11.66 4850 22.45 5.20
4850 34.27 11.49 4850 22.78 5.28
4850 34.64 11.61 4850 23.03 5.28
4850 34.69 11.52 4850 23.17 5.32
4850 34.39 11.42 4850 22.97 5.32
4850 34.49 11.30 4850 23.19 5.38
4750 34.46 11.23 4750 23.23 5.29
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Table A.1 Continued

Pfeed Qfeed Q product F)br ine Q brine Etotal
kPa mh m%h kPa m%h kWh/m®
4750 34.55 11.20 4750 23.35 531
4750 34.28 11.31 4750 22.97 5.24
4750 34.31 11.33 4750 22.98 5.24
4750 34.29 11.21 4750 23.08 5.28
4800 34.60 11.16 4800 23.44 5.39
4800 34.41 11.18 4800 23.23 5.36
4800 34.28 11.21 4800 23.07 5.33
4800 33.53 11.06 4800 22.47 5.30
4800 33.91 11.13 4800 22.78 5.32
4800 34.26 11.15 4800 2311 5.35
4800 3441 11.19 4800 23.22 5.36
4800 33.02 1141 4800 21.61 5.10
4800 33.60 10.89 4800 22.71 5.37
4800 34.16 11.11 4800 23.05 5.36
4800 34.39 11.03 4800 23.36 542
4800 34.34 11.08 4800 23.26 5.39
4800 33.49 11.03 4800 22.46 5.30
4800 33.86 11.17 4800 22.69 5.29
4800 34.27 10.70 4800 23.57 553
4800 33.78 11.02 4800 22.76 534
4800 34.10 11.14 4800 22.96 534
4800 34.14 11.12 4800 23.02 5.35
4800 33.82 11.03 4800 22.79 534
4800 34.50 11.05 4800 23.45 542
4800 34.10 11.12 4800 22.98 534
4800 34.31 10.91 4800 23.40 5.45
4850 33.87 11.01 4850 22.86 541
4850 34.11 10.98 4850 23.13 5.46
4850 34.27 11.08 4850 23.19 5.44
4850 33.94 11.10 4850 22.84 5.39
4850 34.08 11.06 4850 23.02 542
4850 33.86 11.14 4850 22.72 5.36
4850 34.24 11.05 4850 23.19 5.45
4850 3441 11.08 4850 23.33 5.45
4850 34.17 11.10 4850 23.07 542
4850 34.11 11.24 4850 22.87 535
4850 34.23 11.12 4850 23.11 542
4850 34.36 11.19 4850 23.17 541
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Table A.1 Continued

Pfeed Qfeed Q product Pbr ine Q brine Etotal
kPa mh m%h kPa m%h kWh/m®
4850 33.89 11.26 4850 22.63 5.32
4850 33.80 11.11 4850 22.69 5.37
4850 33.99 11.09 4850 22.90 5.40
4850 34.51 11.08 4850 2343 547
4850 34.20 11.04 4850 23.16 544
4850 34.05 11.17 4850 22.88 5.37
4850 34.14 11.18 4850 22.96 5.38
4850 35.27 11.95 4850 23.32 5.24
4900 33.80 10.99 4900 2281 547
4900 34.45 11.15 4900 23.30 5.49
4850 34.71 12.04 4850 22.67 514
4900 34.92 11.98 4900 22.94 5.24
4900 34.90 11.86 4900 23.04 5.28
4900 34.85 11.74 4900 2311 5.32
4900 34.80 11.53 4900 23.27 5.39
4900 34.74 11.70 4900 23.04 5.32
4900 34.83 11.56 4900 23.27 5.38
4900 34.68 11.60 4900 23.08 5.35
4900 35.04 11.56 4900 2348 541
4950 34.64 11.63 4950 23.01 5.38
4950 34.51 11.57 4950 22.94 5.39
4950 34.82 11.38 4950 23.44 5.50
4950 34.67 11.73 4950 22.94 5.35
4950 34.71 11.57 4950 23.14 542
4950 34.11 11.44 4950 22.67 5.39
4950 34.62 11.76 4950 22.86 5.33
4950 34.22 11.34 4950 22.88 544
4950 34.45 11.48 4950 2297 542
4950 34.67 11.55 4950 23.12 542
4950 34.74 11.44 4950 23.30 547
4950 34.81 11.57 4950 23.24 543
4950 34.80 11.50 4950 23.30 5.45
4950 34.72 1141 4950 2331 5.48
4950 34.75 11.36 4950 23.39 5.50
5050 35.37 12.38 5050 22.99 531
5050 35.37 12.38 5050 22.99 531
5050 35.59 12.08 5050 2351 5.45
5050 35.24 11.91 5050 23.33 5.46
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Table A.1 Continued

F)feed Qfeed Q product Pbr ine Q brine Etotal
kPa mh m%h kPa m%h kWh/m®
5250 35.69 12.31 5250 23.38 5.59
5250 35.85 12.40 5250 23.45 5.58
5250 34.91 12.30 5250 2261 5.50
5250 35.36 12.26 5250 23.10 557
5250 35.52 12.32 5250 23.20 5.57
5250 35.44 12.19 5250 23.25 5.60
5200 35.71 12.45 5200 23.26 5.49
5200 35.81 1255 5200 23.26 547
5100 35.61 12.37 5100 23.24 5.40
5200 35.06 12.46 5200 22.60 541
5250 34.19 12.44 5250 2175 5.36
5250 34.05 12.18 5250 21.87 543
5500 34.99 12.36 5500 22.63 5.75
5600 34.33 12.34 5600 21.99 577
5600 34.81 12.17 5600 22.64 5.90
5150 34.84 1254 5150 22.30 5.30
5150 35.03 12.60 5150 22.43 5.31
5350 35.15 1253 5350 22.62 5.55
5350 35.25 1241 5350 22.84 5.60
5300 35.79 12.48 5300 2331 5.59
5300 36.23 12.57 5300 23.66 5.62
5350 35.19 12.40 5350 22.79 5.60
5350 35.77 1255 5350 23.22 5.62
5300 34.45 11.91 5300 22.54 5.63
5300 34.84 11.74 5300 23.10 5.75
5400 35.17 1254 5400 22.63 5.60
5400 35.49 12.34 5400 23.15 571
5400 35.64 1251 5400 23.13 5.67
5400 35.66 12.37 5400 23.29 5.72
5400 35.74 12.36 5400 23.38 574
5400 35.42 12.34 5400 23.08 5.70
5400 35.57 12.16 5400 2341 5.79
5400 35.72 12.25 5400 23.47 5.78
5400 35.55 12.33 5400 23.22 5.72
5400 36.05 12.17 5400 23.88 5.85
5400 35.43 12.43 5400 23.00 5.67
5400 35.91 1241 5400 23.50 574
5350 35.37 12.48 5350 22.89 5.60
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Table A.1 Continued

F)feed Qfeed Q product Pbr ine Q brine Etotal
kPa mh m%h kPa m%h kWh/m®
5350 35.88 12.60 5350 23.28 5.62
5350 36.48 12.35 5350 24.13 5.78
5350 35.71 12.20 5350 2351 574
5350 35.41 12.62 5350 22.79 5.55
5350 35.44 12.47 5350 2297 5.61
5350 35.42 12.58 5350 22.84 5.57
5350 36.16 1241 5350 23.75 572
5350 35.84 12.71 5350 23.13 5.57
5350 35.38 12.48 5350 22.90 5.60
5350 35.87 12.39 5350 2348 5.69
5350 35.72 12.42 5350 23.30 5.66
5350 35.61 12.56 5350 23.05 5.60
5350 35.65 12.36 5350 23.29 5.67
5350 36.21 12.57 5350 23.64 5.67
5350 35.75 12.23 5350 23.52 5.73
5350 35.54 1254 5350 23.00 5.60
5350 35.21 1241 5350 22.80 5.60
5350 35.45 12.27 5350 23.18 5.68
5350 35.01 12.64 5350 22.37 5.50
5350 35.29 12.09 5350 23.20 5.73
5350 35.43 12.40 5350 23.03 5.63
5350 35.74 12.47 5350 23.27 5.64
5350 35.63 12.34 5350 23.29 5.68
5350 35.55 12.48 5350 23.07 5.62
5350 35.48 12.39 5350 23.09 5.64
5350 35.68 12.32 5350 23.36 5.69
5350 35.61 12.56 5350 23.05 5.60
5350 35.45 12.47 5350 22.98 5.61
5350 35.61 1252 5350 23.09 5.61
5350 36.16 12.49 5350 23.67 5.69
5350 35.75 1211 5350 23.64 5.78
5350 36.28 12.26 5350 24.02 5.79
5350 35.81 12.12 5350 23.69 5.78
5400 35.33 1211 5400 23.22 5.78
5400 35.16 12.45 5400 2271 5.63
5450 36.21 12.66 5450 23.55 574
5450 35.51 12.50 5450 23.01 571
5450 35.04 12.86 5450 22.18 5.53

230




Table A.1 Continued

Pfeed Qfeed Q product Pbr ine Q brine Etotal
kPa mh m%h kPa m%h kWh/m®
5400 35.43 12.47 5400 22.96 5.66
5400 35.41 12.35 5400 23.06 5.70
5400 35.69 1231 5400 23.38 5.75
5400 35.71 12.35 5400 23.36 574
5400 35.65 12.63 5400 23.02 5.63
5400 35.34 12.39 5400 22.95 5.68
5450 35.69 12.19 5450 23.50 5.85
5450 35.65 12.32 5450 23.33 5.79
5450 36.20 12.18 5450 24.02 5.92
5450 35.57 12.19 5450 23.38 5.83
5450 35.45 12.15 5450 23.30 5.83
5450 36.01 12.32 5450 23.69 5.84
5450 36.16 12.40 5450 23.76 5.83
5450 35.94 12.37 5450 23.57 5.81
5450 36.13 1241 5450 23.72 5.82
5450 35.95 12.26 5450 23.69 5.86
5450 35.86 12.35 5450 2351 5.81
5450 35.56 12.19 5450 23.37 5.83
5400 35.48 12.15 5400 23.33 5.78
5400 35.76 12.16 5400 23.60 5.81
5400 35.89 12.19 5400 23.70 5.82
5400 35.81 12.22 5400 23.59 5.80
5400 35.79 12.17 5400 23.62 5.81
5450 35.92 12.29 5450 23.63 5.84
5450 35.94 12.21 5450 23.73 5.87
5450 35.81 12.31 5450 23.50 5.82
5450 35.49 12.21 5450 23.28 5.81
5450 35.92 12.30 5450 23.62 5.84
5450 35.84 12.23 5450 2361 5.85
5450 35.95 12.06 5450 23.89 5.93
5450 35.54 12.03 5450 2351 5.89
5450 35.43 12.10 5450 23.33 5.85
5450 36.18 12.25 5450 23.93 5.89
5450 36.21 1211 5450 24.10 5.95
5450 35.17 12.19 5450 22.98 5.78
5450 35.65 12.20 5450 23.45 5.84
5450 36.61 11.97 5450 24.64 6.06
5450 36.47 12.14 5450 24.33 5.97
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Table A.1 Continued

F)feed Qfeed Q product Pbr ine Q brine Etotal
kPa mh m%h kPa m%h kWh/m®
5450 36.51 12.07 5450 24.44 6.00
5450 35.66 12.17 5450 23.49 5.85
5450 34.80 12.10 5450 22.70 577
5450 35.57 11.99 5450 23.58 5.91
5450 36.05 12.14 5450 2391 5.91
5450 35.83 11.98 5450 23.85 5.95
5450 36.72 12.04 5450 24.68 6.04
5450 35.61 12.12 5450 23.49 5.86
5450 35.37 11.81 5450 23.56 5.95
5450 35.72 12.14 5450 23.58 5.87
5450 36.11 1211 5450 24.00 5.93
5450 35.59 11.97 5450 23.62 5.92
5450 35.33 11.96 5450 23.37 5.89
5450 35.94 12.03 5450 2391 5.94
5450 35.88 12.12 5450 23.76 5.90
5450 35.97 12.09 5450 23.88 5.92
5450 35.56 12.04 5450 23.52 5.89
5450 35.67 1201 5450 23.66 5.91
5450 35.81 12.00 5450 2381 5.94
5450 35.73 12.07 5450 23.66 5.90
5450 34.67 12.04 5450 22.63 5.77
5450 35.71 11.86 5450 23.85 5.98
5450 35.79 11.93 5450 23.86 5.96
5450 35.61 11.97 5450 23.64 5.92
5450 35.70 12.02 5450 23.68 5.91
5450 35.60 12.06 5450 2354 5.89
5450 35.45 11.91 5450 23.54 5.93
5450 35.79 11.97 5450 23.82 5.95
5450 36.31 11.95 5450 24.36 6.02
5450 35.75 11.69 5450 24.06 6.05
5450 35.60 11.72 5450 23.88 6.02
5450 35.67 11.77 5450 23.90 6.01
5450 35.80 11.70 5450 24.10 6.06
5450 35.76 11.82 5450 23.94 6.00
5450 35.57 11.90 5450 23.67 5.95
5450 35.69 11.93 5450 23.76 5.95
5450 35.29 11.84 5450 23.45 5.93
5450 35.18 11.67 5450 2351 5.99
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Table A.1 Continued

F)feed Qfeed Q product Pbr ine Q brine Etotal
kPa mh m%h kPa m%h kWh/m®
5450 35.73 11.95 5450 23.78 5.95
5500 35.42 11.93 5500 23.49 5.97
5500 35.61 11.84 5500 23.77 6.03
5500 35.15 11.80 5500 23.35 5.98
5500 35.72 1201 5500 2371 5.98
5500 35.63 11.94 5500 23.69 5.99
5500 35.74 11.87 5500 23.87 6.03
5500 35.21 12.04 5500 23.17 5.90
5500 35.18 11.95 5500 23.23 5.93
5500 35.51 11.91 5500 23.60 5.99
5500 35.75 11.96 5500 23.79 6.00
5500 36.34 11.79 5500 24.55 6.15
5500 35.67 11.88 5500 23.79 6.02
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Appendix B

B. Air-Conditioning systemsin Kuwait

B.1. Power Ratingsof A/C systemsin Kuwait

Table B.1 Power rating for different types of AC systemsin Kuwait

System Power rating (KW¢/RT) Ratio
Type RT | PRcyiL PRcre | PRew | PRepw | PRan | PRy kW J/kWg
Package & 0-15 1.700 | 0.483
Ducted-split
Air-cooled <100 | 1.600 0.380 | 2.050 | 0.583
100-
250
>100
Weater- <250 | 0.950 0.040 0.060 | 0.070 0.380 | 1.500 | 0.426
cooled 250- | 0.750 1.300 | 0.370
500
>500 | 0.700 1.250 | 0.355
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B.2. Single-effect ARS Model

The modelling procedure starts with the single-effect cycle because of its simplicity
and because it can be used as a base for modelling the double-effect cycle by
applying certain modifications to the program.

The modedling of the cycle is done in Matlab by applying the energy and mass
baance equation on the components of the cycle. The first step in the procedure is
determining the inputs to the model. From the reviewed literature (Sun, 1997 and Xu
et. al., 1996) and manufacturers’ catalogues, the inputs are selected to be:

Absorber temperature (Ta)
Condenser temperature (Te)
Evaporator temperature (T¢)
Generator temperature (Ty)
Refrigeration capacity (Qe)

Hesat exchanger effectiveness (&)

Liquid carryover

Liquid carryover occurs in the evaporator when a small amount of liquid refrigerant
is not evaporated.

B.2.1. Assumptions

To be able to successfully model the cycle with a reasonable degree of accuracy the
following assumptions has been made regarding the working fluids (ASHRAE, 2001
and Foy, 2001):

Steady-state operation

Refrigerant is pure water

LiBr-H,O solutionsin generator and absorber are in equilibrium
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No pressure changes in the pipes; pressure drop exists only in expansion valve
and pump

States at points 1, 4, 6, 8, 11 are at saturated liquid phase

State at point 10 is saturated vapour

Throttling processis isoenthalpic

Solution pump is 100% efficient

Negligible heat losses

B.2.2. Modelling Procedure

The flow chart describing the single-effect modelling procedure is shown in Figure
5.3. Thefollowing procedure gives a detailed presentation of the flow chart.

Stepl

The first step after reading the known input is to assign the known input

temperatures to the state points at the exit of the components. Hence:

=T,
T, =T,
T, =T,
Tg =T,
Tio =T
T, =T,

And the mass fractions of LiBr at points 7 to 11 are:

X, =0
Xg =
X, =0
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X10=0
X11=0

Since there is only state change from liquid to vapour in the evaporator, then:

Ty =Ty

Step 2

Since it is assumed that state points 8 and 10 are saturated vapour, the pressure can
be calculated using Eqs 3.20 & 3.21 knowing Tg, T;,and:

P8 = Psat,S

P19 = Psat 10

Since there is no pressure drop in the pure water refrigerant pipes, the following is

true:
P, = Pg
P; = Pg
P, = Pg
Ps = Pg
P; = Pg
Py = Py
P11 = Py
Pg = Pyg
Py = Py

The enthalpies h,, hg and h,; can be calculated now knowing T, P,, Tg, T,;; and
P;; using Equations 3.16, 3.19a & 3.19b. Since the enthalpy across the expansion

device does not change:
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hg = hg

The enthalpy at point 10,

h,o,can be calculated using Equation5.1 from T;, and X;, .

Step 3

To calculate the LiBr mass fraction in the solution at points 4 and 1, the saturation
temperatures Tgq. 4 and Tsq. 1 are calculated first from P, and P; using Equations
3.22 and 3.23. Now X, and X; can be calculated from T, 4, Ty, Tgq¢ 1 @d Ty USINg
Equation 5.3. Also:

Xs =X,
Xo =Xy
X=X
X;=X;

Step 4

It is assumed that there is no temperature rise in the solution leaving the pump,

hence:
T, =T

Heat exchanger temperatures T; and T5 are calculated using the equation describing
the effectiveness:

(T,—-T,)  (T,—Ts)
X TT,—Ty)  (T4—T)

Ty =Ty + (T, — Ty)eny
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Ts =4+ (T, — T,)eyx

The pressure at point 6 is assumed to be the saturation pressure (i.e. Ps = Pgqe ),
from this the saturation temperature of water Ty, Can be calculated using
Equations 3.22 and 3.23 as a function of P, c. Now, the actua temperature of the
solution at point 6 (T,) using Equation 5.3 from the known T, ¢ and X4 through the
use of the fzero command in Matlab, which eiminates the need for an iteration
process.

The remaining enthalpies can be caculated now. Enthalpy at point 1 (h;) is
calculated using Equation 5.1 from the known T; and X;. The same procedure is
used to calculate h;, h, and hs. The enthal py across the expansion device does not

change, so:

The enthalpy at point 2 (h,) is calculated from the equation describing the isentropic

pump work:

my(P, — P;)
w=—=2—Y= my (hy — hy)
P1
Rearranging the above equation leads to:
P,—P
A GLI N

P1

The solution density (p,) is calculated using Equation 5.4.
By the completion of step 4, all the single-effect cycle temperatures, pressure, mass

fractions and enthalpies are known. The next step is to calculate the mass flowrates

of working fluids in the cycle and the energy inputs and outputs of the system.
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Step 5

The first step in calculating the mass flowrates is to apply a mass and energy

baances on the evaporator:

Mg = Mg + Myq

Qe = myohyg + my1hyy — mohy

The liquid carryover (CO) at point 11 is described as a percentage of the vapour

mass flowrate (m,,):

co

my = mmm

The above equations are rearranged to solve for the mass flowrate at point 10:

Qe
o * (15) s = (1+ 50)

myo =

Now,
Mmg = Mqg + Myq

mg = Mg

A mass balance on the absorber is applied to calculate the mass flowrate at point 1.
The overall mass balance is:
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m; = mg +myg

The LiBr mass balance:

MmeXe = My X

The mass flowrate at point 1 is calculated from:

mg
my X;
~ Xs
Also,
m; =m
ms =my

A mass balance on the generator results in:

my =mz —my

Also,

ms =my

mg = my

Knowing the enthalpies and the mass flowrates of the different streams in the cycle,

the different energy inputs and outputs can now be calcul ated:

Generator
Qg = myhy + m;h; —mshs

Condenser
Q¢ = myh; —mghg
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Absorber

Myohio + My hyq + mghe —myhy

Pump work
_ M (P, — Py)
P1

w

And the coefficient of performance can be calculated as:

Qe

COP =
Qg+ W

B.2.3. Validation of Single-Effect M odel

Matlab programming software is used to apply the model presented here. The

following are the known inputs:

Absorber temperature, T, = 20°C
Condenser temperature, Tc = 20°C
Evaporator temperature, Te = 2.5°C
Generator temperature, T4 = 70°C
Refrigeration capacity, Qe = 40kW
Heat exchanger effectiveness, ¢ = 80%

Liquid carryover =0
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Table B.2 State points for the single-effect model

Point Temperature Pressure Concentration  Enthalpy  Massflowrate

°C kPa % kJ/kg kals
1 20.0 0.71 47.91 37.8 0.083
2 20.0 231 47.91 37.8 0.083
3 52.0 231 47.91 108.3 0.083
4 60.0 231 59.26 150.6 0.067
5 28.0 231 59.26 88.6 0.067
6 394 0.71 59.26 88.6 0.067
7 60.0 231 0.00 26139  0.016
8 20.0 231 0.00 83.7 0.016
9 25 0.71 0.00 83.7 0.016
10 25 0.71 0.00 25069  0.016
11 2.5 0.71 0.00 10.5 0.000
Table B.3 Performance parameters of sngle-effect model
Qe Qq Qc Qa W, cop
kw kw kw kw kw
40 42.82 40.37 42.82 0.092 0.93

Table B.4 Comparison of results

Variable Modéel Foy sun (1997)
Xss (%) 59.26 59.18 58.4
Xuws (%) 47.91 47.58 49.1
Qe (kW) 40 40 40.38
Qg (KW) 42.82 42.75 46.88
Qx (kwW) 42.82 42.73 45.08
Qc (kwW) 40.37 40.41 42.18

COP 0.93 0.934 0.86
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Appendix C

C. Tabulated Results of Powerplant Configurations

C.1. Doha West Cogener ation power plant

Table C.1 Results of conventional plant simulation

C.2. Power-RO Configuration

Parameter Unit January February March  April May  June  July August September October November December
No. of turbines 3 3 3 4 5 6 6 7 6 5 4 3
No. of turbines(ACTUAL) 5 6 6 6 6 7 7 7 7 7 6 7
No. of MSF units 11 11 12 14 14 15 14 15 14 13 13 13
No. of MSF units(ACTUAL) 11 12 13 15 16 16 16 15 16 14 15 16
Electricity generated GWh/month 670 626 670 864 1116 1296 1339 1562 1296 1116 864 648
Total steam input* kals 830 830 830 1106 1383 1660 1660 1936 1660 1383 1106 830
\Water produced Mil. m® fmonth 10 10 1 14 14 14 14 15 13 13 12 12
AIC demand GWh/month 0 0 28 222 433 574 649 709 564 345 76.159 0
Intemal electricity consm GWh/month 58 54 67 7 85 90 104 100 88 83 71 66
Net electricity available GWh/month 96 90 59 67 83 133 71 238 146 173 219 84
MSF oil energy TJ/month 3031 283 3738 3617 2325 1566 911 205 882 1618 2934 4301
MSF gas volume Mil. m? jmonth 79 74 98 94 61 41 24 5 23 42 7 112
Cost of oil Mil. $/month 63 59 68 80 88 95 94 104 91 84 76 70
Cost of natural gas Mil. $/month 8 8 9 10 11 12 12 13 12 11 10 9
Total fuel cost Mil. $/month 72 67 7 90 99 107 106 117 102 94 85 79
CO, emissions from oil 000 tor/month | 711 665 762 896 988 1065 1050 1163 1016 937 846 786
CO, emissions from gas 000 ton/month 47 44 50 59 65 71 69 7 67 62 56 52
Total CO, emissions 000 tor/month | 758 709 812 955 1053 1136 1119.1 1240 1083 999 902 838
* steam flow per turbine is 276.6 kg/s

Table C.2 Results of power-RO plant simulation
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Parameter Unit  January February March Aprl May June July August September October November December
No. of turbines 3 3 4 5 5 6 1 1 6 5 4 3
No. of RO units 3 3 4 44 5 4 5 4 4 4 4
Electricity generated GWhmonth | 670 626 893 1080 1116 1296 1562 1562 1296 1116 864 648
Water produced Mi.m'month | 102 96 136 132 136 165 136 11 132 186 132 132
Electicity consumed byRO | GWhimonth | 56 B KB B 9 B U 7 75 n 7
IAIC demand CWhimonth | 0 0 28 22 43 514 649 709 564 M T6 0
Internal electricity consm GWhimonth | 58 5 61 T 8% 90 104 100 8 83 ! 66
Net electricty available GWhimonth | 40 ¥ 20 20 8 B 209 14 98 147 v
Cost of ol Mil. $imonth | 41 39 5% 6 6 8 9 9 80 69 53 |
Cost of natural gas Mi. $imonth | 5 5 79 9 10 12 10 9 7 5
Total fuel cost Mi.§month | 47 4 62 75 78 9 109 109 91 18 60 4
CO, emissions from ol 000ton/month | 465 435 620 749 774 899 1084 1084 899 T4 600 450
CO, emissions from gas 000 tonvmonth | 31 29 4 % 5 6 2 9 m 60 51 40 Kl
Total CO, emissions 00ton/month | 495 463 661 799 826 959 115 1156 B9 8% 639 479
* steam flow per turbine is 276.6 kgls




C.3. Power-M SF-RO Configuration

This section comprises of tabulated results of power-MSF-RO hybrid configuration

for al months of the year.

