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ABSTRACT

The conversion of Biomass into Biofuel is a viable and long-term solution to the rising demand
for clean energy sources. In current project, we have produced Hydrogen gas from the steam
gasification of Rice Straw (which is a waste of rice crop and frequently available in all over
the Pakistan) for Hydrogen Fuel Cells. This project focuses on the production of hydrogen from
biomass, specifically through the gasification of rice straw. By utilizing this sustainable
feedstock, we aim to address the increasing demand for hydrogen while reducing reliance on
fossil fuels. The project incorporates advanced equipment design and process simulation to
ensure the feasibility and efficiency of large-scale production.This procedure entails the
thermochemical, biochemical, and electrochemical conversion of biomass into hydrogen gas.
The most extensively researched procedures for generating hydrogen from biomass are
thermochemical ones like gasification and pyrolysis. In this project hydrogen, production for
fuel cells is a environmental friendly and can be used in electric vehicles, laptops, cell phones,
marines, spacecraft and aerospace applications. Furthermore, a comprehensive economic
analysis, considering capital and operational costs was also made to evaluate the financial
viability of the project. The analysis indicates a rate of return of 3.7 years, demonstrating the
project's potential for favourable economic outcomes. By achieving six SDGs (1,7,8,9,12 and

13) which shows that this project is environmentally and economically feasible and sustainable.

Keywords: Gasification, biomass, hydrogen, fuel cells, clean energy etc.



Table of Contents

L INEFOTUCTION ..t b et bbbttt b an e 3
IO o 1o | (00T S SRPRSPUSURSR 3
1.2 HYArOgen OCCUITEICE ....e.vvevieuieciieciee e steesteeteesee s e estessaessaesaeaseesseesseenaessaesseansesseesseenseaneenreas 4
1.3 Production Of HYOAIOGEN .......cuiiiiiiieiec e 4
1.4 Properties Of HYAIOQEN ........cviiiiiieee e 5
1.5 Handling Storage and Safety of HYydrogen ..., 5
1.6 ShIpPING OF HYAIOGEN ..ot 6
1.7 REACHION OF PIOUUCT........cuiitiiiiiiieieietet ettt bbbt 6
1.8 Applications OF HYAIOGEN ......ccuviiiiiiieeie st 7
1.8.1 Numerous industrial processes Use NYArOgEN. .........cceiveieeieeiieie e 7
1.8.2 For space exploration, hydrogen is USEd. ..........cceieiiieiiiieiic e 7
1.8.3 In hydrogen fuel cells, energy is generated............cccevveieeieeiieie e 7
1.8.4 Burning hydrogen for Energy reduction ............ccocceoveiieieiieeieese e 8
1.8.5 Vehicular use Of NYArOQEN. ........ooieiiiiece et 8
1.9 BIomMass (RICE SEFAW).....cc.eciuieiiieic ettt ettt e e s steen e teesteenbeennenreas 9
1.10 Production and Consumption of HYdrogen ...........ccccveeiieiecie s 11
1.11 Market Assessment Of HYAIOGEN .........oouviiiiiiiiiee e 13
1.12 Hydrogen FUET CelIS ......cc.oiiieeeee e 14
1.13 Applications of Hydrogen FUel Cells...........cooiiiiiiiiiiee e 15
2 Available ManufaCturing PrOCESSES........couiiiiiiiiiiiieieie ettt 18
2.1 Natural Gas REfOIMIING ........coiiiiiiieieiese bbb 18
2.2 Gasification Process 0f COal..........couiiiiiiiiiiieieeee e 19
2.3 Electrolysis for Hydrogen ProduCtion ............ccocieiiiiiieiie e 20
2.4 Production of Hydrogen from Biomass Gasification..............cccceevvevieiieesie i sie e 21
2.5 PrOCESS SEIECTION ...t 24