Table C.3 January results of power-M SF-RO configuration

RO load MSF demand RO demand MSF units RO units NT Fuel cost CO ;, emissions
% m? m? million $month ktonne/month
5 9.45E+06 4.97E+05 10 1 3 67.71 728.42
10 8.95E+06 9.95E+05 10 1 3 67.71 728.42
15 8.45E+06 1.49E+06 9 1 3 63.16 677.44
20 7.96E+06 1.99E+06 9 1 3 63.16 677.44
25 7.46E+06 2.49E+06 9 1 3 63.16 677.44
30 6.96E+06 2.98E+06 8 1 3 58.61 626.45
35 6.47E+06 3.48E+06 8 2 3 58.61 626.45
40 5.97E+06 3.98E+06 7 2 3 54.06 575.46
45 5.47E+06 4.48E+06 7 2 3 54.06 575.46
50 4.97E+06 4.97E+06 6 2 3 49.51 524.48
55 4.48E+06 5.47E+06 6 2 3 49.51 524.48
60 3.98E+06 5.97E+06 5 2 3 49.51 524.48
65 3.48E+06 6.47E+06 5 2 3 49.51 524.48
70 2.98E+06 6.96E+06 4 3 3 49.51 524.48
75 2.49E+06 7.46E+06 4 3 3 49.51 524.48
80 1.99E+06 7.96E+06 3 3 3 49.51 524.48
85 1.49E+06 8.45E+06 3 3 3 49.51 524.48
90 9.95E+05 8.95E+06 2 3 3 49.51 524.48
95 4.97E+05 9.45E+06 2 3 3 49.51 524.48

Table C.4 February results of power-M SF-RO configuration

RO load MSF demand RO demand MSF units RO units NT Fuel cost CO , emissions
% m? m? million $month ktonne/month
5 8.44E+06 4.44E+05 10 1 3 63.34 681.43
10 8.00E+06 8.89E+05 10 1 3 63.34 681.43
15 7.55E+06 1.33E+06 9 1 3 59.08 633.73
20 7.11E+06 1.78E+06 9 1 3 59.08 633.73
25 6.66E+06 2.22E+06 8 1 3 54.83 586.03
30 6.22E+06 2.67E+06 8 1 3 54.83 586.03
35 5.78E+06 3.11E+06 7 1 3 50.57 538.34
40 5.33E+06 3.55E+06 7 2 3 50.57 538.34
45 4.89E+06 4.00E+06 6 2 3 46.32 490.64
50 4.44E+06 4.44E+06 6 2 3 46.32 490.64
55 4.00E+06 4.89E+06 5 2 3 46.32 490.64
60 3.55E+06 5.33E+06 5 2 3 46.32 490.64
65 3.11E+06 5.78E+06 4 2 3 46.32 490.64
70 2.67E+06 6.22E+06 4 2 3 46.32 490.64
75 2.22E+06 6.66E+06 4 3 3 46.32 490.64
80 1.78E+06 7.11E+06 3 3 3 46.32 490.64
85 1.33E+06 7.55E+06 3 3 3 46.32 490.64
90 8.89E+05 8.00E+06 2 3 3 46.32 490.64
95 4.44E+05 8.44E+06 2 3 3 46.32 490.64
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Table C.5 March results of power-M SF-RO configuration

RO load MSF demand RO demand MSF units RO units NT Fuel cost CO , emissions
% m® m® million $month ktonne/month
5 1.04E+07 5.49E+05 11 1 3 72.26 779.41
10 9.88E+06 1.10E+06 11 1 3 72.26 779.41
15 9.33E+06 1.65E+06 10 1 3 67.71 728.42
20 8.78E+06 2.19E+06 10 1 3 67.71 728.42
25 8.23E+06 2.74E+06 9 1 3 63.16 677.44
30 7.68E+06 3.29E+06 9 1 3 63.16 677.44
35 7.13E+06 3.84E+06 8 2 3 58.61 626.45
40 6.58E+06 4.39E+06 8 2 3 58.61 626.45
45 6.04E+06 4.94E+06 7 2 3 54.06 575.46
50 5.49E+06 5.49E+06 7 2 3 54.06 575.46
55 4.94E+06 6.04E+06 6 2 3 49.51 524.48
60 4.39E+06 6.58E+06 5 2 3 49.51 524.48
65 3.84E+06 7.13E+06 5 3 3 49.51 524.48
70 3.29E+06 7.68E+06 4 3 3 49.51 524.48
75 2.74E+06 8.23E+06 4 3 3 49.51 524.48
80 2.19E+06 8.78E+06 3 3 3 49.51 524.48
85 1.65E+06 9.33E+06 3 3 3 49.51 524.48
90 1.10E+06 9.88E+06 2 3 3 49.51 524.48
95 5.49E+05 1.04E+07 2 4 3 49.51 524.48
Table C.6 April results of power-M SF-RO configuration
RO load MSF demand RO demand M SF units RO units NT Fuel cost CO  emissions
% m? m? million $month ktonne/month
5 1.16E+07 6.10E+05 13 1 4 85.90 923.45
10 1.10E+07 1.22E+06 12 1 4 81.50 874.11
15 1.04E+07 1.83E+06 12 1 4 81.50 874.11
20 9.76E+06 2.44E+06 11 1 4 77.09 824.77
25 9.15E+06 3.05E+06 10 1 4 72.69 775.43
30 8.54E+06 3.66E+06 10 2 4 72.69 775.43
35 7.93E+06 4.27E+06 9 2 4 68.29 726.09
40 7.32E+06 4.88E+06 9 2 4 68.29 726.09
45 6.71E+06 5.49E+06 8 2 4 63.89 676.75
50 6.10E+06 6.10E+06 7 2 4 63.89 676.75
55 5.49E+06 6.71E+06 7 3 4 63.89 676.75
60 4.88E+06 7.32E+06 6 3 4 63.89 676.75
65 4.27E+06 7.93E+06 6 3 4 63.89 676.75
70 3.66E+06 8.54E+06 5 3 4 63.89 676.75
75 3.05E+06 9.15E+06 4 3 4 63.89 676.75
80 2.44E+06 9.76E+06 4 3 4 63.89 676.75
85 1.83E+06 1.04E+07 3 4 5 79.86 845.93
90 1.22E+06 1.10E+07 2 4 5 79.86 845.93
95 6.10E+05 1.16E+07 2 4 5 79.86 845.93
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Table C.7 May results of power-M SF-RO configuration

RO load MSF demand RO demand MSF units RO units NT Fuel cost CO , emissions
% m? m? million $month ktonne/month
5 1.26E+07 6.63E+05 14 1 5 100.72 1078.07
10 1.19E+07 1.33E+06 13 1 5 96.17 1027.09
15 1.13E+07 1.99E+06 12 1 5 91.62 976.10
20 1.06E+07 2.65E+06 12 1 5 91.62 976.10
25 9.95E+06 3.32E+06 11 1 5 87.07 925.12
30 9.28E+06 3.98E+06 10 2 5 82.52 874.13
35 8.62E+06 4.64E+06 10 2 5 82.52 874.13
40 7.96E+06 5.31E+06 9 2 5 82.52 874.13
45 7.29E+06 5.97E+06 8 2 5 82.52 874.13
50 6.63E+06 6.63E+06 8 2 5 82.52 874.13
55 5.97E+06 7.29E+06 7 3 5 82.52 874.13
60 5.31E+06 7.96E+06 6 3 5 82.52 874.13
65 4.64E+06 8.62E+06 6 3 5 82.52 874.13
70 3.98E+06 9.28E+06 5 3 5 82.52 874.13
75 3.32E+06 9.95E+06 4 3 5 82.52 874.13
80 2.65E+06 1.06E+07 4 4 5 82.52 874.13
85 1.99E+06 1.13E+07 3 4 5 82.52 874.13
90 1.33E+06 1.19E+07 2 4 5 82.52 874.13
95 6.63E+05 1.26E+07 2 4 5 82.52 874.13
Table C.8 June results of power-M SF-RO configuration
RO load MSF demand RO demand MSF units RO units NT Fuel cost CO , emissions
% m? m? million $month ktonne/month
5 1.26E+07 6.63E+05 14 1 6 104.64 1113.80
10 1.19E+07 1.33E+06 13 1 6 100.24 1064.46
15 1.13E+07 1.99E+06 13 1 6 100.24 1064.46
20 1.06E+07 2.65E+06 12 1 6 95.83 1015.12
25 9.95E+06 3.32E+06 11 2 6 95.83 1015.12
30 9.28E+06 3.98E+06 11 2 6 95.83 1015.12
35 8.62E+06 4.64E+06 10 2 6 95.83 1015.12
40 7.96E+06 5.31E+06 9 2 6 95.83 1015.12
45 7.29E+06 5.97E+06 9 2 6 95.83 1015.12
50 6.63E+06 6.63E+06 8 3 6 95.83 1015.12
55 5.97E+06 7.29E+06 7 3 6 95.83 1015.12
60 5.31E+06 7.96E+06 7 3 6 95.83 1015.12
65 4.64E+06 8.62E+06 6 3 6 95.83 1015.12
70 3.98E+06 9.28E+06 5 3 6 95.83 1015.12
75 3.32E+06 9.95E+06 5 4 6 95.83 1015.12
80 2.65E+06 1.06E+07 4 4 6 95.83 1015.12
85 1.99E+06 1.13E+07 3 4 6 95.83 1015.12
90 1.33E+06 1.19E+07 3 4 6 95.83 1015.12
95 6.63E+05 1.26E+07 2 4 6 95.83 1015.12
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Table C.9 July results of power-MSF-RO configuration

RO load MSF demand RO demand M SF units RO units NT Fuel cost CO , emissions
% m® m? million $/month ktonne/month
5 1.28E+07 6.75E+05 14 1 6 108.13 1150.93
10 1.22E+07 1.35E+06 13 1 6 103.58 1099.94
15 1.15E+07 2.03E+06 13 1 6 103.58 1099.94
20 1.08E+07 2.70E+06 12 1 6 99.03 1048.96
25 1.01E+07 3.38E+06 11 1 6 99.03 1048.96
30 9.45E+06 4.05E+06 10 2 6 99.03 1048.96
35 8.78E+06 4.73E+06 10 2 6 99.03 1048.96
40 8.10E+06 5.40E+06 9 2 6 99.03 1048.96
45 7.43E+06 6.08E+06 9 2 6 99.03 1048.96
50 6.75E+06 6.75E+06 8 2 6 99.03 1048.96
55 6.08E+06 7.43E+06 7 3 6 99.03 1048.96
60 5.40E+06 8.10E+06 6 3 6 99.03 1048.96
65 4.73E+06 8.78E+06 6 3 6 99.03 1048.96
70 4.05E+06 9.45E+06 5 3 6 99.03 1048.96
75 3.38E+06 1.01E+07 4 3 6 99.03 1048.96
80 2.70E+06 1.08E+07 4 4 7 11553 1223.78
85 2.03E+06 1.15E+07 3 4 7 11553 1223.78
90 1.35E+06 1.22E+07 2 4 7 11553 1223.78
95 6.75E+05 1.28E+07 2 4 7 11553 1223.78
Table C.10 August results of power-M SF-RO configuration
RO load MSF demand RO demand MSF units RO units NT Fuel cost CO , emissions
% m? m? million $month ktonne/month
5 1.30E+07 6.83E+05 14 1 7 115.53 1223.78
10 1.23E+07 1.37E+06 13 1 7 115.53 1223.78
15 1.16E+07 2.05E+06 13 1 7 115.53 1223.78
20 1.09E+07 2.73E+06 12 1 7 115.53 1223.78
25 1.02E+07 3.42E+06 11 2 7 115.53 1223.78
30 9.56E+06 4.10E+06 11 2 7 115.53 1223.78
35 8.88E+06 4.78E+06 10 2 7 115.53 1223.78
40 8.20E+06 5.46E+06 9 2 7 115.53 1223.78
45 7.51E+06 6.15E+06 9 2 7 115.53 1223.78
50 6.83E+06 6.83E+06 8 3 7 115.53 1223.78
55 6.15E+06 7.51E+06 8 3 7 115.53 1223.78
60 5.46E+06 8.20E+06 7 3 7 115.53 1223.78
65 4.78E+06 8.88E+06 6 3 7 115.53 1223.78
70 4.10E+06 9.56E+06 5 3 7 115.53 1223.78
75 3.42E+06 1.02E+07 5 3 7 115.53 1223.78
80 2.73E+06 1.09E+07 4 4 7 115.53 1223.78
85 2.05E+06 1.16E+07 0 4 7 115.53 1223.78
90 1.37E+06 1.23E+07 3 4 7 115.53 1223.78
95 6.83E+05 1.30E+07 2 4 7 115.53 1223.78
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Table C.11 September results of power-M SF-RO configuration

RO load MSF demand RO demand MSF units RO units NT Fuel cost CO , emissions
% m® m® million $month ktonne/month
5 1.21E+07 6.39E+05 13.00 1.00 6.00 100.24 1064.46
10 1.15E+07 1.28E+06 13.00 1.00 6.00 100.24 1064.46
15 1.09E+07 1.92E+06 12.00 1.00 6.00 95.83 1015.12
20 1.02E+07 2.55E+06 12.00 1.00 6.00 95.83 1015.12
25 9.58E+06 3.19E+06 11.00 1.00 6.00 95.83 1015.12
30 8.94E+06 3.83E+06 10.00 2.00 6.00 95.83 1015.12
35 8.30E+06 4.47E+06 10.00 2.00 6.00 95.83 1015.12
40 7.66E+06 5.11E+06 10.00 2.00 6.00 95.83 1015.12
45 7.02E+06 5.75E+06 8.00 2.00 6.00 95.83 1015.12
50 6.39E+06 6.39E+06 8.00 2.00 6.00 95.83 1015.12
55 5.75E+06 7.02E+06 7.00 3.00 6.00 95.83 1015.12
60 5.11E+06 7.66E+06 6.00 3.00 6.00 95.83 1015.12
65 4.4TE+06 8.30E+06 6.00 3.00 6.00 95.83 1015.12
70 3.83E+06 8.94E+06 5.00 3.00 6.00 95.83 1015.12
75 3.19E+06 9.58E+06 4,00 3.00 6.00 95.83 1015.12
80 2.55E+06 1.02E+07 4,00 4.00 6.00 95.83 1015.12
85 1.92E+06 1.09E+07 3.00 4.00 6.00 95.83 1015.12
90 1.28E+06 1.15E+07 2.00 4.00 6.00 95.83 1015.12
95 6.39E+05 1.21E+07 2.00 4.00 6.00 95.83 1015.12
Table C.12 October results of power-M SF-RO configuration
RO load MSF demand RO demand MSF units RO units NT Fuel cost CO , emissions
% m? m? million $month ktonne/month
5 1.15E+07 6.04E+05 13 1 5 96.17 1027.09
10 1.09E+07 1.21E+06 12 1 5 91.62 976.10
15 1.03E+07 1.81E+06 11 1 5 87.07 925.12
20 9.67E+06 2.42E+06 11 1 5 87.07 925.12
25 9.06E+06 3.02E+06 10 1 5 82.52 874.13
30 8.46E+06 3.63E+06 10 2 5 82.52 874.13
35 7.86E+06 4.23E+06 9 2 5 82.52 874.13
40 7.25E+06 4.83E+06 8 2 5 82.52 874.13
45 6.65E+06 5.44E+06 8 2 5 82.52 874.13
50 6.04E+06 6.04E+06 7 2 5 82.52 874.13
55 5.44E+06 6.65E+06 7 2 5 82.52 874.13
60 4.83E+06 7.25E+06 6 3 5 82.52 874.13
65 4.23E+06 7.86E+06 5 3 5 82.52 874.13
70 3.63E+06 8.46E+06 5 3 5 82.52 874.13
75 3.02E+06 9.06E+06 4 3 5 82.52 874.13
80 2.42E+06 9.67E+06 4 3 5 82.52 874.13
85 1.81E+06 1.03E+07 3 4 5 82.52 874.13
90 1.21E+06 1.09E+07 2 4 5 82.52 874.13
95 6.04E+05 1.15E+07 2 4 5 82.52 874.13
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Table C.13 November results of power-M SF-RO configuration

RO load MSF demand RO demand MSF units RO units NT Fuel cost CO , emissions
% m® m® million $month ktonne/month
5 1.13E+07 5.95E+05 13 1 4 85.90 923.45
10 1.07E+07 1.19E+06 12 1 4 81.50 874.11
15 1.01E+07 1.78E+06 11 1 4 77.09 824.77
20 9.52E+06 2.38E+06 11 1 4 77.09 824.77
25 8.92E+06 2.97E+06 10 1 4 72.69 775.43
30 8.33E+06 3.57E+06 10 2 4 72.69 775.43
35 7.73E+06 4.16E+06 9 2 4 68.29 726.09
40 7.14E+06 4.76E+06 8 2 4 63.89 676.75
45 6.54E+06 5.35E+06 8 2 4 63.89 676.75
50 5.95E+06 5.95E+06 7 2 4 63.89 676.75
55 5.35E+06 6.54E+06 7 2 4 63.89 676.75
60 4.76E+06 7.14E+06 6 3 4 63.89 676.75
65 4.16E+06 7.73E+06 5 3 4 63.89 676.75
70 3.57E+06 8.33E+06 5 3 4 63.89 676.75
75 2.97E+06 8.92E+06 4 3 4 63.89 676.75
80 2.38E+06 9.52E+06 4 3 4 63.89 676.75
85 1.78E+06 1.01E+07 3 4 4 63.89 676.75
90 1.19E+06 1.07E+07 2 4 4 63.89 676.75
95 5.95E+05 1.13E+07 2 4 4 63.89 676.75
Table C.14 December results of power-M SF-RO configuration
RO load MSF demand RO demand MSF units RO units NT Fuel cost CO , emissions
% m? m? million $month ktonne/month
5 1.11E+07 5.83E+05 12 1 3 74.33 803.61
10 1.05E+07 1.17E+06 12 1 3 74.33 803.61
15 9.91E+06 1.75E+06 11 1 3 69.92 754.27
20 9.32E+06 2.33E+06 11 1 3 69.92 754.27
25 8.74E+06 2.91E+06 10 1 3 65.52 704.92
30 8.16E+06 3.50E+06 9 2 3 61.12 655.58
35 7.57E+06 4.08E+06 9 2 3 61.12 655.58
40 6.99E+06 4.66E+06 8 2 3 56.72 606.24
45 6.41E+06 5.24E+06 8 2 3 56.72 606.24
50 5.83E+06 5.83E+06 7 2 3 52.32 556.90
55 5.24E+06 6.41E+06 7 2 3 52.32 556.90
60 4.66E+06 6.99E+06 6 3 3 47.92 507.56
65 4.08E+06 7.57E+06 5 3 3 47.92 507.56
70 3.50E+06 8.16E+06 5 3 3 47.92 507.56
75 2.91E+06 8.74E+06 4 3 3 47.92 507.56
80 2.33E+06 9.32E+06 4 3 3 47.92 507.56
85 1.75E+06 9.91E+06 3 4 3 47.92 507.56
90 1.17E+06 1.05E+07 2 4 3 47.92 507.56
95 5.83E+05 1.11E+07 2 4 3 47.92 507.56
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C.4. Power-M SF-AR Configuration

Table C.15 March results of power-M SF-AR configuration

AR load MSF units AR units  NT Fl.Jei. cost  CO,emissions
% million $ ktonne
0 12.00 0 3 77 812
10 12.00 11 3 80.8 872.73
20 12.00 21 3 81.673 881.97
30 12.00 31 3 82.54 891.16
40 12.00 41 3 834 900.27
50 12.00 52 3 84.339 910.22
60 12.00 62 3 85.185 919.17
70 12.00 72 3 86.022 928.05
80 12.00 82 3 86.852 936.83
90 12.00 93 3 87.753 946.38

100 12.00 103 3 88.563 954.95

Table C.16 April results of power-M SF-AR configuration

AR load MSF units ARunits  NT Fl{ei. cost CO, emissions
% million $ ktonne
0 14.00 0 4 90.30 955
10 14.00 20 4 95.907 1032.2
20 14.00 40 4 97.589 1050
30 14.00 59 4 99.17 1066.8
40 14.00 79 4 100.81 1084.2
50 14.00 98 4 102.36 1100.5
60 14.00 118 4 103.95 11174
70 14.00 137 3 97.092 1050.2
80 14.00 157 3 98.544 1065.6
0] 14.00 176 3 99.87 1079.6

100 14.00 196 3 101.2 1093.7
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Table C.17 May results of power-M SF-AR configuration

AR load MSF units AR units NT Fl.JeI. cost CO, emissions
% million $ ktonne
0 14.00 0 5 105.77 1131.56
10 14.00 36 5 108.92 1165
20 14.00 72 5 112.03 1197.9
30 14.00 107 5 114.99 1229.3
40 14.00 143 4 109.44 1176.1
50 14.00 178 4 112.19 1205.2
60 14.00 214 4 114.89 1233.8
70 14.00 250 4 117.44 1260.8
80 14.00 286 4 119.82 1286
90 14.00 321 3 111.22 1200.6

100 14.00 357 3 114.32 1233.4

Table C.18 June results of power-M SF-AR configuration

AR load MSF units AR units NT Fl.Jei. cost CO,emissions
% million $ ktonne
0 15.00 0 6 114.90 1225
10 15.00 40 6 118.3 1261.2
20 15.00 79 5 113.39 1214.7
30 15.00 119 5 116.66 1249.3
40 15.00 158 5 119.77 1282.2
50 15.00 198 5 122.86 1315
60 15.00 237 4 117.18 1260.3
70 15.00 276 4 119.73 1287.3
80 15.00 316 4 122.13 1312.6
90 15.00 355 3 114.95 1242.1

100 15.00 395 3 118.47 1279.3
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Table C.19 July results of power-MSF-AR configuration

AR load MSF units AR units NT Fl.JeI. cost CO, emissions
% million $ ktonne
0 14.00 0 6 114.18 1215.11
10 14.00 44 6 118.04 1255.9
20 14.00 88 6 121.83 1296.1
30 14.00 131 5 117 1250.5
40 14.00 175 5 120.58 1288.5
50 14.00 218 5 123.97 1324.4
60 14.00 262 4 118.25 1269.5
70 14.00 306 4 121.05 1299.1
80 14.00 349 4 123.48 1324.9
90 14.00 393 4 125.62 1347.5

100 14.00 436 3 121.92 1313.9

Table C.20 August results of power-M SF-AR configuration

AR load MSF units AR units NT Fl.JeI. cost CO, emissions
% million $ ktonne
0 15.00 0 7 118.73 1266.10
10 15.00 47 6 122.85 1309.7
20 15.00 94 6 126.89 1352.5
30 15.00 140 5 122.29 1309.4
40 15.00 187 5 126.09 1349.6
50 15.00 233 5 129.67 1387.5
60 15.00 280 5 133.15 1424.4
70 15.00 326 5 136.35 1458.3
80 15.00 373 4 129.24 1388.7
90 15.00 420 4 131.31 1410.5

100 15.00 466 4 135.32 1453

254




Table C.21 September results of power-M SF-AR configuration

AR load MSF units AR units NT Fl.JeI. cost CO, emissions
% million $ ktonne
0 14.00 0 6 110.50 1175.92
10 14.00 42 6 114.06 1213.6
20 14.00 84 5 109.4 1169.7
30 14.00 125 5 112.74 1205.1
40 14.00 167 5 116.07 1240.3
50 14.00 208 5 119.22 1273.7
60 14.00 250 4 113.65 1220.2
70 14.00 292 4 116.32 1248.4
80 14.00 334 4 118.72 1273.8
90 14.00 375 4 120.77 1295.5

100 14.00 417 3 115.07 1240.6

Table C.22 October results of power-M SF-AR configuration

AR load MSF units AR units NT Fl.Jei. cost CO,emissions
% million $ ktonne
0 13.00 0 5 101.22 1080.58
10 13.00 25 5 103.41 1103.8
20 13.00 51 4 97.241 1044.1
30 13.00 76 4 99.373 1066.6
40 13.00 101 4 101.47 1088.8
50 13.00 126 4 103.52 1110.6
60 13.00 151 4 105.53 1131.9
70 13.00 177 4 107.72 1155.1
80 13.00 202 4 109.87 1177.8
90 13.00 227 3 103.78 1119

100 13.00 252 3 106.03 1142.8
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Table C.23 November results of power-M SF-AR configuration

AR load MSF units AR Units NT Fl.Jei. cost CO, emissions
% million $ ktonne
0 13.00 0 4 89.81 964.86
10 13.00 13 4 90.912 976.58
20 13.00 25 4 91.927 987.33
30 13.00 38 3 84.862 917.93
40 13.00 50 3 85.855 928.45
50 13.00 63 3 86.92 939.73
60 13.00 75 3 87.891 950.01
70 13.00 88 3 88.929 961.01
80 13.00 100 3 89.873 971.01
90 13.00 113 3 90.88 981.68

100 13.00 125 3 91.89 992.37

C.5. Power-RO-AR Configuration

Table C.24 March results of power-RO-AR configuration

AR load ROUnits AR units NT Fl.Jei. cost CO, emissions

% million $ ktonne

0 4 0 4 62.00 661.00
10 4 11 4 61.639 652.91
20 4 21 4 62.05 657.26
30 4 31 4 62.461 661.61
40 4 41 4 62.872 665.96
50 4 52 4 63.324 670.75
60 4 62 3 48.438 513.07
70 4 72 3 48.848 517.42
80 4 82 3 49.259 521.77
90 4 93 3 49.913 528.82
100 4 103 3 50.991 540.64
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Table C.25 April results of power-RO-AR configuration

AR load RO units AR units NT Fl-Jel- cost CO, emissions
% million $ ktonne
0 4 0 5 74.02 784.02
10 4 20 4 60.01 635.64
20 4 40 4 60.80 644.06
30 4 59 4 61.56 652.06
40 4 79 4 62.35 660.48
50 4 98 4 63.11 668.48
60 4 118 4 63.90 676.91
70 4 137 4 66.33 703.56
80 4 157 4 69.08 733.89
0 4 176 4 71.69 762.69

100 4 196 3 59.05 629.59

Table C.26 May results of power-RO-AR configuration

AR load ROunits AR Units NT Fl.Jei. cost CO, emissions

% million $ ktonne

0 4 0 5 76.48 810.15
10 4 36 5 77.96 825.82
20 4 72 5 79.44 841.48
30 4 107 5 80.88 856.71
40 4 143 5 82.36 872.38
50 4 178 4 74.36 791.25
60 4 214 4 79.48 847.65
70 4 250 4 84.60 904.05
80 4 286 4 89.71 960.45
90 4 321 4 99.31 1066.28
100 4 357 4 110.09 1185.11
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Table C.27 June results of power-RO-AR configuration

AR load ROunits AR Units NT Fl.JeI. cost CO, emissions
% million $ ktonne
0 4 0 6 88.82 940.82
10 4 40 6 90.41 957.67
20 4 79 6 91.96 974.09
30 4 119 6 93.55 990.93
40 4 158 5 81.35 862.36
50 4 198 5 88.18 937.89
60 4 237 5 94.84 1011.54
70 4 276 4 85.44 914.31
80 4 316 4 95.35 1023.53
90 4 355 4 106.21 1143.23

100 4 395 4 118.34 1276.90

Table C.28 July results of power-RO-AR configuration

AR load ROunits AR units NT Fl.JeI. cost CO, emissions
% million $ ktonne
0 4 0 7 107.08 1134.20
10 4 14 6 93.59 991.33
20 4 88 6 95.40 1010.48
30 4 131 6 97.16 1029.19
40 4 175 5 87.06 924.28
50 4 218 5 94.65 1008.18
60 4 262 5 102.41 1094.04
70 4 306 4 96.97 1040.40
80 4 349 4 108.73 1170.03
90 4 393 4 121.91 1315.37

100 4 436 4 136.16 1472.49
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Table C.29 August results of power-RO-AR configuration

AR load ROunits AR Units NT Fl.JeI. cost CO, emissions

% million $ ktonne

0 4 0 7 107.08 1134.20
10 4 a7 7 109.01 1154.66
20 4 A 6 95.64 1013.09
30 4 140 6 97.53 1033.10
40 4 187 6 100.66 1066.97
50 4 233 5 97.30 1037.45
60 4 280 5 105.59 1129.16
70 4 326 5 11371 1218.92
80 4 373 4 118.20 127451
90 4 420 4 126.92 1370.54
100 4 466 4 142.16 1538.55

Table C.30 September results of power-RO-AR configuration

AR load ROunits AR units NT Fl.JeI. cost CO, emissions
% million $ ktonne
0 4 0 6 88.82 940.82
10 4 42 6 90.49 958.51
20 4 84 6 92.16 976.20
30 4 125 5 78.99 836.66
40 4 167 5 82.89 879.35
50 4 208 5 89.89 956.78
60 4 250 5 97.06 1036.09
70 4 292 4 87.65 938.57
80 4 334 4 102.74 1104.94
90 4 375 4 114.75 1237.35
100 4 417 4 122.28 1320.40
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Table C.31 October results of power-RO-AR configuration

AR load ROunits AR units NT Fl.JeI. cost CO, emissions

% million $ ktonne

0 4 0 5 76.48 810.15
10 4 25 5 7751 821.03
20 4 51 5 78.58 832.34
30 4 76 5 79.61 834.98
40 4 101 4 65.34 692.07
50 4 126 4 66.97 709.78
60 4 151 4 70.53 748.95
70 4 177 4 74.22 789.68
80 4 202 4 77.78 828.85
90 4 227 4 81.33 868.02
100 4 252 4 84.88 907.19

Table C.32 November results of power-RO-AR configuration

AR load ROunits AR units NT Fl.Jei. cost  CO, emissions

% million $ ktonne

0 4 0 4 59.21 627.21
10 4 13 4 59.73 632.69
20 4 25 4 60.21 637.74
30 4 38 4 60.72 643.22
40 4 50 4 61.20 648.27
50 4 63 4 61.72 653.74
60 4 75 4 62.20 658.80
70 4 88 4 62.71 664.27
80 4 100 4 63.19 669.33
90 4 113 4 63.71 674.80
100 4 125 3 51.64 548.37
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C.6. Power-M SF-RO-AR Configuration

March

Table C.33 Results of power-MSF-RO-AR Configuration for March at 10% AR

load
RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.04E+07 5.49E+05 11 1 11 3 76.25 821.74
10 9.88E+06 1.10E+06 11 1 11 3 76.25 821.74
15 9.33E+06 1.65E+06 10 1 11 3 71.70 770.76
20 8.78E+06 2.19E+06 10 1 11 3 71.70 770.76
25 8.23E+06 2.74E+06 9 1 11 3 67.16 719.77
30 7.68E+06 3.29E+06 9 1 11 3 67.16 719.77
35 7.13E+06 3.84E+06 8 2 11 3 62.61 668.78
40 6.58E+06 4.39E+06 8 2 11 3 62.61 668.78
45 6.04E+06 4.94E+06 7 2 11 3 58.06 617.80
50 5.49E+06 5.49E+06 7 2 11 3 58.06 617.80
55 4.94E+06 6.04E+06 6 2 11 3 53.51 566.81
60 4.39E+06 6.58E+06 5 2 11 3 53.51 566.81
65 3.84E+06 7.13E+06 5 3 11 3 53.51 566.81
70 3.29E+06 7.68E+06 4 3 11 3 53.51 566.81
75 2.74E+06 8.23E+06 4 3 11 3 53.51 566.81
80 2.19E+06 8.78E+06 3 3 11 3 53.51 566.81
85 1.65E+06 9.33E+06 3 3 11 3 53.51 566.81
90 1.10E+06 9.88E+06 2 3 11 3 53.51 566.81
95 5.49E+05 1.04E+07 2 4 11 4 71.03 752.34

Table C.34 Results of power-MSF-RO-AR Configuration for March at 20% AR

load
RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.04E+07 5.49E+05 11 1 21 3 77.13 830.99
10 9.88E+06 1.10E+06 11 1 21 3 77.13 830.99
15 9.33E+06 1.65E+06 10 1 21 3 72.58 780.00
20 8.78E+06 2.19E+06 10 1 21 3 72.58 780.00
25 8.23E+06 2.74E+06 9 1 21 3 68.03 729.02
30 7.68E+06 3.29E+06 9 1 21 3 68.03 729.02
35 7.13E+06 3.84E+06 8 2 21 3 63.48 678.03
40 6.58E+06 4.39E+06 8 2 21 3 63.48 678.03
45 6.04E+06 4.94E+06 7 2 21 3 58.93 627.04
50 5.49E+06 5.49E+06 7 2 21 3 58.93 627.04
55 4.94E+06 6.04E+06 6 2 21 3 54.38 576.06
60 4.39E+06 6.58E+06 5 2 21 3 54.38 576.06
65 3.84E+06 7.13E+06 5 3 21 3 54.38 576.06
70 3.29E+06 7.68E+06 4 3 21 3 54.38 576.06
75 2.74E+06 8.23E+06 4 3 21 3 54.38 576.06
80 2.19E+06 8.78E+06 3 3 21 3 54.38 576.06
85 1.65E+06 9.33E+06 3 3 21 3 54.38 576.06
90 1.10E+06 9.88E+06 2 3 21 3 54.38 576.06
95 5.49E+05 1.04E+07 2 4 21 4 71.90 761.61
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Table C.35 Results of power-MSF-RO-AR Configuration for March at 30% AR

load
RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.04E+07 5.49E+05 11 1 31 3 77.99 840.17
10 9.88E+06 1.10E+06 11 1 31 3 77.99 840.17
15 9.33E+06 1.65E+06 10 1 31 3 73.44 789.19
20 8.78E+06 2.19E+06 10 1 31 3 73.44 789.19
25 8.23E+06 2.74E+06 9 1 31 3 68.90 738.20
30 7.68E+06 3.29E+06 9 1 31 3 68.90 738.20
35 7.13E+06 3.84E+06 8 2 31 3 64.35 687.21
40 6.58E+06 4.39E+06 8 2 31 3 64.35 687.21
45 6.04E+06 4.94E+06 7 2 31 3 59.80 636.23
50 5.49E+06 5.49E+06 7 2 31 3 59.80 636.23
55 4.94E+06 6.04E+06 6 2 31 3 55.25 585.24
60 4.39E+06 6.58E+06 5 2 31 3 55.25 585.24
65 3.84E+06 7.13E+06 5 3 31 3 55.25 585.24
70 3.29E+06 7.68E+06 4 3 31 3 55.25 585.24
75 2.74E+06 8.23E+06 4 3 31 3 55.25 585.24
80 2.19E+06 8.78E+06 3 3 31 3 55.25 585.24
85 1.65E+06 9.33E+06 3 3 31 3 55.25 585.24
90 1.10E+06 9.88E+06 2 3 31 3 55.25 585.24
95 5.49E+05 1.04E+07 2 4 31 4 72.77 770.84

Table C.36 Results of power-MSF-RO-AR Configuration for March at 40% AR

load
RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.04E+07 5.49E+05 11 1 41 3 78.85 849.29
10 9.88E+06 1.10E+06 11 1 41 3 78.85 849.29
15 9.33E+06 1.65E+06 10 1 41 3 74.30 798.30
20 8.78E+06 2.19E+06 10 1 41 3 74.30 798.30
25 8.23E+06 2.74E+06 9 1 41 3 69.76 747.31
30 7.68E+06 3.29E+06 9 1 41 3 69.76 747.31
35 7.13E+06 3.84E+06 8 2 41 3 65.21 696.33
40 6.58E+06 4.39E+06 8 2 41 3 65.21 696.33
45 6.04E+06 4.94E+06 7 2 41 3 60.66 645.34
50 5.49E+06 5.49E+06 7 2 41 3 60.66 645.34
55 4.94E+06 6.04E+06 6 2 41 3 56.11 594.36
60 4.39E+06 6.58E+06 5 2 41 3 56.11 594.36
65 3.84E+06 7.13E+06 5 3 41 3 56.11 594.36
70 3.29E+06 7.68E+06 4 3 41 3 56.11 594.36
75 2.74E+06 8.23E+06 4 3 41 3 56.11 594.36
80 2.19E+06 8.78E+06 3 3 41 3 56.11 594.36
85 1.65E+06 9.33E+06 3 3 41 3 56.11 594.36
90 1.10E+06 9.88E+06 2 3 41 3 56.11 594.36
95 5.49E+05 1.04E+07 2 4 41 4 73.64 780.02
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Table C.37 Results of power-MSF-RO-AR Configuration for March at 50% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.04E+07 5.49E+05 11 1 52 3 79.79 859.23
10 9.88E+06 1.10E+06 11 1 52 3 79.79 859.23
15 9.33E+06 1.65E+06 10 1 52 3 75.24 808.24
20 8.78E+06 2.19E+06 10 1 52 3 75.24 808.24
25 8.23E+06 2.74E+06 9 1 52 3 70.70 757.26
30 7.68E+06 3.29E+06 9 1 52 3 70.70 757.26
35 7.13E+06 3.84E+06 8 2 52 3 66.15 706.27
40 6.58E+06 4.39E+06 8 2 52 3 66.15 706.27
45 6.04E+06 4.94E+06 7 2 52 3 61.60 655.29
50 5.49E+06 5.49E+06 7 2 52 3 61.60 655.29
55 4.94E+06 6.04E+06 6 2 52 3 57.05 604.30
60 4.39E+06 6.58E+06 5 2 52 3 57.05 604.30
65 3.84E+06 7.13E+06 5 3 52 3 57.05 604.30
70 3.29E+06 7.68E+06 4 3 52 3 57.05 604.30
75 2.74E+06 8.23E+06 4 3 52 3 57.05 604.30
80 2.19E+06 8.78E+06 3 3 52 3 57.05 604.30
85 1.65E+06 9.33E+06 3 3 52 3 57.05 604.30
90 1.10E+06 9.88E+06 2 3 52 3 57.05 604.30
95 5.49E+05 1.04E+07 2 4 52 4 74.59 790.05

Table C.38 Results of power-MSF-RO-AR Configuration for March at 60% AR

load
RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.04E+07 5.49E+05 11 1 62 3 80.64 868.19
10 9.88E+06 1.10E+06 11 1 62 3 80.64 868.19
15 9.33E+06 1.65E+06 10 1 62 3 76.09 817.20
20 8.78E+06 2.19E+06 10 1 62 3 76.09 817.20
25 8.23E+06 2.74E+06 9 1 62 3 7154 766.21
30 7.68E+06 3.29E+06 9 1 62 3 7154 766.21
35 7.13E+06 3.84E+06 8 2 62 3 66.99 715.23
40 6.58E+06 4.39E+06 8 2 62 3 66.99 715.23
45 6.04E+06 4.94E+06 7 2 62 3 62.44 664.24
50 5.49E+06 5.49E+06 7 2 62 3 62.44 664.24
55 4.94E+06 6.04E+06 6 2 62 3 57.90 613.26
60 4.39E+06 6.58E+06 5 2 62 3 57.90 613.26
65 3.84E+06 7.13E+06 5 3 62 3 57.90 613.26
70 3.29E+06 7.68E+06 4 3 62 3 57.90 613.26
75 2.74E+06 8.23E+06 4 3 62 3 57.90 613.26
80 2.19E+06 8.78E+06 3 3 62 3 57.90 613.26
85 1.65E+06 9.33E+06 3 3 62 3 57.90 613.26
90 1.10E+06 9.88E+06 2 3 62 3 57.90 613.26
95 5.49E+05 1.04E+07 2 4 62 3 57.90 613.26
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Table C.39 Results of power-MSF-RO-AR Configuration for March at 70% AR

load
RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.04E+07 5.49E+05 11 1 72 3 81.47 877.06
10 9.88E+06 1.10E+06 11 1 72 3 81.47 877.06
15 9.33E+06 1.65E+06 10 1 72 3 76.93 826.07
20 8.78E+06 2.19E+06 10 1 72 3 76.93 826.07
25 8.23E+06 2.74E+06 9 1 72 3 72.38 775.09
30 7.68E+06 3.29E+06 9 1 72 3 72.38 775.09
35 7.13E+06 3.84E+06 8 2 72 3 67.83 724.10
40 6.58E+06 4.39E+06 8 2 72 3 67.83 724.10
45 6.04E+06 4.94E+06 7 2 72 3 63.28 673.12
50 5.49E+06 5.49E+06 7 2 72 3 63.28 673.12
55 4.94E+06 6.04E+06 6 2 72 3 58.73 622.13
60 4.39E+06 6.58E+06 5 2 72 3 58.73 622.13
65 3.84E+06 7.13E+06 5 3 72 3 58.73 622.13
70 3.29E+06 7.68E+06 4 3 72 3 58.73 622.13
75 2.74E+06 8.23E+06 4 3 72 3 58.73 622.13
80 2.19E+06 8.78E+06 3 3 72 3 58.73 622.13
85 1.65E+06 9.33E+06 3 3 72 3 58.73 622.13
90 1.10E+06 9.88E+06 2 3 72 3 58.73 622.13
95 5.49E+05 1.04E+07 2 4 72 3 58.73 622.13

Table C.40 Results of power-MSF-RO-AR Configuration for March at 80% AR

load
RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.04E+07 5.49E+05 11 1 82 3 82.30 885.84
10 9.88E+06 1.10E+06 11 1 82 3 82.30 885.84
15 9.33E+06 1.65E+06 10 1 82 3 77.76 834.86
20 8.78E+06 2.19E+06 10 1 82 3 77.76 834.86
25 8.23E+06 2.74E+06 9 1 82 3 73.21 783.87
30 7.68E+06 3.29E+06 9 1 82 3 73.21 783.87
35 7.13E+06 3.84E+06 8 2 82 3 68.66 732.89
40 6.58E+06 4.39E+06 8 2 82 3 68.66 732.89
45 6.04E+06 4.94E+06 7 2 82 3 64.11 681.90
50 5.49E+06 5.49E+06 7 2 82 3 64.11 681.90
55 4.94E+06 6.04E+06 6 2 82 3 59.56 630.91
60 4.39E+06 6.58E+06 5 2 82 3 59.56 630.91
65 3.84E+06 7.13E+06 5 3 82 3 59.56 630.91
70 3.29E+06 7.68E+06 4 3 82 3 59.56 630.91
75 2.74E+06 8.23E+06 4 3 82 3 59.56 630.91
80 2.19E+06 8.78E+06 3 3 82 3 59.56 630.91
85 1.65E+06 9.33E+06 3 3 82 3 59.56 630.91
90 1.10E+06 9.88E+06 2 3 82 3 59.56 630.91
95 5.49E+05 1.04E+07 2 4 82 3 59.56 630.91
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Table C.41 Results of power-MSF-RO-AR Configuration for March at 90% AR

load
RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.04E+07 5.49E+05 11 1 93 3 83.21 895.39
10 9.88E+06 1.10E+06 11 1 93 3 83.21 895.39
15 9.33E+06 1.65E+06 10 1 93 3 78.66 844.41
20 8.78E+06 2.19E+06 10 1 93 3 78.66 844.41
25 8.23E+06 2.74E+06 9 1 93 3 7411 793.42
30 7.68E+06 3.29E+06 9 1 93 3 7411 793.42
35 7.13E+06 3.84E+06 8 2 93 3 69.56 742.44
40 6.58E+06 4.39E+06 8 2 93 3 69.56 742.44
45 6.04E+06 4.94E+06 7 2 93 3 65.01 691.45
50 5.49E+06 5.49E+06 7 2 93 3 65.01 691.45
55 4.94E+06 6.04E+06 6 2 93 3 60.46 640.46
60 4.39E+06 6.58E+06 5 2 93 3 60.46 640.46
65 3.84E+06 7.13E+06 5 3 93 3 60.46 640.46
70 3.29E+06 7.68E+06 4 3 93 3 60.46 640.46
75 2.74E+06 8.23E+06 4 3 93 3 60.46 640.46
80 2.19E+06 8.78E+06 3 3 93 3 60.46 640.46
85 1.65E+06 9.33E+06 3 3 93 3 60.46 640.46
90 1.10E+06 9.88E+06 2 3 93 3 60.46 640.46
95 5.49E+05 1.04E+07 2 4 93 3 60.46 640.46

Table C.42 Results of power-MSF-RO-AR Configuration for March at 100% AR

load
RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.04E+07 5.49E+05 11 1 103 3 84.02 903.97
10 9.88E+06 1.10E+06 11 1 103 3 84.02 903.97
15 9.33E+06 1.65E+06 10 1 103 3 79.47 852.98
20 8.78E+06 2.19E+06 10 1 103 3 79.47 852.98
25 8.23E+06 2.74E+06 9 1 103 3 74.92 802.00
30 7.68E+06 3.29E+06 9 1 103 3 74.92 802.00
35 7.13E+06 3.84E+06 8 2 103 3 70.37 751.01
40 6.58E+06 4.39E+06 8 2 103 3 70.37 751.01
45 6.04E+06 4.94E+06 7 2 103 3 65.82 700.02
50 5.49E+06 5.49E+06 7 2 103 3 65.82 700.02
55 4.94E+06 6.04E+06 6 2 103 3 61.27 649.04
60 4.39E+06 6.58E+06 5 2 103 3 61.27 649.04
65 3.84E+06 7.13E+06 5 3 103 3 61.27 649.04
70 3.29E+06 7.68E+06 4 3 103 3 61.27 649.04
75 2.74E+06 8.23E+06 4 3 103 3 61.27 649.04
80 2.19E+06 8.78E+06 3 3 103 3 61.27 649.04
85 1.65E+06 9.33E+06 3 3 103 3 61.27 649.04
90 1.10E+06 9.88E+06 2 3 103 3 61.27 649.04
95 5.49E+05 1.04E+07 2 4 103 3 61.27 649.04
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April

Table C.43 Results of power-MSF-RO-AR Configuration for April at 10% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.16E+07 6.10E+05 13 1 20 4 91.51 982.86
10 1.10E+07 1.22E+06 12 1 20 4 87.10 933.52
15 1.04E+07 1.83E+06 12 1 20 4 87.10 933.52
20 9.76E+06 2.44E+06 11 1 20 4 82.70 884.17
25 9.15E+06 3.05E+06 10 1 20 4 78.30 834.83
30 8.54E+06 3.66E+06 10 2 20 4 78.30 834.83
35 7.93E+06 4.27E+06 9 2 20 4 73.90 785.49
40 7.32E+06 4.88E+06 9 2 20 4 73.90 785.49
45 6.71E+06 5.49E+06 8 2 20 4 69.50 736.15
50 6.10E+06 6.10E+06 7 2 20 4 69.50 736.15
55 5.49E+06 6.71E+06 7 3 20 4 69.50 736.15
60 4.88E+06 7.32E+06 6 3 20 4 69.50 736.15
65 4.27E+06 7.93E+06 6 3 20 4 69.50 736.15
70 3.66E+06 8.54E+06 5 3 20 4 69.50 736.15
75 3.05E+06 9.15E+06 4 3 20 4 69.50 736.15
80 2.44E+06 9.76E+06 4 3 20 4 69.50 736.15
85 1.83E+06 1.04E+07 3 4 20 4 69.50 736.15
920 1.22E+06 1.10E+07 2 4 20 4 69.50 736.15
95 6.10E+05 1.16E+07 2 4 20 4 69.50 736.15

Table C.44 Results of power-MSF-RO-AR Configuration for April at 20% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.16E+07 6.10E+05 13 1 40 4 93.19 1000.70
10 1.10E+07 1.22E+06 12 1 40 4 88.79 951.33
15 1.04E+07 1.83E+06 12 1 40 4 88.79 951.33
20 9.76E+06 2.44E+06 11 1 40 4 84.38 901.99
25 9.15E+06 3.05E+06 10 1 40 4 79.98 852.65
30 8.54E+06 3.66E+06 10 2 40 4 79.98 852.65
35 7.93E+06 4.27E+06 9 2 40 4 75.58 803.31
40 7.32E+06 4.88E+06 9 2 40 4 75.58 803.31
45 6.71E+06 5.49E+06 8 2 40 4 71.18 753.97
50 6.10E+06 6.10E+06 7 2 40 4 71.18 753.97
55 5.49E+06 6.71E+06 7 3 40 4 71.18 753.97
60 4.88E+06 7.32E+06 6 3 40 4 71.18 753.97
65 4.27E+06 7.93E+06 6 3 40 4 71.18 753.97
70 3.66E+06 8.54E+06 5 3 40 4 71.18 753.97
75 3.05E+06 9.15E+06 4 3 40 4 71.18 753.97
80 2.44E+06 9.76E+06 4 3 40 4 71.18 753.97
85 1.83E+06 1.04E+07 3 4 40 4 71.18 753.97
920 1.22E+06 1.10E+07 2 4 40 4 71.18 753.97
95 6.10E+05 1.16E+07 2 4 40 4 71.18 753.97
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Table C.45 Results of power-MSF-RO-AR Configuration for April at 30% AR load

RO load MSFdemand ROdemand MSFunits ROunits ARunits NT Fud cost CO, emissions

% m° m° million $ ktonne
5 1.16E+07 6.10E+05 13 1 59 4 94.77 1017.40
10 1.10E+07 1.22E+06 12 1 59 4 90.37 968.08
15 1.04E+07 1.83E+06 12 1 59 4 90.37 968.08
20 9.76E+06 2.44E+06 11 1 59 4 85.97 918.74
25 9.15E+06 3.05E+06 10 1 59 4 81.56 869.40
30 8.54E+06 3.66E+06 10 2 59 4 81.56 869.40
35 7.93E+06 4.27E+06 9 2 59 4 77.16 820.06
40 7.32E+06 4.88E+06 9 2 59 4 77.16 820.06
45 6.71E+06 5.49E+06 8 2 59 4 72.76 770.71
50 6.10E+06 6.10E+06 7 2 59 4 72.76 770.71
55 5.49E+06 6.71E+06 7 3 59 4 72.76 770.71
60 4.88E+06 7.32E+06 6 3 59 4 72.76 770.71
65 4.27E+06 7.93E+06 6 3 59 4 72.76 770.71
70 3.66E+06 8.54E+06 5 3 59 4 72.76 770.71
75 3.05E+06 9.15E+06 4 3 59 4 72.76 770.71
80 2.44E+06 9.76E+06 4 3 59 4 72.76 770.71
85 1.83E+06 1.04E+07 3 4 59 4 72.76 770.71
90 1.22E+06 1.10E+07 2 4 59 4 72.76 770.71
95 6.10E+05 1.16E+07 2 4 59 4 72.76 770.71

Table C.46 Results of power-MSF-RO-AR Configuration for April at 40% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.16E+07 6.10E+05 13 1 79 4 96.41 1034.80
10 1.10E+07 1.22E+06 12 1 79 4 92.01 985.50
15 1.04E+07 1.83E+06 12 1 79 4 92.01 985.50
20 9.76E+06 2.44E+06 11 1 79 4 87.61 936.15
25 9.15E+06 3.05E+06 10 1 79 4 83.21 886.81
30 8.54E+06 3.66E+06 10 2 79 4 83.21 886.81
35 7.93E+06 4.27E+06 9 2 79 4 78.81 837.47
40 7.32E+06 4.88E+06 9 2 79 4 78.81 837.47
45 6.71E+06 5.49E+06 8 2 79 4 74.41 788.13
50 6.10E+06 6.10E+06 7 2 79 4 74.41 788.13
55 5.49E+06 6.71E+06 7 3 79 4 74.41 788.13
60 4.88E+06 7.32E+06 6 3 79 4 74.41 788.13
65 4.27E+06 7.93E+06 6 3 79 4 74.41 788.13
70 3.66E+06 8.54E+06 5 3 79 4 74.41 788.13
75 3.05E+06 9.15E+06 4 3 79 4 74.41 788.13
80 2.44E+06 9.76E+06 4 3 79 4 74.41 788.13
85 1.83E+06 1.04E+07 3 4 79 4 74.41 788.13
920 1.22E+06 1.10E+07 2 4 79 4 74.41 788.13
95 6.10E+05 1.16E+07 2 4 79 4 74.41 788.13
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Table C.47 Results of power-MSF-RO-AR Configuration for April at 50% AR load

ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.16E+07 6.10E+05 13 1 98 4 97.95 1051.20
10 1.10E+07 1.22E+06 12 1 98 4 93.55 1001.80
15 1.04E+07 1.83E+06 12 1 98 4 93.55 1001.80
20 9.76E+06 2.44E+06 11 1 98 4 89.15 952.48
25 9.15E+06 3.05E+06 10 1 98 4 84.75 903.14
30 8.54E+06 3.66E+06 10 2 98 4 84.75 903.14
35 7.93E+06 4.27E+06 9 2 98 4 80.35 853.80
40 7.32E+06 4.88E+06 9 2 98 4 80.35 853.80
45 6.71E+06 5.49E+06 8 2 98 4 75.95 804.46
50 6.10E+06 6.10E+06 7 2 98 4 75.95 804.46
55 5.49E+06 6.71E+06 7 3 98 4 75.95 804.46
60 4.88E+06 7.32E+06 6 3 98 4 75.95 804.46
65 4.27E+06 7.93E+06 6 3 98 4 75.95 804.46
70 3.66E+06 8.54E+06 5 3 98 4 75.95 804.46
75 3.05E+06 9.15E+06 4 3 98 4 75.95 804.46
80 2.44E+06 9.76E+06 4 3 98 4 75.95 804.46
85 1.83E+06 1.04E+07 3 4 98 4 75.95 804.46
90 1.22E+06 1.10E+07 2 4 98 4 75.95 804.46
95 6.10E+05 1.16E+07 2 4 98 4 75.95 804.46

Table C.48 Results of power-MSF-RO-AR Configuration for April at 60% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.16E+07 6.10E+05 13 1 118 4 99.55 1068.10
10 1.10E+07 1.22E+06 12 1 118 4 95.15 1018.70
15 1.04E+07 1.83E+06 12 1 118 4 95.15 1018.70
20 9.76E+06 2.44E+06 11 1 118 4 90.75 969.41
25 9.15E+06 3.05E+06 10 1 118 4 86.35 920.07
30 8.54E+06 3.66E+06 10 2 118 4 86.35 920.07
35 7.93E+06 4.27E+06 9 2 118 4 81.95 870.72
40 7.32E+06 4.88E+06 9 2 118 4 81.95 870.72
45 6.71E+06 5.49E+06 8 2 118 4 77.54 821.38
50 6.10E+06 6.10E+06 7 2 118 4 77.54 821.38
55 5.49E+06 6.71E+06 7 3 118 4 77.54 821.38
60 4.88E+06 7.32E+06 6 3 118 4 77.54 821.38
65 4.27E+06 7.93E+06 6 3 118 4 77.54 821.38
70 3.66E+06 8.54E+06 5 3 118 4 77.54 821.38
75 3.05E+06 9.15E+06 4 3 118 4 77.54 821.38
80 2.44E+06 9.76E+06 4 3 118 4 77.54 821.38
85 1.83E+06 1.04E+07 3 4 118 4 77.54 821.38
920 1.22E+06 1.10E+07 2 4 118 4 77.54 821.38
95 6.10E+05 1.16E+07 2 4 118 4 77.54 821.38
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Table C.49 Results of power-MSF-RO-AR Configuration for April at 70% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.16E+07 6.10E+05 13 1 137 4 101.04 1083.90
10 1.10E+07 1.22E+06 12 1 137 4 96.64 1034.60
15 1.04E+07 1.83E+06 12 1 137 4 96.64 1034.60
20 9.76E+06 2.44E+06 11 1 137 4 92.24 985.22
25 9.15E+06 3.05E+06 10 1 137 4 87.84 935.88
30 8.54E+06 3.66E+06 10 2 137 4 87.84 935.88
35 7.93E+06 4.27E+06 9 2 137 4 83.44 886.53
40 7.32E+06 4.88E+06 9 2 137 4 83.44 886.53
45 6.71E+06 5.49E+06 8 2 137 4 79.04 837.19
50 6.10E+06 6.10E+06 7 2 137 4 79.04 837.19
55 5.49E+06 6.71E+06 7 3 137 4 79.04 837.19
60 4.88E+06 7.32E+06 6 3 137 4 79.04 837.19
65 4.27E+06 7.93E+06 6 3 137 4 79.04 837.19
70 3.66E+06 8.54E+06 5 3 137 4 79.04 837.19
75 3.05E+06 9.15E+06 4 3 137 4 79.04 837.19
80 2.44E+06 9.76E+06 4 3 137 4 79.04 837.19
85 1.83E+06 1.04E+07 3 4 137 4 79.04 837.19
920 1.22E+06 1.10E+07 2 4 137 4 79.04 837.19
95 6.10E+05 1.16E+07 2 4 137 4 79.04 837.19

Table C.50 Results of power-MSF-RO-AR Configuration for April at 80% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.16E+07 6.10E+05 13 1 157 3 94.14 1016.20
10 1.10E+07 1.22E+06 12 1 157 3 89.74 966.89
15 1.04E+07 1.83E+06 12 1 157 3 89.74 966.89
20 9.76E+06 2.44E+06 11 1 157 3 85.34 917.55
25 9.15E+06 3.05E+06 10 1 157 3 80.94 868.21
30 8.54E+06 3.66E+06 10 2 157 4 89.38 952.20
35 7.93E+06 4.27E+06 9 2 157 4 84.98 902.86
40 7.32E+06 4.88E+06 9 2 157 4 84.98 902.86
45 6.71E+06 5.49E+06 8 2 157 4 80.58 853.52
50 6.10E+06 6.10E+06 7 2 157 4 80.58 853.52
55 5.49E+06 6.71E+06 7 3 157 4 80.58 853.52
60 4.88E+06 7.32E+06 6 3 157 4 80.58 853.52
65 4.27E+06 7.93E+06 6 3 157 4 80.58 853.52
70 3.66E+06 8.54E+06 5 3 157 4 80.58 853.52
75 3.05E+06 9.15E+06 4 3 157 4 80.58 853.52
80 2.44E+06 9.76E+06 4 3 157 4 80.58 853.52
85 1.83E+06 1.04E+07 3 4 157 4 80.58 853.52
920 1.22E+06 1.10E+07 2 4 157 4 80.58 853.52
95 6.10E+05 1.16E+07 2 4 157 4 80.58 853.52
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Table C.51 Results of power-MSF-RO-AR Configuration for April at 90% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.16E+07 6.10E+05 13 1 176 3 95.47 1030.30
10 1.10E+07 1.22E+06 12 1 176 3 91.07 980.94
15 1.04E+07 1.83E+06 12 1 176 3 91.07 980.94
20 9.76E+06 2.44E+06 11 1 176 3 86.67 931.60
25 9.15E+06 3.05E+06 10 1 176 3 82.27 882.26
30 8.54E+06 3.66E+06 10 2 176 3 82.27 882.26
35 7.93E+06 4.27E+06 9 2 176 3 77.86 832.92
40 7.32E+06 4.88E+06 9 2 176 3 77.86 832.92
45 6.71E+06 5.49E+06 8 2 176 3 73.46 783.58
50 6.10E+06 6.10E+06 7 2 176 3 69.06 734.23
55 5.49E+06 6.71E+06 7 3 176 4 82.01 868.70
60 4.88E+06 7.32E+06 6 3 176 4 82.01 868.70
65 4.27E+06 7.93E+06 6 3 176 4 82.01 868.70
70 3.66E+06 8.54E+06 5 3 176 4 82.01 868.70
75 3.05E+06 9.15E+06 4 3 176 4 82.01 868.70
80 2.44E+06 9.76E+06 4 3 176 4 82.01 868.70
85 1.83E+06 1.04E+07 3 4 176 4 82.01 868.70
920 1.22E+06 1.10E+07 2 4 176 4 82.01 868.70
95 6.10E+05 1.16E+07 2 4 176 4 82.01 868.70

Table C.52 Results of power-MSF-RO-AR Configuration for April at 100% AR

load
RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.16E+07 6.10E+05 13 1 196 3 96.80 1044.40
10 1.10E+07 1.22E+06 12 1 196 3 92.40 995.05
15 1.04E+07 1.83E+06 12 1 196 3 92.40 995.05
20 9.76E+06 2.44E+06 11 1 196 3 88.00 945.71
25 9.15E+06 3.05E+06 10 1 196 3 83.60 896.37
30 8.54E+06 3.66E+06 10 2 196 3 83.60 896.37
35 7.93E+06 4.27E+06 9 2 196 3 79.20 847.03
40 7.32E+06 4.88E+06 9 2 196 3 79.20 847.03
45 6.71E+06 5.49E+06 8 2 196 3 74.79 797.69
50 6.10E+06 6.10E+06 7 2 196 3 70.39 748.35
55 5.49E+06 6.71E+06 7 3 196 3 70.39 748.35
60 4.88E+06 7.32E+06 6 3 196 3 65.99 699.00
65 4.27E+06 7.93E+06 6 3 196 3 65.99 699.00
70 3.66E+06 8.54E+06 5 3 196 3 65.99 699.00
75 3.05E+06 9.15E+06 4 3 196 3 65.99 699.00
80 2.44E+06 9.76E+06 4 3 196 3 65.99 699.00
85 1.83E+06 1.04E+07 3 4 196 3 65.99 699.00
90 1.22E+06 1.10E+07 2 4 196 3 65.99 699.00
95 6.10E+05 1.16E+07 2 4 196 3 65.99 699.00
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May

Table C.53 Reaults of power-MSF-RO-AR Configuration for May at 10% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07  6.63E+05 14 1 36 5 108.92 1165.00
10 1.19E+07  1.33E+06 13 1 36 5 104.37 1114.00
15 1.13E+07  1.99E+06 12 1 36 5 99.82 1063.00
20 1.06E+07  2.65E+06 12 1 36 5 99.82 1063.00
25 9.95E+06  3.32E+06 11 1 36 5 95.28 1012.00
30 9.28E+06  3.98E+06 10 2 36 5 90.73 961.02
35 8.62E+06  4.64E+06 10 2 36 5 90.73 961.02
40 7.96E+06 5.31E+06 9 2 36 5 90.73 961.02
45 7.29E+06  5.97E+06 8 2 36 5 90.73 961.02
50 6.63E+06  6.63E+06 8 2 36 5 90.73 961.02
55 5.97E+06  7.29E+06 7 3 36 5 90.73 961.02
60 5.31E+06  7.96E+06 6 3 36 5 90.73 961.02
65 4.64E+06  8.62E+06 6 3 36 5 90.73 961.02
70 3.98E+06 9.28E+06 5 3 36 5 90.73 961.02
75 3.32E+06  9.95E+06 4 3 36 5 90.73 961.02
80 2.65E+06  1.06E+07 4 4 36 5 90.73 961.02
85 199E+06 1.13E+07 3 4 36 5 90.73 961.02
920 1.33E+06  1.19E+07 2 4 36 5 90.73 961.02
95 6.63E+05  1.26E+07 2 4 36 5 90.73 961.02

Table C.54 Reaults of power-MSF-RO-AR Configuration for May at 20% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07  6.63E+05 14 1 72 5 112.03 1197.90
10 1.19E+07  1.33E+06 13 1 72 5 107.48 1146.90
15 1.13E+07  1.99E+06 12 1 72 5 102.93 1095.90
20 1.06E+07  2.65E+06 12 1 72 5 102.93 1095.90
25 9.95E+06  3.32E+06 11 1 72 5 98.38 1044.90
30 9.28E+06  3.98E+06 10 2 72 5 93.83 993.92
35 8.62E+06  4.64E+06 10 2 72 5 93.83 993.92
40 7.96E+06 5.31E+06 9 2 72 5 93.83 993.92
45 7.29E+06  5.97E+06 8 2 72 5 93.83 993.92
50 6.63E+06  6.63E+06 8 2 72 5 93.83 993.92
55 5.97E+06  7.29E+06 7 3 72 5 93.83 993.92
60 5.31E+06  7.96E+06 6 3 72 5 93.83 993.92
65 4.64E+06  8.62E+06 6 3 72 5 93.83 993.92
70 3.98E+06 9.28E+06 5 3 72 5 93.83 993.92
75 3.32E+06  9.95E+06 4 3 72 5 93.83 993.92
80 2.65E+06  1.06E+07 4 4 72 5 93.83 993.92
85 199E+06 1.13E+07 3 4 72 5 93.83 993.92
920 133E+06  1.19E+07 2 4 72 5 93.83 993.92
95 6.63E+05  1.26E+07 2 4 72 5 93.83 993.92
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Table C.55 Reaults of power-MSF-RO-AR Configuration for May at 30% AR load

RO load MSFdemand ROdemand MSFunits RO units AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07 6.63E+05 14 1 107 5 114.99 1229.30
10 1.19E+07 1.33E+06 13 1 107 5 110.45 1178.30
15 1.13E+07 1.99E+06 12 1 107 5 105.90 1127.30
20 1.06E+07  2.65E+06 12 1 107 5 105.90 1127.30
25 9.95E+06  3.32E+06 11 1 107 5 101.35 1076.30
30 9.28E+06  3.98E+06 10 2 107 5 96.80 1025.40
35 8.62E+06  4.64E+06 10 2 107 5 96.80 1025.40
40 7.96E+06  5.31E+06 9 2 107 5 96.80 1025.40
45 7.20E+06  5.97E+06 8 2 107 5 96.80 1025.40
50 6.63E+06  6.63E+06 8 2 107 5 96.80 1025.40
55 5.97E+06  7.29E+06 7 3 107 5 96.80 1025.40
60 5.31E+06  7.96E+06 6 3 107 5 96.80 1025.40
65 4.64E+06  8.62E+06 6 3 107 5 96.80 1025.40
70 3.98E+06 9.28E+06 5 3 107 5 96.80 1025.40
75 3.32E+06  9.95E+06 4 3 107 5 96.80 1025.40
80 2.65E+06  1.06E+07 4 4 107 5 96.80 1025.40
85 1.99E+06 1.13E+07 3 4 107 5 96.80 1025.40
90 1.33E+06  1.19e+07 2 4 107 5 96.80 1025.40
95 6.63E+05  1.26E+07 2 4 107 5 96.80 1025.40

Table C.56 Results of power-MSF-RO-AR Configuration for May at 40% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07  6.63E+05 14 1 143 4 109.44 1176.10
10 1.19E+07  1.33E+06 13 1 143 4 104.89 1125.10
15 1.13E+07  1.99E+06 12 1 143 4 100.35 1074.10
20 1.06E+07  2.65E+06 12 1 143 4 100.35 1074.10
25 9.95E+06  3.32E+06 11 1 143 4 95.80 1023.20
30 9.28E+06  3.98E+06 10 2 143 5 99.79 1057.00
35 8.62E+06  4.64E+06 10 2 143 5 99.79 1057.00
40 7.96E+06 5.31E+06 9 2 143 5 99.79 1057.00
45 7.29E+06  5.97E+06 8 2 143 5 99.79 1057.00
50 6.63E+06  6.63E+06 8 2 143 5 99.79 1057.00
55 5.97E+06  7.29E+06 7 3 143 5 99.79 1057.00
60 5.31E+06  7.96E+06 6 3 143 5 99.79 1057.00
65 4.64E+06  8.62E+06 6 3 143 5 99.79 1057.00
70 3.98E+06 9.28E+06 5 3 143 5 99.79 1057.00
75 3.32E+06  9.95E+06 4 3 143 5 99.79 1057.00
80 2.65E+06  1.06E+07 4 4 143 5 99.79 1057.00
85 199E+06 1.13E+07 3 4 143 5 99.79 1057.00
920 1.33E+06  1.19E+07 2 4 143 5 99.79 1057.00
95 6.63E+05  1.26E+07 2 4 143 5 99.79 1057.00
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Table C.57 Reaults of power-MSF-RO-AR Configuration for May at 50% AR load

ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07  6.63E+05 14 1 178 4 112.19 1205.20
10 1.19E+07 1.33E+06 13 1 178 4 107.64 1154.20
15 1.13E+07  1.99E+06 12 1 178 4 103.09 1103.20
20 1.06E+07  2.65E+06 12 1 178 4 103.09 1103.20
25 9.95E+06  3.32E+06 11 1 178 4 98.54 1052.20
30 9.28E+06  3.98E+06 10 2 178 4 94.00 1001.30
35 8.62E+06  4.64E+06 10 2 178 4 94.00 1001.30
40 7.96E+06 5.31E+06 9 2 178 4 89.45 950.28
45 7.29E+06  5.97E+06 8 2 178 4 84.90 899.29
50 6.63E+06  6.63E+06 8 2 178 4 84.90 899.29
55 5.97E+06  7.29E+06 7 3 178 4 84.90 899.29
60 5.31E+06  7.96E+06 6 3 178 4 84.90 899.29
65 4.64E+06  8.62E+06 6 3 178 4 84.90 899.29
70 3.98E+06 9.28E+06 5 3 178 4 84.90 899.29
75 3.32E+06  9.95E+06 4 3 178 4 84.90 899.29
80 2.65E+06  1.06E+07 4 4 178 4 84.90 899.29
85 199E+06 1.13E+07 3 4 178 4 84.90 899.29
90 1.33E+06  1.19e+07 2 4 178 4 84.90 899.29
95 6.63E+05  1.26E+07 2 4 178 4 84.90 899.29

Table C.58 Reaults of power-MSF-RO-AR Configuration for May at 60% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07  6.63E+05 14 1 214 4 114.89 1233.80
10 1.19E+07  1.33E+06 13 1 214 4 110.34 1182.80
15 1.13E+07  1.99E+06 12 1 214 4 105.79 1131.80
20 1.06E+07  2.65E+06 12 1 214 4 105.79 1131.80
25 9.95E+06  3.32E+06 11 1 214 4 101.25 1080.90
30 9.28E+06  3.98E+06 10 2 214 4 96.70 1029.90
35 8.62E+06  4.64E+06 10 2 214 4 96.70 1029.90
40 7.96E+06 5.31E+06 9 2 214 4 92.15 978.89
45 7.29E+06  5.97E+06 8 2 214 4 87.60 927.90
50 6.63E+06  6.63E+06 8 2 214 4 87.60 927.90
55 5.97E+06  7.29E+06 7 3 214 4 87.60 927.90
60 5.31E+06  7.96E+06 6 3 214 4 87.60 927.90
65 4.64E+06  8.62E+06 6 3 214 4 87.60 927.90
70 3.98E+06 9.28E+06 5 3 214 4 87.60 927.90
75 3.32E+06  9.95E+06 4 3 214 4 87.60 927.90
80 2.65E+06  1.06E+07 4 4 214 4 87.60 927.90
85 199E+06 1.13E+07 3 4 214 4 87.60 927.90
920 1.33E+06  1.19E+07 2 4 214 4 87.60 927.90
95 6.63E+05  1.26E+07 2 4 214 4 87.60 927.90
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Table C.59 Reaults of power-MSF-RO-AR Configuration for May at 70% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07  6.63E+05 14 1 250 4 117.44 1260.80
10 1.19E+07 1.33E+06 13 1 250 4 112.89 1209.90
15 1.13E+07  1.99E+06 12 1 250 4 108.35 1158.90
20 1.06E+07  2.65E+06 12 1 250 4 108.35 1158.90
25 9.95E+06  3.32E+06 11 1 250 4 103.80 1107.90
30 9.28E+06  3.98E+06 10 2 250 4 99.25 1056.90
35 8.62E+06  4.64E+06 10 2 250 4 99.25 1056.90
40 7.96E+06 5.31E+06 9 2 250 4 94.70 1005.90
45 7.29E+06  5.97E+06 8 2 250 4 90.15 954.93
50 6.63E+06  6.63E+06 8 2 250 4 90.15 954.93
55 5.97E+06  7.29E+06 7 3 250 4 90.15 954.93
60 5.31E+06  7.96E+06 6 3 250 4 90.15 954.93
65 4.64E+06  8.62E+06 6 3 250 4 90.15 954.93
70 3.98E+06 9.28E+06 5 3 250 4 90.15 954.93
75 3.32E+06  9.95E+06 4 3 250 4 90.15 954.93
80 2.65E+06  1.06E+07 4 4 250 4 90.15 954.93
85 199E+06 1.13E+07 3 4 250 4 90.15 954.93
920 133E+06  1.19E+07 2 4 250 4 90.15 954.93
95 6.63E+05  1.26E+07 2 4 250 4 90.15 954.93

Table C.60 Results of power-MSF-RO-AR Configuration for May at 80% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07  6.63E+05 14 1 286 4 119.82 1286.00
10 1.19E+07  1.33E+06 13 1 286 4 115.27 1235.00
15 1.13E+07  1.99E+06 12 1 286 4 110.72 1184.10
20 1.06E+07  2.65E+06 12 1 286 4 110.72 1184.10
25 9.95E+06  3.32E+06 11 1 286 4 106.17 1133.10
30 9.28E+06  3.98E+06 10 2 286 4 101.63 1082.10
35 8.62E+06  4.64E+06 10 2 286 4 101.63 1082.10
40 7.96E+06 5.31E+06 9 2 286 4 97.08 1031.10
45 7.29E+06  5.97E+06 8 2 286 4 92.53 980.11
50 6.63E+06  6.63E+06 8 2 286 4 92.53 980.11
55 5.97E+06  7.29E+06 7 3 286 4 92.53 980.11
60 5.31E+06  7.96E+06 6 3 286 4 92.53 980.11
65 4.64E+06  8.62E+06 6 3 286 4 92.53 980.11
70 3.98E+06 9.28E+06 5 3 286 4 92.53 980.11
75 3.32E+06  9.95E+06 4 3 286 4 92.53 980.11
80 2.65E+06  1.06E+07 4 4 286 4 92.53 980.11
85 199E+06 1.13E+07 3 4 286 4 92.53 980.11
920 1.33E+06  1.19E+07 2 4 286 4 92.53 980.11
95 6.63E+05  1.26E+07 2 4 286 4 92.53 980.11
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Table C.61 Results of power-MSF-RO-AR Configuration for May at 90% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07  6.63E+05 14 1 321 3 111.22 1200.60
10 1.19E+07 1.33E+06 13 1 321 3 106.67 1149.60
15 1.13E+07  1.99E+06 12 1 321 3 102.12 1098.60
20 1.06E+07  2.65E+06 12 1 321 3 102.12 1098.60
25 9.95E+06  3.32E+06 11 1 321 3 97.57 1047.60
30 9.28E+06  3.98E+06 10 2 321 4 103.75 1104.50
35 8.62E+06  4.64E+06 10 2 321 4 103.75 1104.50
40 7.96E+06 5.31E+06 9 2 321 4 99.20 1053.60
45 7.29E+06  5.97E+06 8 2 321 4 94.65 1002.60
50 6.63E+06  6.63E+06 8 2 321 4 94.65 1002.60
55 5.97E+06  7.29E+06 7 3 321 4 94.65 1002.60
60 5.31E+06  7.96E+06 6 3 321 4 94.65 1002.60
65 4.64E+06  8.62E+06 6 3 321 4 94.65 1002.60
70 3.98E+06 9.28E+06 5 3 321 4 94.65 1002.60
75 3.32E+06  9.95E+06 4 3 321 4 94.65 1002.60
80 2.65E+06  1.06E+07 4 4 321 4 94.65 1002.60
85 199E+06 1.13E+07 3 4 321 4 94.65 1002.60
920 133E+06  1.19E+07 2 4 321 4 94.65 1002.60
95 6.63E+05  1.26E+07 2 4 321 4 94.65 1002.60

Table C.62 Results of power-M SF-RO-AR Configuration for May at 100% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07  6.63E+05 14 1 357 3 112.43 1213.40
10 1.19E+07  1.33E+06 13 1 357 3 107.88 1162.40
15 1.13E+07  1.99E+06 12 1 357 3 103.33 1111.40
20 1.06E+07  2.65E+06 12 1 357 3 103.33 1111.40
25 9.95E+06  3.32E+06 11 1 357 3 98.79 1060.40
30 9.28E+06  3.98E+06 10 2 357 3 94.24 1009.40
35 8.62E+06  4.64E+06 10 2 357 3 94.24 1009.40
40 7.96E+06 5.31E+06 9 2 357 3 89.69 958.45
45 7.29E+06  5.97E+06 8 2 357 3 85.14 907.46
50 6.63E+06  6.63E+06 8 2 357 3 85.14 907.46
55 5.97E+06  7.29E+06 7 3 357 3 80.59 856.48
60 5.31E+06  7.96E+06 6 3 357 3 76.04 805.49
65 4.64E+06  8.62E+06 6 3 357 3 76.04 805.49
70 3.98E+06 9.28E+06 5 3 357 3 76.04 805.49
75 3.32E+06  9.95E+06 4 3 357 3 76.04 805.49
80 2.65E+06  1.06E+07 4 4 357 4 96.61 1023.30
85 199E+06 1.13E+07 3 4 357 4 96.61 1023.30
920 1.33E+06  1.19E+07 2 4 357 4 96.61 1023.30
95 6.63E+05  1.26E+07 2 4 357 4 96.61 1023.30
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June

Table C.63 Results of power-MSF-RO-AR Configuration for June at 10% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07  6.63E+05 14 1 395 3 135.00 1451.70
10 1.19E+07  1.33E+06 13 1 395 3 130.60 1402.40
15 1.13E+07  1.99E+06 13 1 395 3 130.60 1402.40
20 1.06E+07  2.65E+06 12 1 395 3 126.20 1353.00
25 9.95E+06  3.32E+06 11 2 395 3 121.79 1303.70
30 9.28E+06  3.98E+06 11 2 395 3 121.79 1303.70
35 8.62E+06  4.64E+06 10 2 395 3 117.39 1254.30
40 7.96E+06 5.31E+06 9 2 395 3 112.99 1205.00
45 7.29E+06 5.97E+06 9 2 395 3 112.99 1205.00
50 6.63E+06  6.63E+06 8 3 395 3 108.59 1155.70
55 5.97E+06  7.29E+06 7 3 395 3 104.19 1106.30
60 5.31E+06  7.96E+06 7 3 395 3 104.19 1106.30
65 4.64E+06  8.62E+06 6 3 395 3 99.79 1057.00
70 3.98E+06 9.28E+06 5 3 395 3 99.79 1057.00
75 3.32E+06  9.95E+06 5 4 395 4 95.25 1008.90
80 2.65E+06  1.06E+07 4 4 395 4 95.25 1008.90
85 199E+06 1.13E+07 3 4 395 4 95.25 1008.90
920 1.33E+06  1.19E+07 3 4 395 4 95.25 1008.90
95 6.63E+05  1.26E+07 2 4 395 4 95.25 1008.90

Table C.64 Reaults of power-MSF-RO-AR Configuration for June at 20% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07  6.63E+05 14 1 79 5 108.99 1165.40
10 1.19E+07  1.33E+06 13 1 79 5 104.59 1116.00
15 1.13E+07  1.99E+06 13 1 79 5 104.59 1116.00
20 1.06E+07  2.65E+06 12 1 79 5 100.19 1066.70
25 9.95E+06  3.32E+06 11 2 79 6 108.35 1147.70
30 9.28E+06  3.98E+06 11 2 79 6 108.35 1147.70
35 8.62E+06  4.64E+06 10 2 79 6 108.35 1147.70
40 7.96E+06 5.31E+06 9 2 79 6 108.35 1147.70
45 7.29E+06  5.97E+06 9 2 79 6 108.35 1147.70
50 6.63E+06  6.63E+06 8 3 79 6 108.35 1147.70
55 5.97E+06  7.29E+06 7 3 79 6 108.35 1147.70
60 5.31E+06  7.96E+06 7 3 79 6 108.35 1147.70
65 4.64E+06  8.62E+06 6 3 79 6 108.35 1147.70
70 3.98E+06 9.28E+06 5 3 79 6 108.35 1147.70
75 3.32E+06  9.95E+06 5 4 79 6 108.35 1147.70
80 2.65E+06  1.06E+07 4 4 79 6 108.35 1147.70
85 199E+06 1.13E+07 3 4 79 6 108.35 1147.70
920 1.33E+06  1.19E+07 3 4 79 6 108.35 1147.70
95 6.63E+05  1.26E+07 2 4 79 6 108.35 1147.70
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Table C.65 Reaults of power-MSF-RO-AR Configuration for June at 30% AR load

RO load MSFdemand ROdemand MSFunits RO units AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07 6.63E+05 14 1 119 5 112.26 1199.90
10 1.19E+07 1.33E+06 13 1 119 5 107.86 1150.60
15 1.13E+07 1.99E+06 13 1 119 5 107.86 1150.60
20 1.06E+07  2.65E+06 12 1 119 5 103.45 1101.30
25 9.95E+06  3.32E+06 11 2 119 5 99.05 1051.90
30 9.28E+06  3.98E+06 11 2 119 5 99.05 1051.90
35 8.62E+06  4.64E+06 10 2 119 5 94.65 1002.60
40 7.96E+06  5.31E+06 9 2 119 5 94.65 1002.60
45 7.290E+06  5.97E+06 9 2 119 5 94.65 1002.60
50 6.63E+06  6.63E+06 8 3 119 5 94.65 1002.60
55 5.97E+06  7.29E+06 7 3 119 5 94.65 1002.60
60 5.31E+06  7.96E+06 7 3 119 5 94.65 1002.60
65 4.64E+06  8.62E+06 6 3 119 5 94.65 1002.60
70 3.98E+06 9.28E+06 5 3 119 5 94.65 1002.60
75 3.32E+06  9.95E+06 5 4 119 5 94.65 1002.60
80 2.65E+06  1.06E+07 4 4 119 5 94.65 1002.60
85 1.99E+06 1.13E+07 3 4 119 5 94.65 1002.60
90 1.33E+06  1.19e+07 3 4 119 5 94.65 1002.60
95 6.63E+05  1.26E+07 2 4 119 5 94.65 1002.60

Table C.66 Results of power-MSF-RO-AR Configuration for June at 40% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07  6.63E+05 14 1 158 5 115.37 1232.90
10 1.19E+07  1.33E+06 13 1 158 5 110.96 1183.50
15 1.13E+07  1.99E+06 13 1 158 5 110.96 1183.50
20 1.06E+07  2.65E+06 12 1 158 5 106.56 1134.20
25 9.95E+06  3.32E+06 11 2 158 5 102.16 1084.80
30 9.28E+06  3.98E+06 11 2 158 5 102.16 1084.80
35 8.62E+06  4.64E+06 10 2 158 5 97.76 1035.50
40 7.96E+06 5.31E+06 9 2 158 5 97.76 1035.50
45 7.29E+06  5.97E+06 9 2 158 5 97.76 1035.50
50 6.63E+06  6.63E+06 8 3 158 5 97.76 1035.50
55 5.97E+06  7.29E+06 7 3 158 5 97.76 1035.50
60 5.31E+06  7.96E+06 7 3 158 5 97.76 1035.50
65 4.64E+06  8.62E+06 6 3 158 5 97.76 1035.50
70 3.98E+06 9.28E+06 5 3 158 5 97.76 1035.50
75 3.32E+06  9.95E+06 5 4 158 5 97.76 1035.50
80 2.65E+06  1.06E+07 4 4 158 5 97.76 1035.50
85 199E+06 1.13E+07 3 4 158 5 97.76 1035.50
920 1.33E+06  1.19E+07 3 4 158 5 97.76 1035.50
95 6.63E+05  1.26E+07 2 4 158 5 97.76 1035.50
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Table C.67 Results of power-MSF-RO-AR Configuration for June at 50% AR load

ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07  6.63E+05 14 1 198 5 118.46 1265.70
10 1.19E+07 1.33E+06 13 1 198 5 114.06 1216.30
15 1.13E+07  1.99E+06 13 1 198 5 114.06 1216.30
20 1.06E+07  2.65E+06 12 1 198 5 109.66 1167.00
25 9.95E+06  3.32E+06 11 2 198 5 105.26 1117.70
30 9.28E+06  3.98E+06 11 2 198 5 105.26 1117.70
35 8.62E+06  4.64E+06 10 2 198 5 100.86 1068.30
40 7.96E+06 5.31E+06 9 2 198 5 100.86 1068.30
45 7.29E+06  5.97E+06 9 2 198 5 100.86 1068.30
50 6.63E+06  6.63E+06 8 3 198 5 100.86 1068.30
55 5.97E+06  7.29E+06 7 3 198 5 100.86 1068.30
60 5.31E+06  7.96E+06 7 3 198 5 100.86 1068.30
65 4.64E+06  8.62E+06 6 3 198 5 100.86 1068.30
70 3.98E+06 9.28E+06 5 3 198 5 100.86 1068.30
75 3.32E+06  9.95E+06 5 4 198 5 100.86 1068.30
80 2.65E+06  1.06E+07 4 4 198 5 100.86 1068.30
85 199E+06 1.13E+07 3 4 198 5 100.86 1068.30
90 1.33E+06  1.19e+07 3 4 198 5 100.86 1068.30
95 6.63E+05  1.26E+07 2 4 198 5 100.86 1068.30

Table C.68 Results of power-MSF-RO-AR Configuration for June at 60% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07  6.63E+05 14 1 237 4 112.78 1210.90
10 1.19E+07  1.33E+06 13 1 237 4 108.38 1161.60
15 1.13E+07  1.99E+06 13 1 237 4 108.38 1161.60
20 1.06E+07  2.65E+06 12 1 237 4 103.98 1112.20
25 9.95E+06  3.32E+06 11 2 237 4 99.58 1062.90
30 9.28E+06  3.98E+06 11 2 237 4 99.58 1062.90
35 8.62E+06  4.64E+06 10 2 237 4 95.17 1013.60
40 7.96E+06 5.31E+06 9 2 237 4 90.77 964.22
45 7.29E+06  5.97E+06 9 2 237 4 90.77 964.22
50 6.63E+06  6.63E+06 8 3 237 5 103.77 1099.20
55 5.97E+06  7.29E+06 7 3 237 5 103.77 1099.20
60 5.31E+06  7.96E+06 7 3 237 5 103.77 1099.20
65 4.64E+06  8.62E+06 6 3 237 5 103.77 1099.20
70 3.98E+06 9.28E+06 5 3 237 5 103.77 1099.20
75 3.32E+06  9.95E+06 5 4 237 5 103.77 1099.20
80 2.65E+06  1.06E+07 4 4 237 5 103.77 1099.20
85 199E+06 1.13E+07 3 4 237 5 103.77 1099.20
920 133E+06  1.19E+07 3 4 237 5 103.77 1099.20
95 6.63E+05  1.26E+07 2 4 237 5 103.77 1099.20
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Table C.69 Results of power-MSF-RO-AR Configuration for June at 70% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07  6.63E+05 14 1 276 4 115.33 1238.00
10 1.19E+07 1.33E+06 13 1 276 4 110.93 1188.60
15 1.13E+07  1.99E+06 13 1 276 4 110.93 1188.60
20 1.06E+07  2.65E+06 12 1 276 4 106.53 1139.30
25 9.95E+06  3.32E+06 11 2 276 4 102.13 1089.90
30 9.28E+06  3.98E+06 11 2 276 4 102.13 1089.90
35 8.62E+06  4.64E+06 10 2 276 4 97.73 1040.60
40 7.96E+06 5.31E+06 9 2 276 4 93.33 991.26
45 7.29E+06  5.97E+06 9 2 276 4 93.33 991.26
50 6.63E+06  6.63E+06 8 3 276 4 88.92 941.92
55 5.97E+06  7.29E+06 7 3 276 4 88.92 941.92
60 5.31E+06  7.96E+06 7 3 276 4 88.92 941.92
65 4.64E+06  8.62E+06 6 3 276 4 88.92 941.92
70 3.98E+06 9.28E+06 5 3 276 4 88.92 941.92
75 3.32E+06  9.95E+06 5 4 276 4 88.92 941.92
80 2.65E+06  1.06E+07 4 4 276 4 88.92 941.92
85 199E+06 1.13E+07 3 4 276 4 88.92 941.92
920 133E+06  1.19E+07 3 4 276 4 88.92 941.92
95 6.63E+05  1.26E+07 2 4 276 4 88.92 941.92

Table C.70 Results of power-MSF-RO-AR Configuration for June at 80% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07  6.63E+05 14 1 316 4 117.72 1263.30
10 1.19E+07  1.33E+06 13 1 316 4 113.32 1214.00
15 1.13E+07  1.99E+06 13 1 316 4 113.32 1214.00
20 1.06E+07  2.65E+06 12 1 316 4 108.92 1164.60
25 9.95E+06  3.32E+06 11 2 316 4 104.52 1115.30
30 9.28E+06  3.98E+06 11 2 316 4 104.52 1115.30
35 8.62E+06  4.64E+06 10 2 316 4 100.12 1065.90
40 7.96E+06 5.31E+06 9 2 316 4 95.72 1016.60
45 7.29E+06  5.97E+06 9 2 316 4 95.72 1016.60
50 6.63E+06  6.63E+06 8 3 316 4 91.32 967.25
55 5.97E+06  7.29E+06 7 3 316 4 91.32 967.25
60 5.31E+06  7.96E+06 7 3 316 4 91.32 967.25
65 4.64E+06  8.62E+06 6 3 316 4 91.32 967.25
70 3.98E+06 9.28E+06 5 3 316 4 91.32 967.25
75 3.32E+06  9.95E+06 5 4 316 4 91.32 967.25
80 2.65E+06  1.06E+07 4 4 316 4 91.32 967.25
85 199E+06 1.13E+07 3 4 316 4 91.32 967.25
920 1.33E+06  1.19E+07 3 4 316 4 91.32 967.25
95 6.63E+05  1.26E+07 2 4 316 4 91.32 967.25
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Table C.71 Results of power-MSF-RO-AR Configuration for June at 90% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07  6.63E+05 14 1 355 4 119.80 1285.30
10 1.19E+07 1.33E+06 13 1 355 4 115.40 1236.00
15 1.13E+07  1.99E+06 13 1 355 4 115.40 1236.00
20 1.06E+07  2.65E+06 12 1 355 4 111.00 1186.60
25 9.95E+06  3.32E+06 11 2 355 4 106.60 1137.30
30 9.28E+06  3.98E+06 11 2 355 4 106.60 1137.30
35 8.62E+06  4.64E+06 10 2 355 4 102.20 1088.00
40 7.96E+06 5.31E+06 9 2 355 4 97.80 1038.60
45 7.29E+06  5.97E+06 9 2 355 4 97.80 1038.60
50 6.63E+06  6.63E+06 8 3 355 4 93.40 989.28
55 5.97E+06  7.29E+06 7 3 355 4 93.40 989.28
60 5.31E+06  7.96E+06 7 3 355 4 93.40 989.28
65 4.64E+06  8.62E+06 6 3 355 4 93.40 989.28
70 3.98E+06 9.28E+06 5 3 355 4 93.40 989.28
75 3.32E+06  9.95E+06 5 4 355 4 93.40 989.28
80 2.65E+06  1.06E+07 4 4 355 4 93.40 989.28
85 199E+06 1.13E+07 3 4 355 4 93.40 989.28
920 133E+06  1.19E+07 3 4 355 4 93.40 989.28
95 6.63E+05  1.26E+07 2 4 355 4 93.40 989.28

Table C.72 Results of power-M SF-RO-AR Configuration for June at 100% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.26E+07  6.63E+05 14 1 395 3 135.00 1451.70
10 1.19E+07  1.33E+06 13 1 395 3 130.60 1402.40
15 1.13E+07  1.99E+06 13 1 395 3 130.60 1402.40
20 1.06E+07  2.65E+06 12 1 395 3 126.20 1353.00
25 9.95E+06  3.32E+06 11 2 395 3 121.79 1303.70
30 9.28E+06  3.98E+06 11 2 395 3 121.79 1303.70
35 8.62E+06  4.64E+06 10 2 395 3 117.39 1254.30
40 7.96E+06 5.31E+06 9 2 395 3 112.99 1205.00
45 7.29E+06  5.97E+06 9 2 395 3 112.99 1205.00
50 6.63E+06  6.63E+06 8 3 395 3 108.59 1155.70
55 5.97E+06  7.29E+06 7 3 395 3 104.19 1106.30
60 5.31E+06  7.96E+06 7 3 395 3 104.19 1106.30
65 4.64E+06  8.62E+06 6 3 395 3 99.79 1057.00
70 3.98E+06 9.28E+06 5 3 395 3 99.79 1057.00
75 3.32E+06  9.95E+06 5 4 395 4 95.25 1008.90
80 2.65E+06  1.06E+07 4 4 395 4 95.25 1008.90
85 199E+06 1.13E+07 3 4 395 4 95.25 1008.90
920 1.33E+06  1.19E+07 3 4 395 4 95.25 1008.90
95 6.63E+05  1.26E+07 2 4 395 4 95.25 1008.90

280



July

Table C.73 Results of power-M SF-RO-AR Configuration for July at 10% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.28E+07  6.75E+05 14 1 44 6 118.04 1255.90
10 122E+07  1.35E+06 13 1 44 6 113.49 1204.90
15 1.15E+07  2.03E+06 13 1 44 6 113.49 1204.90
20 1.08E+07  2.70E+06 12 1 44 6 108.94 1154.00
25 1.01E+07  3.38E+06 11 1 44 6 108.94 1154.00
30 9.45E+06  4.05E+06 10 2 44 6 108.94 1154.00
35 8.78E+06  4.73E+06 10 2 44 6 108.94 1154.00
40 8.10E+06  5.40E+06 9 2 44 6 108.94 1154.00
45 7.43E+06  6.08E+06 8 2 44 6 108.94 1154.00
50 6.75E+06  6.75E+06 8 2 44 6 108.94 1154.00
55 6.08E+06  7.43E+06 7 3 44 6 108.94 1154.00
60 5.40E+06  8.10E+06 6 3 44 6 108.94 1154.00
65 4.73E+06  8.78E+06 6 3 44 6 108.94 1154.00
70 4.05E+06  9.45E+06 5 3 44 6 108.94 1154.00
75 3.38E+06  1.01E+07 4 3 44 6 108.94 1154.00
80 2.70E+06  1.08E+07 4 4 44 6 108.94 1154.00
85 2.03E+06 1.15E+07 3 4 44 6 108.94 1154.00
920 1.35E+06  1.22E+07 2 4 44 6 108.94 1154.00
95 6.75E+05  1.28E+07 2 4 44 6 108.94 1154.00

Table C.74 Results of power-M SF-RO-AR Configuration for July at 20% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.28E+07  6.75E+05 14 1 88 6 121.83 1296.10
10 1.22E+07  1.35E+06 13 1 88 6 117.28 1245.10
15 1.15E+07  2.03E+06 13 1 88 6 117.28 1245.10
20 1.08E+07  2.70E+06 12 1 88 6 112.74 1194.20
25 1.01E+07  3.38E+06 11 1 88 6 112.74 1194.20
30 9.45E+06  4.05E+06 10 2 88 6 112.74 1194.20
35 8.78E+06  4.73E+06 10 2 88 6 112.74 1194.20
40 8.10E+06  5.40E+06 9 2 88 6 112.74 1194.20
45 7.43E+06  6.08E+06 8 2 88 6 112.74 1194.20
50 6.75E+06  6.75E+06 8 2 88 6 112.74 1194.20
55 6.08E+06  7.43E+06 7 3 88 6 112.74 1194.20
60 5.40E+06  8.10E+06 6 3 88 6 112.74 1194.20
65 4.73E+06  8.78E+06 6 3 88 6 112.74 1194.20
70 4.05E+06  9.45E+06 5 3 88 6 112.74 1194.20
75 3.38E+06  1.01E+07 4 3 88 6 112.74 1194.20
80 2.70E+06  1.08E+07 4 4 88 6 112.74 1194.20
85 2.03E+06 1.15E+07 3 4 88 6 112.74 1194.20
920 1.35E+06  1.22E+07 2 4 88 6 112.74 1194.20
95 6.75E+05  1.28E+07 2 4 88 6 112.74 1194.20
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Table C.75 Results of power-M SF-RO-AR Configuration for July at 30% AR load

RO load MSFdemand ROdemand MSFunits RO units AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.28E+07 6.75E+05 14 1 131 5 117.00 1250.50
10 1.22E+07  1.35E+06 13 1 131 5 112.45 1199.50
15 1.15E+07  2.03E+06 13 1 131 5 112.45 1199.50
20 1.08E+07 2.70E+06 12 1 131 5 107.90 1148.50
25 1.01E+07 3.38E+06 11 1 131 5 103.35 1097.50
30 9.45E+06  4.05E+06 10 2 131 5 98.80 1046.60
35 8.78E+06  4.73E+06 10 2 131 5 98.80 1046.60
40 8.10E+06  5.40E+06 9 2 131 5 98.80 1046.60
45 7.43E+06  6.08E+06 8 2 131 5 98.80 1046.60
50 6.75E+06  6.75E+06 8 2 131 5 98.80 1046.60
55 6.08E+06  7.43E+06 7 3 131 6 116.38 1232.70
60 5.40E+06  8.10E+06 6 3 131 6 116.38 1232.70
65 4.73E+06  8.78E+06 6 3 131 6 116.38 1232.70
70 4.05E+06  9.45E+06 5 3 131 6 116.38 1232.70
75 3.38E+06  1.01E+07 4 3 131 6 116.38 1232.70
80 2.70E+06  1.08E+07 4 4 131 6 116.38 1232.70
85 2.03E+06  1.15E+07 3 4 131 6 116.38 1232.70
90 1.35E+06  1.22E+07 2 4 131 6 116.38 1232.70
95 6.75E+05  1.28E+07 2 4 131 6 116.38 1232.70

Table C.76 Results of power-M SF-RO-AR Configuration for July at 40% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.28E+07  6.75E+05 14 1 175 5 120.58 1288.50
10 1.22E+07  1.35E+06 13 1 175 5 116.04 1237.50
15 1.15E+07  2.03E+06 13 1 175 5 116.04 1237.50
20 1.08E+07  2.70E+06 12 1 175 5 111.49 1186.50
25 1.01E+07  3.38E+06 11 1 175 5 106.94 1135.60
30 9.45E+06  4.05E+06 10 2 175 5 102.39 1084.60
35 8.78E+06  4.73E+06 10 2 175 5 102.39 1084.60
40 8.10E+06  5.40E+06 9 2 175 5 102.39 1084.60
45 7.43E+06  6.08E+06 8 2 175 5 102.39 1084.60
50 6.75E+06  6.75E+06 8 2 175 5 102.39 1084.60
55 6.08E+06  7.43E+06 7 3 175 5 102.39 1084.60
60 5.40E+06  8.10E+06 6 3 175 5 102.39 1084.60
65 4.73E+06  8.78E+06 6 3 175 5 102.39 1084.60
70 4.05E+06  9.45E+06 5 3 175 5 102.39 1084.60
75 3.38E+06  1.01E+07 4 3 175 5 102.39 1084.60
80 2.70E+06  1.08E+07 4 4 175 5 102.39 1084.60
85 2.03E+06 1.15E+07 3 4 175 5 102.39 1084.60
920 1.35E+06  1.22E+07 2 4 175 5 102.39 1084.60
95 6.75E+05  1.28E+07 2 4 175 5 102.39 1084.60
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Table C.77 Results of power-M SF-RO-AR Configuration for July at 50% AR load

ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.28E+07 6.75E+05 14 1 218 5 123.97 1324.40
10 1.22E+07  1.35E+06 13 1 218 5 119.42 1273.40
15 1.15E+07  2.03E+06 13 1 218 5 119.42 1273.40
20 1.08E+07 2.70E+06 12 1 218 5 114.87 1222.40
25 1.01E+07 3.38E+06 11 1 218 5 110.33 1171.40
30 9.45E+06  4.05E+06 10 2 218 5 105.78 1120.40
35 8.78E+06  4.73E+06 10 2 218 5 105.78 1120.40
40 8.10E+06  5.40E+06 9 2 218 5 105.78 1120.40
45 7.43E+06  6.08E+06 8 2 218 5 105.78 1120.40
50 6.75E+06  6.75E+06 8 2 218 5 105.78 1120.40
55 6.08E+06  7.43E+06 7 3 218 5 105.78 1120.40
60 5.40E+06  8.10E+06 6 3 218 5 105.78 1120.40
65 4.73E+06  8.78E+06 6 3 218 5 105.78 1120.40
70 4.05E+06  9.45E+06 5 3 218 5 105.78 1120.40
75 3.38E+06  1.01E+07 4 3 218 5 105.78 1120.40
80 2.70E+06  1.08E+07 4 4 218 5 105.78 1120.40
85 2.03E+06  1.15E+07 3 4 218 5 105.78 1120.40
90 1.35E+06  1.22E+07 2 4 218 5 105.78 1120.40
95 6.75E+05  1.28E+07 2 4 218 5 105.78 1120.40

Table C.78 Results of power-M SF-RO-AR Configuration for July at 60% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.28E+07  6.75E+05 14 1 262 5 127.29 1359.50
10 122E+07  1.35E+06 13 1 262 5 122.74 1308.60
15 1.15E+07  2.03E+06 13 1 262 5 122.74 1308.60
20 1.08E+07  2.70E+06 12 1 262 5 118.19 1257.60
25 1.01E+07  3.38E+06 11 1 262 5 113.65 1206.60
30 9.45E+06  4.05E+06 10 2 262 5 109.10 1155.60
35 8.78E+06  4.73E+06 10 2 262 5 109.10 1155.60
40 8.10E+06  5.40E+06 9 2 262 5 109.10 1155.60
45 7.43E+06  6.08E+06 8 2 262 5 109.10 1155.60
50 6.75E+06  6.75E+06 8 2 262 5 109.10 1155.60
55 6.08E+06  7.43E+06 7 3 262 5 109.10 1155.60
60 5.40E+06  8.10E+06 6 3 262 5 109.10 1155.60
65 4.73E+06  8.78E+06 6 3 262 5 109.10 1155.60
70 4.05E+06  9.45E+06 5 3 262 5 109.10 1155.60
75 3.38E+06  1.01E+07 4 3 262 5 109.10 1155.60
80 2.70E+06  1.08E+07 4 4 262 5 109.10 1155.60
85 2.03E+06 1.15E+07 3 4 262 5 109.10 1155.60
920 1.35E+06  1.22E+07 2 4 262 5 109.10 1155.60
95 6.75E+05  1.28E+07 2 4 262 5 109.10 1155.60
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Table C.79 Results of power-M SF-RO-AR Configuration for July at 70% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.28E+07  6.75E+05 14 1 306 4 121.05 1299.10
10 122E+07  1.35E+06 13 1 306 4 116.51 1248.10
15 1.15E+07  2.03E+06 13 1 306 4 116.51 1248.10
20 1.08E+07  2.70E+06 12 1 306 4 111.96 1197.10
25 1.01E+07  3.38E+06 11 1 306 4 107.41 1146.20
30 9.45E+06  4.05E+06 10 2 306 4 102.86 1095.20
35 8.78E+06  4.73E+06 10 2 306 4 102.86 1095.20
40 8.10E+06  5.40E+06 9 2 306 4 98.31 1044.20
45 7.43E+06  6.08E+06 8 2 306 4 93.77 993.20
50 6.75E+06  6.75E+06 8 2 306 4 93.77 993.20
55 6.08E+06  7.43E+06 7 3 306 4 93.77 993.20
60 5.40E+06  8.10E+06 6 3 306 4 93.77 993.20
65 4.73E+06  8.78E+06 6 3 306 4 93.77 993.20
70 4.05E+06  9.45E+06 5 3 306 4 93.77 993.20
75 3.38E+06  1.01E+07 4 3 306 4 93.77 993.20
80 2.70E+06  1.08E+07 4 4 306 4 93.77 993.20
85 2.03E+06  1.15E+07 3 4 306 4 93.77 993.20
920 1.35E+06  1.22E+07 2 4 306 4 93.77 993.20
95 6.75E+05  1.28E+07 2 4 306 4 93.77 993.20

Table C.80 Results of power-M SF-RO-AR Configuration for July at 80% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.28E+07  6.75E+05 14 1 349 4 123.48 1324.90
10 1.22E+07  1.35E+06 13 1 349 4 118.94 1273.90
15 1.15E+07  2.03E+06 13 1 349 4 118.94 1273.90
20 1.08E+07  2.70E+06 12 1 349 4 114.39 1222.90
25 1.01E+07  3.38E+06 11 1 349 4 109.84 1171.90
30 9.45E+06  4.05E+06 10 2 349 4 105.29 1120.90
35 8.78E+06  4.73E+06 10 2 349 4 105.29 1120.90
40 8.10E+06  5.40E+06 9 2 349 4 100.74 1069.90
45 7.43E+06  6.08E+06 8 2 349 4 96.20 1018.90
50 6.75E+06  6.75E+06 8 2 349 4 96.20 1018.90
55 6.08E+06  7.43E+06 7 3 349 4 96.20 1018.90
60 5.40E+06  8.10E+06 6 3 349 4 96.20 1018.90
65 4.73E+06  8.78E+06 6 3 349 4 96.20 1018.90
70 4.05E+06  9.45E+06 5 3 349 4 96.20 1018.90
75 3.38E+06  1.01E+07 4 3 349 4 96.20 1018.90
80 2.70E+06  1.08E+07 4 4 349 4 96.20 1018.90
85 2.03E+06 1.15E+07 3 4 349 4 96.20 1018.90
920 1.35E+06  1.22E+07 2 4 349 4 96.20 1018.90
95 6.75E+05  1.28E+07 2 4 349 4 96.20 1018.90
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Table C.81 Results of power-MSF-RO-AR Configuration for July at 90% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.28E+07  6.75E+05 14 1 393 4 125.62 1347.50
10 122E+07  1.35E+06 13 1 393 4 121.08 1296.50
15 1.15E+07  2.03E+06 13 1 393 4 121.08 1296.50
20 1.08E+07  2.70E+06 12 1 393 4 116.53 1245.60
25 1.01E+07  3.38E+06 11 1 393 4 111.98 1194.60
30 9.45E+06  4.05E+06 10 2 393 4 107.43 1143.60
35 8.78E+06  4.73E+06 10 2 393 4 107.43 1143.60
40 8.10E+06  5.40E+06 9 2 393 4 102.88 1092.60
45 7.43E+06  6.08E+06 8 2 393 4 98.34 1041.60
50 6.75E+06  6.75E+06 8 2 393 4 98.34 1041.60
55 6.08E+06  7.43E+06 7 3 393 4 98.34 1041.60
60 5.40E+06  8.10E+06 6 3 393 4 98.34 1041.60
65 4.73E+06  8.78E+06 6 3 393 4 98.34 1041.60
70 4.05E+06  9.45E+06 5 3 393 4 98.34 1041.60
75 3.38E+06  1.01E+07 4 3 393 4 98.34 1041.60
80 2.70E+06  1.08E+07 4 4 393 4 98.34 1041.60
85 2.03E+06  1.15E+07 3 4 393 4 98.34 1041.60
920 1.35E+06  1.22E+07 2 4 393 4 98.34 1041.60
95 6.75E+05  1.28E+07 2 4 393 4 98.34 1041.60

Table C.82 Results of power-MSF-RO-AR Configuration for July at 100% AR load

RO load MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.28E+07  6.75E+05 14 1 436 3 114.13 1231.40
10 122E+07  1.35E+06 13 1 436 3 109.58 1180.40
15 1.15E+07  2.03E+06 13 1 436 3 109.58 1180.40
20 1.08E+07  2.70E+06 12 1 436 3 105.03 1129.40
25 1.01E+07  3.38E+06 11 1 436 3 100.48 1078.40
30 9.45E+06  4.05E+06 10 2 436 3 95.93 1027.40
35 8.78E+06  4.73E+06 10 2 436 3 95.93 1027.40
40 8.10E+06  5.40E+06 9 2 436 3 91.39 976.43
45 7.43E+06  6.08E+06 8 2 436 3 86.84 925.45
50 6.75E+06  6.75E+06 8 2 436 3 86.84 925.45
55 6.08E+06  7.43E+06 7 3 436 4 100.08 1060.00
60 5.40E+06  8.10E+06 6 3 436 4 100.08 1060.00
65 4.73E+06  8.78E+06 6 3 436 4 100.08 1060.00
70 4.05E+06  9.45E+06 5 3 436 4 100.08 1060.00
75 3.38E+06  1.01E+07 4 3 436 4 100.08 1060.00
80 2.70E+06  1.08E+07 4 4 436 4 100.08 1060.00
85 2.03E+06 1.15E+07 3 4 436 4 100.08 1060.00
920 1.35E+06  1.22E+07 2 4 436 4 100.08 1060.00
95 6.75E+05  1.28E+07 2 4 436 4 100.08 1060.00
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August

Table C.83 Results of power-MSF-RO-AR Configuration for August at 10% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.30E+07 6.83E+05 14 1 47 6 118.30 1258.70
10 1.23E+07 1.37E+06 13 1 47 6 113.75 1207.70
15 1.16E+07 2.05E+06 13 1 47 6 113.75 1207.70
20 1.09E+07 2.73E+06 12 1 47 6 109.20 1156.70
25 1.02E+07  3.42E+06 11 2 47 6 109.20 1156.70
30 956E+06 4.10E+06 11 2 47 6 109.20 1156.70
35 8.88E+06 4.78E+06 10 2 47 6 109.20 1156.70
40 8.20E+06 5.46E+06 9 2 47 6 109.20 1156.70
45 751E+06  6.15E+06 9 2 47 6 109.20 1156.70
50 6.83E+06  6.83E+06 8 3 47 6 109.20 1156.70
55 6.15E+06  7.51E+06 7 3 47 6 109.20 1156.70
60 5.46E+06 8.20E+06 7 3 47 6 109.20 1156.70
65 4.78E+06 8.88E+06 6 3 47 6 109.20 1156.70
70 4.10E+06 9.56E+06 5 3 47 6 109.20 1156.70
75 3.42E+06  1.02E+07 5 3 47 6 109.20 1156.70
80 273E+06  1.09E+07 4 4 47 6 109.20 1156.70
85 2.05E+06 1.16E+07 3 4 47 6 109.20 1156.70
90 1.37E+06  1.23E+07 3 4 47 6 109.20 1156.70
95 6.83E+05 1.30E+07 2 4 47 6 109.20 1156.70

Table C.84 Results of power-MSF-RO-AR Configuration for August at 20% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.30E+07 6.83E+05 14 1 94 6 122.35 1301.60
10 1.23E+07 1.37E+06 13 1 94 6 117.80 1250.60
15 1.16E+07 2.05E+06 13 1 94 6 117.80 1250.60
20 1.09E+07 2.73E+06 12 1 94 6 113.25 1199.60
25 1.02E+07  3.42E+06 11 2 94 6 113.25 1199.60
30 956E+06  4.10E+06 11 2 94 6 113.25 1199.60
35 8.88E+06 4.78E+06 10 2 94 6 113.25 1199.60
40 8.20E+06 5.46E+06 9 2 94 6 113.25 1199.60
45 751E+06  6.15E+06 9 2 94 6 113.25 1199.60
50 6.83E+06  6.83E+06 8 3 94 6 113.25 1199.60
55 6.15E+06 7.51E+06 7 3 94 6 113.25 1199.60
60 5.46E+06 8.20E+06 7 3 94 6 113.25 1199.60
65 4.78E+06 8.88E+06 6 3 94 6 113.25 1199.60
70 4.10E+06 9.56E+06 5 3 94 6 113.25 1199.60
75 3.42E+06  1.02E+07 5 3 94 6 113.25 1199.60
80 2.73E+06  1.09E+07 4 4 94 6 113.25 1199.60
85 2.05E+06 1.16E+07 3 4 94 6 113.25 1199.60
90 1.37E+06  1.23E+07 3 4 94 6 113.25 1199.60
95 6.83E+05 1.30E+07 2 4 94 6 113.25 1199.60
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Table C.85 Results of power-MSF-RO-AR Configuration for August at 30% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions

% m° m° million $ ktonne
5 1.30E+07 6.83E+05 14 1 140 6 126.23 1342.70
10 1.23E+07 1.37E+06 13 1 140 6 121.68 1291.70
15 1.16E+07 2.05E+06 13 1 140 6 121.68 1291.70
20 1.09E+07 2.73E+06 12 1 140 6 117.13 1240.70
25 1.02E+07  3.42E+06 11 2 140 6 117.13 1240.70
30 956E+06 4.10E+06 11 2 140 6 117.13 1240.70
35 8.88E+06 4.78E+06 10 2 140 6 117.13 1240.70
40 8.20E+06 5.46E+06 9 2 140 6 117.13 1240.70
45 751E+06  6.15E+06 9 2 140 6 117.13 1240.70
50 6.83E+06  6.83E+06 8 3 140 6 117.13 1240.70
55 6.15E+06 7.51E+06 7 3 140 6 117.13 1240.70
60 5.46E+06 8.20E+06 7 3 140 6 117.13 1240.70
65 4.78E+06 8.88E+06 6 3 140 6 117.13 1240.70
70 4.10E+06 9.56E+06 5 3 140 6 117.13 1240.70
75 3.42E+06 1.02E+07 5 3 140 6 117.13 1240.70
80 273E+06  1.09+07 4 4 140 6 117.13 1240.70
85 2.05E+06 1.16E+07 3 4 140 6 117.13 1240.70
90 1.37E+06  1.23E+07 3 4 140 6 117.13 1240.70
95 6.83E+05 1.30E+07 2 4 140 6 117 1241

Table C.86 Results of power-MSF-RO-AR Configuration for August at 40% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.30E+07 6.83E+05 14 1 187 5 121.54 1298.70
10 1.23E+07 1.37E+06 13 1 187 5 116.99 1247.70
15 1.16E+07 2.05E+06 13 1 187 5 116.99 1247.70
20 1.09E+07 2.73E+06 12 1 187 5 112.45 1196.70
25 1.02E+07  3.42E+06 11 2 187 5 107.90 1145.70
30 956E+06  4.10E+06 11 2 187 5 107.90 1145.70
35 8.88E+06 4.78E+06 10 2 187 5 103.35 1094.70
40 8.20E+06 5.46E+06 9 2 187 5 103.35 1094.70
45 751E+06  6.15E+06 9 2 187 5 103.35 1094.70
50 6.83E+06  6.83E+06 8 3 187 5 103.35 1094.70
55 6.15E+06  7.51E+06 7 3 187 5 103.35 1094.70
60 5.46E+06 8.20E+06 7 3 187 5 103.35 1094.70
65 4.78E+06 8.88E+06 6 3 187 5 103.35 1094.70
70 4.10E+06 9.56E+06 5 3 187 5 103.35 1094.70
75 3.42E+06  1.02E+07 5 3 187 5 103.35 1094.70
80 273E+06  1.09E+07 4 4 187 5 103.35 1094.70
85 2.05E+06 1.16E+07 3 4 187 5 103.35 1094.70
90 1.37E+06  1.23E+07 3 4 187 5 103.35 1094.70
95 6.83E+05 1.30E+07 2 4 187 5 103.35 1094.70
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Table C.87 Results of power-MSF-RO-AR Configuration for August at 50% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m’ million $ ktonne
5 1.30E+07 6.83E+05 14 1 233 5 125.12 1336.60
10 1.23E+07 1.37E+06 13 1 233 5 120.57 1285.60
15 1.16E+07 2.05E+06 13 1 233 5 120.57 1285.60
20 1.09E+07 2.73E+06 12 1 233 5 116.02 1234.60
25 1.02E+07 3.42E+06 11 2 233 5 111.48 1183.60
30 9.56E+06 4.10E+06 11 2 233 5 111.48 1183.60
35 8.88E+06  4.78E+06 10 2 233 5 106.93 1132.60
40 8.20E+06  5.46E+06 9 2 233 5 106.93 1132.60
45 7.51E+06 6.15E+06 9 2 233 5 106.93 1132.60
50 6.83E+06  6.83E+06 8 3 233 5 106.93 1132.60
55 6.15E+06 7.51E+06 7 3 233 5 106.93 1132.60
60 5.46E+06 8.20E+06 7 3 233 5 106.93 1132.60
65 4 78E+06  8.88E+06 6 3 233 5 106.93 1132.60
70 4.10E+06  9.56E+06 5 3 233 5 106.93 1132.60
75 3.42E+06  1.02E+07 5 3 233 5 106.93 1132.60
80 2.73E+06  1.09E+07 4 4 233 5 106.93 1132.60
85 2.05E+06  1.16E+07 3 4 233 5 106.93 1132.60
90 1.37E+06  1.23E+07 3 4 233 5 106.93 1132.60
95 6.83E+05 1.30E+07 2 4 233 5 106.93 1132.60

Table C.88 Results of power-MSF-RO-AR Configuration for August at 60% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.30E+07 6.83E+05 14 1 280 5 128.60 1373.40
10 1.23E+07 1.37E+06 13 1 280 5 124.05 1322.40
15 1.16E+07 2.05E+06 13 1 280 5 124.05 1322.40
20 1.09E+07 2.73E+06 12 1 280 5 119.50 1271.40
25 1.02E+07  3.42E+06 11 2 280 5 114.96 1220.50
30 956E+06  4.10E+06 11 2 280 5 114.96 1220.50
35 8.88E+06 4.78E+06 10 2 280 5 110.41 1169.50
40 8.20E+06 5.46E+06 9 2 280 5 110.41 1169.50
45 751E+06  6.15E+06 9 2 280 5 110.41 1169.50
50 6.83E+06  6.83E+06 8 3 280 5 110.41 1169.50
55 6.15E+06 7.51E+06 7 3 280 5 110.41 1169.50
60 5.46E+06 8.20E+06 7 3 280 5 110.41 1169.50
65 4.78E+06 8.88E+06 6 3 280 5 110.41 1169.50
70 4.10E+06 9.56E+06 5 3 280 5 110.41 1169.50
75 3.42E+06  1.02E+07 5 3 280 5 110.41 1169.50
80 2.73E+06  1.09E+07 4 4 280 5 110.41 1169.50
85 2.05E+06 1.16E+07 3 4 280 5 110.41 1169.50
90 1.37E+06  1.23E+07 3 4 280 5 110.41 1169.50
95 6.83E+05 1.30E+07 2 4 280 5 110.41 1169.50
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Table C.89 Results of power-MSF-RO-AR Configuration for August at 70% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m°® m°® million $ ktonne
5 1.30E+07 6.83E+05 14 1 326 4 154.82 1656.80
10 1.23E+07 1.37E+06 13 1 326 4 150.27 1605.80
15 1.16E+07 2.05E+06 13 1 326 4 150.27 1605.80
20 1.09E+07 2.73E+06 12 1 326 4 145.72 1554.80
25 1.02E+07  3.42E+06 11 2 326 4 141.18 1503.80
30 956E+06  4.10E+06 11 2 326 4 141.18 1503.80
35 8.88E+06 4.78E+06 10 2 326 4 136.63 1452.80
40 8.20E+06 5.46E+06 9 2 326 4 132.08 1401.90
45 751E+06  6.15E+06 9 2 326 4 132.08 1401.90
50 6.83E+06  6.83E+06 8 3 326 4 127.53 1350.90
55 6.15E+06 7.51E+06 7 3 326 4 127.53 1350.90
60 5.46E+06 8.20E+06 7 3 326 4 127.53 1350.90
65 4.78E+06 8.88E+06 6 3 326 4 127.53 1350.90
70 4.10E+06 9.56E+06 5 3 326 4 127.53 1350.90
75 3.42E+06  1.02E+07 5 3 326 4 127.53 1350.90
80 273E+06  1.09E+07 4 4 326 5 113.61 1203.40
85 2.05E+06 1.16E+07 3 4 326 5 113.61 1203.40
90 1.37E+06  1.23E+07 3 4 326 5 113.61 1203.40
95 6.83E+05 1.30E+07 2 4 326 5 113.61 1203.40

Table C.90 Results of power-MSF-RO-AR Configuration for August at 80% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.30E+07 6.83E+05 14 1 373 4 124.70 1337.70
10 1.23E+07 1.37E+06 13 1 373 4 120.15 1286.70
15 1.16E+07 2.05E+06 13 1 373 4 120.15 1286.70
20 1.09E+07 2.73E+06 12 1 373 4 115.60 1235.70
25 1.02E+07  3.42E+06 11 2 373 4 111.05 1184.70
30 956E+06  4.10E+06 11 2 373 4 111.05 1184.70
35 8.88E+06 4.78E+06 10 2 373 4 106.50 1133.80
40 8.20E+06 5.46E+06 9 2 373 4 101.96 1082.80
45 751E+06 6.15E+06 9 2 373 4 101.96 1082.80
50 6.83E+06 6.83E+06 8 3 373 4 97.41 1031.80
55 6.15E+06 7.51E+06 7 3 373 4 97.41 1031.80
60 5.46E+06 8.20E+06 7 3 373 4 97.41 1031.80
65 4.78E+06 8.88E+06 6 3 373 4 97.41 1031.80
70 4.10E+06 9.56E+06 5 3 373 4 97.41 1031.80
75 3.42E+06  1.02E+07 5 3 373 4 97.41 1031.80
80 2.73E+06  1.09E+07 4 4 373 4 97.41 1031.80
85 2.05E+06 1.16E+07 3 4 373 4 97.41 1031.80
90 1.37E+06  1.23E+07 3 4 373 4 97.41 1031.80
95 6.83E+05 1.30E+07 2 4 373 4 97.41 1031.80
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Table C.91 Results of power-MSF-RO-AR Configuration for August at 90% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m°® m°® million $ ktonne
5 1.30E+07 6.83E+05 14 1 420 4 126.76 1359.50
10 1.23E+07 1.37E+06 13 1 420 4 122.21 1308.50
15 1.16E+07 2.05E+06 13 1 420 4 122.21 1308.50
20 1.09E+07 2.73E+06 12 1 420 4 117.66 1257.60
25 1.02E+07  3.42E+06 11 2 420 4 113.11 1206.60
30 956E+06  4.10E+06 11 2 420 4 113.11 1206.60
35 8.88E+06 4.78E+06 10 2 420 4 108.56 1155.60
40 8.20E+06 5.46E+06 9 2 420 4 104.02 1104.60
45 751E+06  6.15E+06 9 2 420 4 104.02 1104.60
50 6.83E+06  6.83E+06 8 3 420 4 99.47 1053.60
55 6.15E+06 7.51E+06 7 3 420 4 99.47 1053.60
60 5.46E+06 8.20E+06 7 3 420 4 99.47 1053.60
65 4.78E+06 8.88E+06 6 3 420 4 99.47 1053.60
70 4.10E+06 9.56E+06 5 3 420 4 99.47 1053.60
75 3.42E+06  1.02E+07 5 3 420 4 99.47 1053.60
80 273E+06  1.09E+07 4 4 420 4 99.47 1053.60
85 2.05E+06 1.16E+07 3 4 420 4 99.47 1053.60
90 1.37E+06  1.23E+07 3 4 420 4 99.47 1053.60
95 6.83E+05 1.30E+07 2 4 420 4 99.47 1053.60

Table C.92 Reaults of power-MSF-RO-AR Configuration for Augustat 100% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.30E+07 6.83E+05 14 1 466 3 145.22 1560.70
10 1.23E+07 1.37E+06 13 1 466 3 140.67 1509.70
15 1.16E+07 2.05E+06 13 1 466 3 140.67 1509.70
20 1.09E+07 2.73E+06 12 1 466 3 136.12 1458.70
25 1.02E+07  3.42E+06 11 2 466 3 131.57 1407.70
30 956E+06  4.10E+06 11 2 466 3 131.57 1407.70
35 8.88E+06 4.78E+06 10 2 466 3 127.02 1356.70
40 8.20E+06 5.46E+06 9 2 466 3 122.47 1305.70
45 751E+06 6.15E+06 9 2 466 3 122.47 1305.70
50 6.83E+06 6.83E+06 8 3 466 4 103.48 1096.10
55 6.15E+06 7.51E+06 7 3 466 4 103.48 1096.10
60 5.46E+06 8.20E+06 7 3 466 4 103.48 1096.10
65 4.78E+06 8.88E+06 6 3 466 4 103.48 1096.10
70 4.10E+06 9.56E+06 5 3 466 4 103.48 1096.10
75 3.42E+06  1.02E+07 5 3 466 4 103.48 1096.10
80 2.73E+06  1.09E+07 4 4 466 4 103.48 1096.10
85 2.05E+06 1.16E+07 3 4 466 4 103.48 1096.10
90 1.37E+06  1.23E+07 3 4 466 4 103.48 1096.10
95 6.83E+05 1.30E+07 2 4 466 4 103.48 1096.10
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September

Table C.93 Results of power-M SF-RO-AR Configuration for September at 10% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.21E+07 6.39E+05 13 1 42 6 109.66 1164.30
10 1.15E+07 1.28E+06 13 1 42 6 109.66 1164.30
15 1.09E+07 1.92E+06 12 1 42 6 105.26 1114.90
20 1.02E+07 2.55E+06 12 1 42 6 105.26 1114.90
25 958E+06 3.19E+06 11 1 42 6 105.26 1114.90
30 8.94E+06 3.83E+06 10 2 42 6 105.26 1114.90
35 8.30E+06 4.47E+06 10 2 42 6 105.26 1114.90
40 7.66E+06 5.11E+06 9 2 42 6 105.26 1114.90
45 7.02E+06  5.75E+06 8 2 42 6 105.26 1114.90
50 6.39E+06  6.39E+06 8 2 42 6 105.26 1114.90
55 5.75E+06  7.02E+06 7 3 42 6 105.26 1114.90
60 5.11E+06 7.66E+06 6 3 42 6 105.26 1114.90
65 4.47E+06  8.30E+06 6 3 42 6 105.26 1114.90
70 3.83E+06 8.94E+06 5 3 42 6 105.26 1114.90
75 3.19E+06 9.58E+06 4 3 42 6 105.26 1114.90
80 255E+06  1.02E+07 4 4 42 6 105.26 1114.90
85 1.92E+06  1.09E+07 3 4 42 6 105.26 1114.90
90 1.28E+06  1.15E+07 2 4 42 6 105.26 1114.90
95 6.39E+05 1.21E+07 2 4 42 6 105.26 1114.90

Table C.94 Results of power-M SF-RO-AR Configuration for September at 20% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.21E+07 6.39E+05 13 1 84 5 105.00 1120.40
10 1.15E+07 1.28E+06 13 1 84 5 105.00 1120.40
15 1.09E+07 1.92E+06 12 1 84 5 100.60 1071.00
20 1.02E+07 2.55E+06 12 1 84 5 100.60 1071.00
25 958E+06 3.19E+06 11 1 84 5 96.20 1021.70
30 8.94E+06 3.83E+06 10 2 84 5 91.80 972.35
35 8.30E+06 4.47E+06 10 2 84 5 91.80 972.35
40 7.66E+06 5.11E+06 9 2 84 5 91.80 972.35
45 7.02E+06  5.75E+06 8 2 84 5 91.80 972.35
50 6.39E+06  6.39E+06 8 2 84 5 91.80 972.35
55 5.75E+06  7.02E+06 7 3 84 6 108.77 1152.10
60 5.11E+06 7.66E+06 6 3 84 6 108.77 1152.10
65 4.47E+06  8.30E+06 6 3 84 6 108.77 1152.10
70 3.83E+06 8.94E+06 5 3 84 6 108.77 1152.10
75 3.19E+06 9.58E+06 4 3 84 6 108.77 1152.10
80 255E+06  1.02E+07 4 4 84 6 108.77 1152.10
85 1.92E+06  1.09E+07 3 4 84 6 108.77 1152.10
90 1.28E+06  1.15E+07 2 4 84 6 108.77 1152.10
95 6.39E+05 1.21E+07 2 4 84 6 108.77 1152.10
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Table C.95 Results of power-M SF-RO-AR Configuration for September at 30% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.21E+07 6.39E+05 13 1 125 5 108.34 1155.70
10 1.15E+07 1.28E+06 13 1 125 5 108.34 1155.70
15 1.09E+07 1.92E+06 12 1 125 5 103.94 1106.40
20 1.02E+07 2.55E+06 12 1 125 5 103.94 1106.40
25 9.58E+06 3.19E+06 11 1 125 5 99.54 1057.00
30 8.94E+06 3.83E+06 10 2 125 5 95.13 1007.70
35 8.30E+06 4.47E+06 10 2 125 5 95.13 1007.70
40 7.66E+06 5.11E+06 9 2 125 5 95.13 1007.70
45 7.02E+06 5.75E+06 8 2 125 5 95.13 1007.70
50 6.39E+06 6.39E+06 8 2 125 5 95.13 1007.70
55 5.75E+06 7.02E+06 7 3 125 5 95.13 1007.70
60 5.11E+06 7.66E+06 6 3 125 5 95.13 1007.70
65 4.47E+06 8.30E+06 6 3 125 5 95.13 1007.70
70 3.83E+06 8.94E+06 5 3 125 5 95.13 1007.70
75 3.19E+06 9.58E+06 4 3 125 5 95.13 1007.70
80 2.55E+06 1.02E+07 4 4 125 5 95.13 1007.70
85 1.92E+06 1.09E+07 3 4 125 5 95.13 1007.70
90 1.28E+06 1.15E+07 2 4 125 5 95.13 1007.70
95 6.39E+05 1.21E+07 2 4 125 5 95.13 1007.70

Table C.96 Results of power-M SF-RO-AR Configuration for September at 40% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.21E+07 6.39E+05 13 1 167 5 111.67 1191.00
10 1.15E+07 1.28E+06 13 1 167 5 111.67 1191.00
15 1.09E+07 1.92E+06 12 1 167 5 107.27 1141.70
20 1.02E+07 2.55E+06 12 1 167 5 107.27 1141.70
25 958E+06 3.19E+06 11 1 167 5 102.87 1092.30
30 8.94E+06 3.83E+06 10 2 167 5 98.47 1043.00
35 8.30E+06 4.47E+06 10 2 167 5 98.47 1043.00
40 7.66E+06 5.11E+06 9 2 167 5 98.47 1043.00
45 7.02E+06 5.75E+06 8 2 167 5 98.47 1043.00
50 6.39E+06  6.39E+06 8 2 167 5 98.47 1043.00
55 5.75E+06  7.02E+06 7 3 167 5 98.47 1043.00
60 5.11E+06 7.66E+06 6 3 167 5 98.47 1043.00
65 4.47E+06  8.30E+06 6 3 167 5 98.47 1043.00
70 3.83E+06 8.94E+06 5 3 167 5 98.47 1043.00
75 3.19E+06 9.58E+06 4 3 167 5 98.47 1043.00
80 255E+06  1.02E+07 4 4 167 5 98.47 1043.00
85 1.92E+06  1.09E+07 3 4 167 5 98.47 1043.00
90 1.28E+06  1.15E+07 2 4 167 5 98.47 1043.00
95 6.39E+05 1.21E+07 2 4 167 5 98.47 1043.00
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Table C.97 Results of power-M SF-RO-AR Configuration for September at 50% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m’ million $ ktonne
5 1.21E+07 6.39E+05 13 1 208 5 114.82 1224.40
10 1.15E+07 1.28E+06 13 1 208 5 114.82 1224.40
15 1.09E+07 1.92E+06 12 1 208 5 110.42 1175.00
20 1.02E+07 2.55E+06 12 1 208 5 110.42 1175.00
25 9.58E+06  3.19E+06 11 1 208 5 106.02 1125.70
30 8.94E+06  3.83E+06 10 2 208 5 101.61 1076.30
35 8.30E+06  4.47E+06 10 2 208 5 101.61 1076.30
40 7.66E+06 5.11E+06 9 2 208 5 101.61 1076.30
45 7.02E+06 5.75E+06 8 2 208 5 101.61 1076.30
50 6.39E+06  6.39E+06 8 2 208 5 101.61 1076.30
55 5.75E+06  7.02E+06 7 3 208 5 101.61 1076.30
60 5.11E+06 7.66E+06 6 3 208 5 101.61 1076.30
65 4.47E+06  8.30E+06 6 3 208 5 101.61 1076.30
70 3.83E+06 8.94E+06 5 3 208 5 101.61 1076.30
75 3.19E+06 9.58E+06 4 3 208 5 101.61 1076.30
80 2.55E+06  1.02E+07 4 4 208 5 101.61 1076.30
85 1.92E+06  1.09E+07 3 4 208 5 101.61 1076.30
90 1.28E+06  1.15E+07 2 4 208 5 101.61 1076.30
95 6.39E+05 1.21E+07 2 4 208 5 101.61 1076.30

Table C.98 Results of power-M SF-RO-AR Configuration for September at 60% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.21E+07 6.39E+05 13 1 250 4 109.25 1170.80
10 1.15E+07 1.28E+06 13 1 250 4 109.25 1170.80
15 1.09E+07 1.92E+06 12 1 250 4 104.85 1121.50
20 1.02E+07 2.55E+06 12 1 250 4 104.85 1121.50
25 958E+06 3.19E+06 11 1 250 4 100.45 1072.20
30 8.94E+06 3.83E+06 10 2 250 4 96.05 1022.80
35 8.30E+06 4.47E+06 10 2 250 4 96.05 1022.80
40 7.66E+06 5.11E+06 9 2 250 4 91.65 973.47
45 7.02E+06  5.75E+06 8 2 250 4 87.24 924.13
50 6.39E+06  6.39E+06 8 2 250 4 87.24 924.13
55 5.75E+06  7.02E+06 7 3 250 5 104.72 1109.20
60 5.11E+06 7.66E+06 6 3 250 5 104.72 1109.20
65 4.47E+06  8.30E+06 6 3 250 5 104.72 1109.20
70 3.83E+06 8.94E+06 5 3 250 5 104.72 1109.20
75 3.19E+06 9.58E+06 4 3 250 5 104.72 1109.20
80 255E+06  1.02E+07 4 4 250 5 104.72 1109.20
85 1.92E+06 1.09E+07 3 4 250 5 104.72 1109.20
90 1.28E+06  1.15E+07 2 4 250 5 104.72 1109.20
95 6.39E+05 1.21E+07 2 4 250 5 104.72 1109.20
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Table C.99 Results of power-M SF-RO-AR Configuration for September a 70% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m°® m°® million $ ktonne
5 1.21E+07 6.39E+05 13 1 292 4 111.92 1199.10
10 1.15E+07 1.28E+06 13 1 292 4 111.92 1199.10
15 1.09E+07 1.92E+06 12 1 292 4 107.52 1149.70
20 1.02E+07 2.55E+06 12 1 292 4 107.52 1149.70
25 958E+06 3.19E+06 11 1 292 4 103.11 1100.40
30 8.94E+06 3.83E+06 10 2 292 4 98.71 1051.00
35 8.30E+06 4.47E+06 10 2 292 4 98.71 1051.00
40 7.66E+06 5.11E+06 9 2 292 4 94.31 1001.70
45 7.02E+06 5.75E+06 8 2 292 4 89.91 952.37
50 6.39E+06  6.39E+06 8 2 292 4 89.91 952.37
55 5.75E+06  7.02E+06 7 3 292 4 89.91 952.37
60 5.11E+06 7.66E+06 6 3 292 4 89.91 952.37
65 4.47E+06  8.30E+06 6 3 292 4 89.91 952.37
70 3.83E+06 8.94E+06 5 3 292 4 89.91 952.37
75 3.19E+06 9.58E+06 4 3 292 4 89.91 952.37
80 255E+06  1.02E+07 4 4 292 4 89.91 952.37
85 1.92E+06  1.09E+07 3 4 292 4 89.91 952.37
90 1.28E+06  1.15E+07 2 4 292 4 89.91 952.37
95 6.39E+05 1.21E+07 2 4 292 4 89.91 952.37

Table C.100 Results of power-M SF-RO-AR Configuration for September at 80% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.21E+07 6.39E+05 13 1 334 4 114.31 1224.50
10 1.15E+07 1.28E+06 13 1 334 4 114.31 1224.50
15 1.09E+07 1.92E+06 12 1 334 4 109.91 1175.10
20 1.02E+07  2.55E+06 12 1 334 4 109.91 1175.10
25 958E+06 3.19E+06 11 1 334 4 105.51 1125.80
30 8.94E+06 3.83E+06 10 2 334 4 101.11 1076.40
35 8.30E+06 4.47E+06 10 2 334 4 101.11 1076.40
40 7.66E+06 5.11E+06 9 2 334 4 96.71 1027.10
45 7.02E+06 5.75E+06 8 2 334 4 92.31 977.76
50 6.39E+06  6.39E+06 8 2 334 4 92.31 977.76
55 5.75E+06  7.02E+06 7 3 334 4 92.31 977.76
60 5.11E+06 7.66E+06 6 3 334 4 92.31 977.76
65 4.47E+06  8.30E+06 6 3 334 4 92.31 977.76
70 3.83E+06 8.94E+06 5 3 334 4 92.31 977.76
75 3.19E+06 9.58E+06 4 3 334 4 92.31 977.76
80 255E+06  1.02E+07 4 4 334 4 92.31 977.76
85 1.92E+06  1.09E+07 3 4 334 4 92.31 977.76
90 1.28E+06  1.15E+07 2 4 334 4 92.31 977.76
95 6.39E+05 1.21E+07 2 4 334 4 92.31 977.76
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Table C.101 Results of power-M SF-RO-AR Configuration for September at 90% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m°® m°® million $ ktonne
5 1.21E+07 6.39E+05 13 1 375 4 116.37 1246.20
10 1.15E+07 1.28E+06 13 1 375 4 116.37 1246.20
15 1.09E+07 1.92E+06 12 1 375 4 111.96 1196.80
20 1.02E+07 2.55E+06 12 1 375 4 111.96 1196.80
25 958E+06 3.19E+06 11 1 375 4 107.56 1147.50
30 8.94E+06 3.83E+06 10 2 375 4 103.16 1098.20
35 8.30E+06 4.47E+06 10 2 375 4 103.16 1098.20
40 7.66E+06 5.11E+06 9 2 375 4 98.76 1048.80
45 7.02E+06 5.75E+06 8 2 375 4 94.36 999.48
50 6.39E+06  6.39E+06 8 2 375 4 94.36 999.48
55 5.75E+06  7.02E+06 7 3 375 4 94.36 999.48
60 5.11E+06 7.66E+06 6 3 375 4 94.36 999.48
65 4.47E+06  8.30E+06 6 3 375 4 94.36 999.48
70 3.83E+06 8.94E+06 5 3 375 4 94.36 999.48
75 3.19E+06 9.58E+06 4 3 375 4 94.36 999.48
80 255E+06  1.02E+07 4 4 375 4 94.36 999.48
85 1.92E+06  1.09E+07 3 4 375 4 94.36 999.48
90 1.28E+06  1.15E+07 2 4 375 4 94.36 999.48
95 6.39E+05 1.21E+07 2 4 375 4 94.36 999.48

Table C.102 Results of power-MSF-RO-AR Configuration for September at 100%

AR load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.21E+07 6.39E+05 13 1 417 3 132.06 1417.90
10 1.15E+07 1.28E+06 13 1 417 3 132.06 1417.90
15 1.09E+07 1.92E+06 12 1 417 3 127.66 1368.50
20 1.02E+07  2.55E+06 12 1 417 3 127.66 1368.50
25 958E+06 3.19E+06 11 1 417 3 123.26 1319.20
30 8.94E+06 3.83E+06 10 2 417 3 118.85 1269.80
35 8.30E+06 4.47E+06 10 2 417 3 118.85 1269.80
40 7.66E+06 5.11E+06 9 2 417 3 114.45 1220.50
45 7.02E+06 5.75E+06 8 2 417 3 110.05 1171.10
50 6.39E+06  6.39E+06 8 2 417 3 110.05 1171.10
55 5.75E+06  7.02E+06 7 3 417 3 105.65 1121.80
60 5.11E+06 7.66E+06 6 3 417 3 101.25 1072.50
65 4.47E+06  8.30E+06 6 3 417 3 101.25 1072.50
70 3.83E+06 8.94E+06 5 3 417 3 101.25 1072.50
75 3.19E+06 9.58E+06 4 3 417 3 101.25 1072.50
80 255E+06  1.02E+07 4 4 417 4 96.15 1018.40
85 1.92E+06  1.09E+07 3 4 417 4 96.15 1018.40
90 1.28E+06  1.15E+07 2 4 417 4 96.15 1018.40
95 6.39E+05 1.21E+07 2 4 417 4 96.15 1018.40
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October

Table C.103 Results of power-M SF-RO-AR Configuration for October at 10% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.15E+07  6.04E+05 13 1 25 5 103.41 1103.80
10 1.09E+07 1.21E+06 12 1 25 5 98.86 1052.80
15 1.03E+07 1.81E+06 11 1 25 5 94.32 1001.80
20 9.67E+06 2.42E+06 11 1 25 5 94.32 1001.80
25 9.06E+06  3.02E+06 10 1 25 5 89.77 950.86
30 8.46E+06 3.63E+06 10 2 25 5 89.77 950.86
35 7.86E+06  4.23E+06 9 2 25 5 89.77 950.86
40 7.25E+06  4.83E+06 8 2 25 5 89.77 950.86
45 6.65E+06  5.44E+06 8 2 25 5 89.77 950.86
50 6.04E+06  6.04E+06 7 2 25 5 89.77 950.86
55 5.44E+06 6.65E+06 7 2 25 5 89.77 950.86
60 4.83E+06 7.25E+06 6 3 25 5 89.77 950.86
65 423E+06 7.86E+06 5 3 25 5 89.77 950.86
70 3.63E+06 8.46E+06 5 3 25 5 89.77 950.86
75 3.02E+06 9.06E+06 4 3 25 5 89.77 950.86
80 2.42E+06 9.67E+06 4 3 25 5 89.77 950.86
85 1.81E+06 1.03E+07 3 4 25 5 89.77 950.86
90 1.21E+06  1.09E+07 2 4 25 5 89.77 950.86
95 6.04E+05 1.15E+07 2 4 25 5 89.77 950.86

Table C.104 Results of power-MSF-RO-AR Configuration for October at 20% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.15E+07  6.04E+05 13 1 51 4 97.24 1044.10
10 1.09E+07 1.21E+06 12 1 51 4 92.69 993.09
15 1.03E+07 1.81E+06 11 1 51 4 88.15 942.10
20 9.67E+06 2.42E+06 11 1 51 4 88.15 942.10
25 9.06E+06  3.02E+06 10 1 51 4 83.60 891.11
30 8.46E+06 3.63E+06 10 2 51 5 92.03 974.79
35 7.86E+06  4.23E+06 9 2 51 5 92.03 974.79
40 7.25E+06  4.83E+06 8 2 51 5 92.03 974.79
45 6.65E+06  5.44E+06 8 2 51 5 92.03 974.79
50 6.04E+06  6.04E+06 7 2 51 5 92.03 974.79
55 5.44E+06 6.65E+06 7 2 51 5 92.03 974.79
60 4.83E+06 7.25E+06 6 3 51 5 92.03 974.79
65 423E+06 7.86E+06 5 3 51 5 92.03 974.79
70 3.63E+06 8.46E+06 5 3 51 5 92.03 974.79
75 3.02E+06 9.06E+06 4 3 51 5 92.03 974.79
80 2.42E+06 9.67E+06 4 3 51 5 92.03 974.79
85 1.81E+06 1.03E+07 3 4 51 5 92.03 974.79
90 1.21E+06  1.09E+07 2 4 51 5 92.03 974.79
95 6.04E+05 1.15E+07 2 4 51 5 92.03 974.79
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Table C.105 Results of power-MSF-RO-AR Configuration for October at 30% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.15E+07  6.04E+05 13 1 76 4 99.37 1066.60
10 1.09E+07 1.21E+06 12 1 76 4 94.83 1015.70
15 1.03E+07 1.81E+06 11 1 76 4 90.28 964.68
20 9.67E+06 2.42E+06 11 1 76 4 90.28 964.68
25 9.06E+06 3.02E+06 10 1 76 4 85.73 913.69
30 8.46E+06 3.63E+06 10 2 76 4 85.73 913.69
35 7.86E+06  4.23E+06 9 2 76 4 81.18 862.70
40 7.25E+06  4.83E+06 8 2 76 4 76.63 811.72
45 6.65E+06  5.44E+06 8 2 76 4 76.63 811.72
50 6.04E+06  6.04E+06 7 2 76 4 76.63 811.72
55 5.44E+06 6.65E+06 7 2 76 4 76.63 811.72
60 4.83E+06 7.25E+06 6 3 76 5 94.18 997.54
65 423E+06 7.86E+06 5 3 76 5 94.18 997.54
70 3.63E+06 8.46E+06 5 3 76 5 94.18 997.54
75 3.02E+06 9.06E+06 4 3 76 5 94.18 997.54
80 2.42E+06 9.67E+06 4 3 76 5 94.18 997.54
85 1.81E+06 1.03E+07 3 4 76 5 94.18 997.54
90 1.21E+06  1.09E+07 2 4 76 5 94.18 997.54
95 6.04E+05 1.15E+07 2 4 76 5 94.18 997.54

Table C.106 Results of power-MSF-RO-AR Configuration for October at 40% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m’ m’ million $ ktonne
5 1.15E+07  6.04E+05 13 1 101 4 101.47 1088.80
10 1.09E+07 1.21E+06 12 1 101 4 96.92 1037.90
15 1.03E+07 1.81E+06 11 1 101 4 92.37 986.87
20 9.67E+06 2.42E+06 11 1 101 4 92.37 986.87
25 9.06E+06  3.02E+06 10 1 101 4 87.82 935.88
30 8.46E+06 3.63E+06 10 2 101 4 87.82 935.88
35 7.86E+06  4.23E+06 9 2 101 4 83.28 884.90
40 7.25E+06  4.83E+06 8 2 101 4 78.73 833.91
45 6.65E+06  5.44E+06 8 2 101 4 78.73 833.91
50 6.04E+06  6.04E+06 7 2 101 4 78.73 833.91
55 5.44E+06 6.65E+06 7 2 101 4 78.73 833.91
60 4.83E+06 7.25E+06 6 3 101 4 78.73 833.91
65 423E+06 7.86E+06 5 3 101 4 78.73 833.91
70 3.63E+06 8.46E+06 5 3 101 4 78.73 833.91
75 3.02E+06 9.06E+06 4 3 101 4 78.73 833.91
80 2.42E+06 9.67E+06 4 3 101 4 78.73 833.91
85 1.81E+06 1.03E+07 3 4 101 4 78.73 833.91
90 1.21E+06  1.09E+07 2 4 101 4 78.73 833.91
95 6.04E+05 1.15E+07 2 4 101 4 78.73 833.91
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Table C.107 Results of power-MSF-RO-AR Configuration for October at 50% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m’ million $ ktonne
5 1.15E+07  6.04E+05 13 1 126 4 103.52 1110.60
10 1.09E+07 1.21E+06 12 1 126 4 98.98 1059.60
15 1.03E+07 1.81E+06 11 1 126 4 94.43 1008.60
20 9.67E+06  2.42E+06 11 1 126 4 94.43 1008.60
25 9.06E+06  3.02E+06 10 1 126 4 89.88 957.65
30 8.46E+06 3.63E+06 10 2 126 4 89.88 957.65
35 7.86E+06  4.23E+06 9 2 126 4 85.33 906.66
40 7.25E+06 4.83E+06 8 2 126 4 80.78 855.68
45 6.65E+06  5.44E+06 8 2 126 4 80.78 855.68
50 6.04E+06  6.04E+06 7 2 126 4 80.78 855.68
55 5.44E+06 6.65E+06 7 2 126 4 80.78 855.68
60 4.83E+06  7.25E+06 6 3 126 4 80.78 855.68
65 4.23E+06  7.86E+06 5 3 126 4 80.78 855.68
70 3.63E+06 8.46E+06 5 3 126 4 80.78 855.68
75 3.02E+06  9.06E+06 4 3 126 4 80.78 855.68
80 242E+06  9.67E+06 4 3 126 4 80.78 855.68
85 1.81E+06  1.03E+07 3 4 126 4 80.78 855.68
90 1.21E+06  1.09E+07 2 4 126 4 80.78 855.68
95 6.04E+05 1.15E+07 2 4 126 4 80.78 855.68

Table C.108 Results of power-MSF-RO-AR Configuration for October at 60% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.15E+07  6.04E+05 13 1 151 4 105.53 1131.90
10 1.09E+07 1.21E+06 12 1 151 4 100.98 1080.90
15 1.03E+07 1.81E+06 11 1 151 4 96.44 1029.90
20 9.67E+06 2.42E+06 11 1 151 4 96.44 1029.90
25 9.06E+06  3.02E+06 10 1 151 4 91.89 978.92
30 8.46E+06  3.63E+06 10 2 151 4 91.89 978.92
35 7.86E+06  4.23E+06 9 2 151 4 87.34 927.93
40 7.25E+06  4.83E+06 8 2 151 4 82.79 876.95
45 6.65E+06  5.44E+06 8 2 151 4 82.79 876.95
50 6.04E+06  6.04E+06 7 2 151 4 82.79 876.95
55 5.44E+06 6.65E+06 7 2 151 4 82.79 876.95
60 4.83E+06 7.25E+06 6 3 151 4 82.79 876.95
65 423E+06 7.86E+06 5 3 151 4 82.79 876.95
70 3.63E+06 8.46E+06 5 3 151 4 82.79 876.95
75 3.02E+06 9.06E+06 4 3 151 4 82.79 876.95
80 2.42E+06 9.67E+06 4 3 151 4 82.79 876.95
85 1.81E+06 1.03E+07 3 4 151 4 82.79 876.95
90 1.21E+06  1.09E+07 2 4 151 4 82.79 876.95
95 6.04E+05 1.15E+07 2 4 151 4 82.79 876.95
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Table C.109 Results of power-MSF-RO-AR Configuration for October at 70% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m°® m°® million $ ktonne
5 1.15E+07  6.04E+05 13 1 177 4 107.56 1153.40
10 1.09E+07 1.21E+06 12 1 177 4 103.02 1102.40
15 1.03E+07 1.81E+06 11 1 177 4 98.47 1051.40
20 9.67E+06 2.42E+06 11 1 177 4 98.47 1051.40
25 9.06E+06  3.02E+06 10 1 177 4 93.92 1000.40
30 8.46E+06 3.63E+06 10 2 177 4 93.92 1000.40
35 7.86E+06  4.23E+06 9 2 177 4 89.37 949.46
40 7.25E+06  4.83E+06 8 2 177 4 84.82 898.48
45 6.65E+06 5.44E+06 8 2 177 4 84.82 898.48
50 6.04E+06  6.04E+06 7 2 177 4 84.82 898.48
55 5.44E+06 6.65E+06 7 2 177 4 84.82 898.48
60 4.83E+06 7.25E+06 6 3 177 4 84.82 898.48
65 423E+06  7.86E+06 5 3 177 4 84.82 898.48
70 3.63E+06 8.46E+06 5 3 177 4 84.82 898.48
75 3.02E+06 9.06E+06 4 3 177 4 84.82 898.48
80 2.42E+06 9.67E+06 4 3 177 4 84.82 898.48
85 1.81E+06 1.03E+07 3 4 177 4 84.82 898.48
90 1.21E+06  1.09E+07 2 4 177 4 84.82 898.48
95 6.04E+05 1.15E+07 2 4 177 4 84.82 898.48

Table C.110 Results of power-MSF-RO-AR Configuration for October at 80% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.15E+07  6.04E+05 13 1 202 4 109.46 1173.50
10 1.09E+07 1.21E+06 12 1 202 4 104.91 1122.50
15 1.03E+07 1.81E+06 11 1 202 4 100.36 1071.50
20 9.67E+06 2.42E+06 11 1 202 4 100.36 1071.50
25 9.06E+06  3.02E+06 10 1 202 4 95.81 1020.50
30 8.46E+06 3.63E+06 10 2 202 4 95.81 1020.50
35 7.86E+06  4.23E+06 9 2 202 4 91.26 969.51
40 7.25E+06  4.83E+06 8 2 202 4 86.72 918.53
45 6.65E+06  5.44E+06 8 2 202 4 86.72 918.53
50 6.04E+06  6.04E+06 7 2 202 4 86.72 918.53
55 5.44E+06 6.65E+06 7 2 202 4 86.72 918.53
60 4.83E+06 7.25E+06 6 3 202 4 86.72 918.53
65 423E+06 7.86E+06 5 3 202 4 86.72 918.53
70 3.63E+06 8.46E+06 5 3 202 4 86.72 918.53
75 3.02E+06 9.06E+06 4 3 202 4 86.72 918.53
80 2.42E+06 9.67E+06 4 3 202 4 86.72 918.53
85 1.81E+06 1.03E+07 3 4 202 4 86.72 918.53
90 1.21E+06  1.09E+07 2 4 202 4 86.72 918.53
95 6.04E+05 1.15E+07 2 4 202 4 86.72 918.53
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Table C.111 Results of power-MSF-RO-AR Configuration for October at 90% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m°® m°® million $ ktonne
5 1.15E+07  6.04E+05 13 1 227 3 102.01 1100.20
10 1.09E+07 1.21E+06 12 1 227 3 97.46 1049.20
15 1.03E+07 1.81E+06 11 1 227 3 92.91 998.23
20 9.67E+06 2.42E+06 11 1 227 3 92.91 998.23
25 9.06E+06  3.02E+06 10 1 227 3 88.37 947.25
30 8.46E+06 3.63E+06 10 2 227 3 88.37 947.25
35 7.86E+06  4.23E+06 9 2 227 3 83.82 896.26
40 7.25E+06  4.83E+06 8 2 227 3 79.27 845.27
45 6.65E+06  5.44E+06 8 2 227 3 79.27 845.27
50 6.04E+06  6.04E+06 7 2 227 3 74.72 794.29
55 5.44E+06 6.65E+06 7 2 227 3 74.72 794.29
60 4.83E+06 7.25E+06 6 3 227 4 88.54 937.86
65 423E+06 7.86E+06 5 3 227 4 88.54 937.86
70 3.63E+06 8.46E+06 5 3 227 4 88.54 937.86
75 3.02E+06 9.06E+06 4 3 227 4 88.54 937.86
80 2.42E+06 9.67E+06 4 3 227 4 88.54 937.86
85 1.81E+06 1.03E+07 3 4 227 4 88.54 937.86
90 1.21E+06  1.09E+07 2 4 227 4 88.54 937.86
95 6.04E+05 1.15E+07 2 4 227 4 88.54 937.86

Table C.112 Results of power-MSF-RO-AR Configuration for October at 100% AR

load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.15E+07  6.04E+05 13 1 252 3 103.46 1115.50
10 1.09E+07 1.21E+06 12 1 252 3 98.91 1064.60
15 1.03E+07 1.81E+06 11 1 252 3 94.36 1013.60
20 9.67E+06 2.42E+06 11 1 252 3 94.36 1013.60
25 9.06E+06  3.02E+06 10 1 252 3 89.81 962.59
30 8.46E+06 3.63E+06 10 2 252 3 89.81 962.59
35 7.86E+06  4.23E+06 9 2 252 3 85.27 911.60
40 7.25E+06  4.83E+06 8 2 252 3 80.72 860.61
45 6.65E+06  5.44E+06 8 2 252 3 80.72 860.61
50 6.04E+06  6.04E+06 7 2 252 3 76.17 809.63
55 5.44E+06 6.65E+06 7 2 252 3 76.17 809.63
60 4.83E+06 7.25E+06 6 3 252 3 71.62 758.64
65 423E+06 7.86E+06 5 3 252 3 71.62 758.64
70 3.63E+06 8.46E+06 5 3 252 3 71.62 758.64
75 3.02E+06 9.06E+06 4 3 252 3 71.62 758.64
80 2.42E+06 9.67E+06 4 3 252 3 71.62 758.64
85 1.81E+06 1.03E+07 3 4 252 4 90.29 956.38
90 1.21E+06  1.09E+07 2 4 252 4 90.29 956.38
95 6.04E+05 1.15E+07 2 4 252 4 90.29 956.38
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November

Table C.113 Results of power-MSF-RO-AR Configuration for November at 10%

AR load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.13E+07 5.95E+05 13 1 13 4 90.91 976.58
10 1.07E+07 1.19E+06 12 1 13 4 86.51 927.24
15 1.01E+07 1.78E+06 11 1 13 4 82.11 877.90
20 952E+06 2.38E+06 11 1 13 4 82.11 877.90
25 892E+06 2.97E+06 10 1 13 4 77.71 828.55
30 8.33E+06 3.57E+06 10 2 13 4 77.71 828.55
35 7.73E+06  4.16E+06 9 2 13 4 73.31 779.21
40 7.14E+06 4.76E+06 8 2 13 4 68.91 729.87
45 6.54E+06 5.35E+06 8 2 13 4 68.91 729.87
50 5.95E+06 5.95E+06 7 2 13 4 68.91 729.87
55 5.35E+06 6.54E+06 7 2 13 4 68.91 729.87
60 476E+06  7.14E+06 6 3 13 4 68.91 729.87
65 4.16E+06 7.73E+06 5 3 13 4 68.91 729.87
70 357E+06 8.33E+06 5 3 13 4 68.91 729.87
75 297E+06 8.92E+06 4 3 13 4 68.91 729.87
80 2.38E+06 9.52E+06 4 3 13 4 68.91 729.87
85 1.78E+06  1.01E+07 3 4 13 4 68.91 729.87
90 1.19E+06 1.07E+07 2 4 13 4 68.91 729.87
95 5.95E+05 1.13E+07 2 4 13 4 68.91 729.87

Table C.114 Results of power-MSF-RO-AR Configuration for November at 20%

AR load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.13E+07 5.95E+05 13 1 25 3 83.78 906.43
10 1.07E+07 1.19E+06 12 1 25 3 79.38 857.09
15 1.01E+07 1.78E+06 11 1 25 3 74.97 807.74
20 952E+06 2.38E+06 11 1 25 3 74.97 807.74
25 892E+06 2.97E+06 10 1 25 3 70.57 758.40
30 8.33E+06 3.57E+06 10 2 25 4 78.72 839.31
35 7.73E+06  4.16E+06 9 2 25 4 74.32 789.96
40 7.14E+06 4.76E+06 8 2 25 4 69.92 740.62
45 6.54E+06 5.35E+06 8 2 25 4 69.92 740.62
50 5.95E+06 5.95E+06 7 2 25 4 69.92 740.62
55 5.35E+06 6.54E+06 7 2 25 4 69.92 740.62
60 476E+06  7.14E+06 6 3 25 4 69.92 740.62
65 4.16E+06 7.73E+06 5 3 25 4 69.92 740.62
70 357E+06 8.33E+06 5 3 25 4 69.92 740.62
75 297E+06 8.92E+06 4 3 25 4 69.92 740.62
80 2.38E+06 9.52E+06 4 3 25 4 69.92 740.62
85 1.78E+06  1.01E+07 3 4 25 4 69.92 740.62
90 1.19E+06  1.07E+07 2 4 25 4 69.92 740.62
95 5.95E+05 1.13E+07 2 4 25 4 69.92 740.62
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Table C.115 Results of power-MSF-RO-AR Configuration for November at 30%

AR load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.13E+07 5.95E+05 13 1 38 3 84.86 917.93
10 1.07E+07 1.19E+06 12 1 38 3 80.46 868.59
15 1.01E+07 1.78E+06 11 1 38 3 76.06 819.25
20 952E+06 2.38E+06 11 1 38 3 76.06 819.25
25 8.92E+06 2.97E+06 10 1 38 3 71.66 769.91
30 8.33E+06 3.57E+06 10 2 38 4 79.82 850.88
35 7.73E+06 4.16E+06 9 2 38 4 75.41 801.54
40 7.14E+06 4.76E+06 8 2 38 4 71.01 752.19
45 6.54E+06 5.35E+06 8 2 38 4 71.01 752.19
50 5.95E+06 5.95E+06 7 2 38 4 71.01 752.19
55 5.35E+06 6.54E+06 7 2 38 4 71.01 752.19
60 476E+06  7.14E+06 6 3 38 4 71.01 752.19
65 4.16E+06 7.73E+06 5 3 38 4 71.01 752.19
70 357E+06 8.33E+06 5 3 38 4 71.01 752.19
75 297E+06 8.92E+06 4 3 38 4 71.01 752.19
80 2.38E+06 9.52E+06 4 3 38 4 71.01 752.19
85 1.78E+06  1.01E+07 3 4 38 4 71.01 752.19
90 1.19E+06 1.07E+07 2 4 38 4 71.01 752.19
95 5.95E+05 1.13E+07 2 4 38 4 71.01 752.19

Table C.116 Results of power-MSF-RO-AR Configuration for November at 40%

AR load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.13E+07 5.95E+05 13 1 50 3 85.86 928.45
10 1.07E+07 1.19E+06 12 1 50 3 81.45 879.11
15 1.01E+07 1.78E+06 11 1 50 3 77.05 829.77
20 952E+06 2.38E+06 11 1 50 3 77.05 829.77
25 892E+06 2.97E+06 10 1 50 3 72.65 780.43
30 8.33E+06 3.57E+06 10 2 50 4 80.82 861.49
35 7.73E+06  4.16E+06 9 2 50 4 76.42 812.15
40 7.14E+06 4.76E+06 8 2 50 4 72.01 762.80
45 6.54E+06 5.35E+06 8 2 50 4 72.01 762.80
50 5.95E+06 5.95E+06 7 2 50 4 72.01 762.80
55 5.35E+06 6.54E+06 7 2 50 4 72.01 762.80
60 476E+06  7.14E+06 6 3 50 4 72.01 762.80
65 4.16E+06 7.73E+06 5 3 50 4 72.01 762.80
70 357E+06 8.33E+06 5 3 50 4 72.01 762.80
75 297E+06 8.92E+06 4 3 50 4 72.01 762.80
80 2.38E+06 9.52E+06 4 3 50 4 72.01 762.80
85 1.78E+06  1.01E+07 3 4 50 4 72.01 762.80
90 1.19E+06 1.07E+07 2 4 50 4 72.01 762.80
95 5.95E+05 1.13E+07 2 4 50 4 72.01 762.80
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Table C.117 Results of power-MSF-RO-AR Configuration for November at 50%

AR load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m’ million $ ktonne
5 1.13E+07 5.95E+05 13 1 63 3 86.92 939.73
10 1.07E+07 1.19E+06 12 1 63 3 82.52 890.38
15 1.01E+07 1.78E+06 11 1 63 3 78.12 841.04
20 9.52E+06  2.38E+06 11 1 63 3 78.12 841.04
25 8.92E+06 2.97E+06 10 1 63 3 73.72 791.70
30 8.33E+06 3.57E+06 10 2 63 3 73.72 791.70
35 7.73E+06  4.16E+06 9 2 63 3 69.31 742.36
40 7.14E+06  4.76E+06 8 2 63 3 64.91 693.02
45 6.54E+06  5.35E+06 8 2 63 3 64.91 693.02
50 5.95E+06 5.95E+06 7 2 63 3 60.51 643.68
55 5.35E+06 6.54E+06 7 2 63 3 60.51 643.68
60 4.76E+06  7.14E+06 6 3 63 4 73.09 774.22
65 4.16E+06  7.73E+06 5 3 63 4 73.09 774.22
70 3.57E+06 8.33E+06 5 3 63 4 73.09 774.22
75 2.97E+06 8.92E+06 4 3 63 4 73.09 774.22
80 2.38E+06 9.52E+06 4 3 63 4 73.09 774.22
85 1.78E+06 1.01E+07 3 4 63 4 73.09 774.22
90 1.19E+06 1.07E+07 2 4 63 4 73.09 774.22
95 5.95E+05 1.13E+07 2 4 63 4 73.09 774.22

Table C.118 Results of power-MSF-RO-AR Configuration for November at 60%

AR load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.13E+07 5.95E+05 13 1 75 3 87.89 950.01
10 1.07E+07 1.19E+06 12 1 75 3 83.49 900.67
15 1.01E+07 1.78E+06 11 1 75 3 79.09 851.33
20 952E+06 2.38E+06 11 1 75 3 79.09 851.33
25 892E+06 2.97E+06 10 1 75 3 74.69 801.99
30 8.33E+06 3.57E+06 10 2 75 3 74.69 801.99
35 7.73E+06  4.16E+06 9 2 75 3 70.29 752.64
40 7.14E+06  4.76E+06 8 2 75 3 65.88 703.30
45 6.54E+06 5.35E+06 8 2 75 3 65.88 703.30
50 5.95E+06 5.95E+06 7 2 75 3 61.48 653.96
55 5.35E+06 6.54E+06 7 2 75 3 61.48 653.96
60 4.76E+06  7.14E+06 6 3 75 4 74.08 784.67
65 4.16E+06 7.73E+06 5 3 75 4 74.08 784.67
70 357E+06 8.33E+06 5 3 75 4 74.08 784.67
75 297E+06 8.92E+06 4 3 75 4 74.08 784.67
80 2.38E+06 9.52E+06 4 3 75 4 74.08 784.67
85 1.78E+06  1.01E+07 3 4 75 4 74.08 784.67
90 1.19E+06  1.07E+07 2 4 75 4 74.08 784.67
95 5.95E+05 1.13E+07 2 4 75 4 74.08 784.67
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Table C.119 Results of power-MSF-RO-AR Configuration for November at 70%

AR load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m°® m°® million $ ktonne
5 1.13E+07 5.95E+05 13 1 88 3 88.93 961.01
10 1.07E+07 1.19E+06 12 1 88 3 84.53 911.67
15 1.01E+07 1.78E+06 11 1 88 3 80.13 862.32
20 952E+06 2.38E+06 11 1 88 3 80.13 862.32
25 892E+06 2.97E+06 10 1 88 3 75.72 812.98
30 8.33E+06 3.57E+06 10 2 88 3 75.72 812.98
35 7.73E+06  4.16E+06 9 2 88 3 71.32 763.64
40 7.14E+06 4.76E+06 8 2 88 3 66.92 714.30
45 6.54E+06 5.35E+06 8 2 88 3 66.92 714.30
50 5.95E+06 5.95E+06 7 2 88 3 62.52 664.96
55 5.35E+06 6.54E+06 7 2 88 3 62.52 664.96
60 4.76E+06  7.14E+06 6 3 88 3 58.12 615.62
65 4.16E+06 7.73E+06 5 3 88 3 58.12 615.62
70 357E+06 8.33E+06 5 3 88 3 58.12 615.62
75 297E+06 8.92E+06 4 3 88 3 58.12 615.62
80 2.38E+06 9.52E+06 4 3 88 3 58.12 615.62
85 1.78E+06  1.01E+07 3 4 88 4 75.14 795.89
90 1.19E+06 1.07E+07 2 4 88 4 75.14 795.89
95 5.95E+05 1.13E+07 2 4 88 4 75.14 795.89

Table C.120 Results of power-MSF-RO-AR Configuration for November at 80%

AR load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.13E+07 5.95E+05 13 1 100 3 89.87 971.01
10 1.07E+07 1.19E+06 12 1 100 3 85.47 921.67
15 1.01E+07 1.78E+06 11 1 100 3 81.07 872.33
20 952E+06 2.38E+06 11 1 100 3 81.07 872.33
25 892E+06 2.97E+06 10 1 100 3 76.67 822.99
30 8.33E+06 3.57E+06 10 2 100 3 76.67 822.99
35 7.73E+06  4.16E+06 9 2 100 3 72.27 773.65
40 7.14E+06 4.76E+06 8 2 100 3 67.87 724.31
45 6.54E+06 5.35E+06 8 2 100 3 67.87 724.31
50 5.95E+06 5.95E+06 7 2 100 3 63.47 674.96
55 5.35E+06 6.54E+06 7 2 100 3 63.47 674.96
60 476E+06  7.14E+06 6 3 100 3 59.06 625.62
65 4.16E+06 7.73E+06 5 3 100 3 59.06 625.62
70 357E+06  8.33E+06 5 3 100 3 59.06 625.62
75 297E+06 8.92E+06 4 3 100 3 59.06 625.62
80 2.38E+06 9.52E+06 4 3 100 3 59.06 625.62
85 1.78E+06  1.01E+07 3 4 100 4 76.11 806.16
90 1.19E+06 1.07E+07 2 4 100 4 76.11 806.16
95 5.95E+05 1.13E+07 2 4 100 4 76.11 806.16
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Table C.121 Results of power-MSF-RO-AR Configuration for November at 90%

AR load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m°® m°® million $ ktonne
5 1.13E+07 5.95E+05 13 1 113 3 90.88 981.68
10 1.07E+07 1.19E+06 12 1 113 3 86.48 932.34
15 1.01E+07 1.78E+06 11 1 113 3 82.08 883.00
20 952E+06 2.38E+06 11 1 113 3 82.08 883.00
25 892E+06 2.97E+06 10 1 113 3 77.68 833.66
30 8.33E+06 3.57E+06 10 2 113 3 77.68 833.66
35 7.73E+06  4.16E+06 9 2 113 3 73.28 784.31
40 7.14E+06 4.76E+06 8 2 113 3 68.87 734.97
45 6.54E+06 5.35E+06 8 2 113 3 68.87 734.97
50 5.95E+06 5.95E+06 7 2 113 3 64.47 685.63
55 5.35E+06 6.54E+06 7 2 113 3 64.47 685.63
60 4.76E+06  7.14E+06 6 3 113 3 60.07 636.29
65 4.16E+06 7.73E+06 5 3 113 3 60.07 636.29
70 357E+06  8.33E+06 5 3 113 3 60.07 636.29
75 297E+06 8.92E+06 4 3 113 3 60.07 636.29
80 2.38E+06 9.52E+06 4 3 113 3 60.07 636.29
85 1.78E+06  1.01E+07 3 4 113 4 77.15 817.18
90 1.19E+06  1.07E+07 2 4 113 4 77.15 817.18
95 5.95E+05 1.13E+07 2 4 113 4 77.15 817.18

Table C.122 Results of power-MSF-RO-AR Configuration for November at 100%

AR load
ROload MSFdemand ROdemand MSFunits ROunits AR units NT Fuel cost CO, emissions
% m° m° million $ ktonne
5 1.13E+07 5.95E+05 13 1 125 3 91.79 991.36
10 1.07E+07 1.19E+06 12 1 125 3 87.39 942.01
15 1.01E+07 1.78E+06 11 1 125 3 82.99 892.67
20 952E+06 2.38E+06 11 1 125 3 82.99 892.67
25 892E+06 2.97E+06 10 1 125 3 78.59 843.33
30 8.33E+06 3.57E+06 10 2 125 3 78.59 843.33
35 7.73E+06  4.16E+06 9 2 125 3 74.19 793.99
40 7.14E+06 4.76E+06 8 2 125 3 69.79 744.65
45 6.54E+06 5.35E+06 8 2 125 3 69.79 744.65
50 5.95E+06 5.95E+06 7 2 125 3 65.39 695.31
55 5.35E+06 6.54E+06 7 2 125 3 65.39 695.31
60 476E+06  7.14E+06 6 3 125 3 60.98 645.97
65 4.16E+06 7.73E+06 5 3 125 3 60.98 645.97
70 357E+06 8.33E+06 5 3 125 3 60.98 645.97
75 297E+06 8.92E+06 4 3 125 3 60.98 645.97
80 2.38E+06 9.52E+06 4 3 125 3 60.98 645.97
85 1.78E+06  1.01E+07 3 4 125 3 60.98 645.97
90 1.19E+06 1.07E+07 2 4 125 3 60.98 645.97
95 5.95E+05 1.13E+07 2 4 125 3 60.98 645.97
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