2.6 ProCeSS SEIBCLION ... 24



2.7 ProCESS DESCIIPLION .....eivieiieie ettt e ettt te e e e e e ae e e s raebeaneesaeesseeneeeneenneens 24

2.7.1 Pretreatment Of RICE STTAW .........oviiiriiiiieei e 25
2.7.2 Gasification OF RICE STIAW ..........ccuiiiriiiiiiiciei e 25
2.7.3 CYCIONE SEPATALION .....eoveeiiiciie ittt re e be e e saaesreaneennaenne e 25
2.7.4 GAS PUIMTICALION. ...ttt bbbttt 25
2.7.5 Membrane Water Gas Shift REACION ...........ccooiiiiiiie e, 26
2.8 CaAPACILY SEIBCTION......eiuiiiitiie bbb 26
2.9 Process FIOW DIAGIAM ......ccuoiuiiiiieieieiieste ettt bbb 27
S MaALErIAIBAIANCE ... e 30
3.1Material balance around Gasifier (G-101) .......cccceiuriiriieiereeee e, 31
3.2 Material Balance around Cyclone Separator (CS-101)........cccccveviiiieiieeniesire e, 36
3.3 Material Balance around Scrubber (A-101):......c.cccooieiieiiie e 38
3.4 Material Balance around Stripper (ST-101): ...coovoiiiieiieie e 41
3.5 Material Balance around Membrane Reactor (MR-101) ........cccccceeveiiieniiieiie e, 43
AENEIGYBAIANCE ...t nne s 48
4.1 Energy balance around Gasifier (G-101) ........cccciveriiiiiiiieie e 48
4.2 Energy Balance around Waste Heat Boiler (WHB-101) ........cccccooveviiiiiieiecc e, 51
4.3 Energy Balance around Waste Heat Boiler (WHB-102) ..........cccceoeiinininieninicieeeee, 53
4.4 Energy Balance around STHPPET .......ooiiiieiiiieieie st 54
4.5 Energy Balance around Heat Exchanger (HX-103)........ccccriiiniiiiiene e 56
4.6 Energy Balance around Heat Exchanger (HX-104)........ccccoiiiniierene s, 57
4.7 Energy Balance around Membrane Reactor (MR-101) ........cccceviviereneneneneneseeeeeeen, 58
5 Process EQUIPMENT DESIGN. .....ciuiiiiiiieieiese st 63
5.1 Design of Fluidized Bed GaSITIEr.........cocoiiiiiiiiiiiieese e 63
5.2 Design of CYCIONE SEPATALOr .........coiuieiieiii ettt saae e 70
5.3 Design of Waste Heat Boiler (WHB-101) .......ccoovoiiiiiiiiie e 74

5.4 Design of Packed Bed Scrubber (A-101)......cccooieiiiiiieiie e 81



5.5 Design of Packed Bed Steam StrPPEr .......c.ccveiieieiieieeie e 88

5.6 Design of Heat Exchanger (HX-103)........ccciiiiiieiiiieseeie e 94
5.7 Design of Packed Bed Membrane Reactor (MR-101) ........cc.cccoovveviiiieieeveee e 100
5.7.1 DeSigN Of MEMDIANE. .......cviiieie ettt ste e re e beaneenreas 103
5.7.2 Design of CO0lING JACKET ........cuiiiiiiiicie e 104
6 Mechanical Design of Reactor (MR-101) ......cccueiiiimiiiiiiienieeie e 109
6.1 Material SEIECTION ..o 109
6.2 Design Pressure and TEMPEIATUIE. .........coveirierieie ettt 109
6.3 Wall 0r Shell TRICKNESS .......ccviiiiiiiii e 110
6.4 Outer Diameter OF SNell ..........ooi s 110
6.5 Thickness of DOMEd HEA ..o e 110
6.6 Thickness of Flanged Head.............cooveiiiii i 110
T A 1= T T I = U SRS RPRSPURRTI 111
6.7.1 Dead Weight OF VESSEI (W) ..o 111
6.7.2 Weight of fitting (by Ray SINNOLL) .........ccoiieiiiiece e 111
6.7.3 Total WeIght O VESSEI .......couveiiceeceee e 111
B.8 WING LOAU........ccuiiiiiiiiieiitee ettt 111
6.9 SEreSS CaAlCUIATIONS ... bbb 112
6.9.1 LONGITUOINGT STIESSES .....cuveeeiiiitiiiesti ettt b ettt 112
6.9.2 CIrcUmTErential STrESSES .........oiiiiiiiiiiiiee et 112
6.9.3 DEAU WERIGNT SIIESS ...ttt 112
6.9.4 BENUING SIIESSES ....vevieiieiieieite ettt bbbttt b et b et bbbt bbb nnas 112
6.9.5 PrINCIPAL STIESSES ....cveiiiiiieieite ettt b ettt 113
6.9.6 Allowable Stress INTENSITY ......cc.oiiiiiiiiiieee s 113
7 POWET CalCUIALIONS ... 116
T L GEINUET .o bbb bbbttt b bbb 116

7.2 Hammer mill CalCUIatioNS ......coooeeeeeeeee e 117



7.3. 1 TYPES OF PUMP oottt ettt te e re e teaneenre s 118
7.3.2 Selection of Centrifugal PUMP .....cooiiiiie e 120
7.3.3 Power Calculation of PUMP (P-102) ......ccoiieiiiieiecie e 120
T4 COMPIESSOIS ...tttk b e bbb e bbbt bt he b e e bt e s be e bt e be e n e e b 123
7.4. 1 TYPES OF COMPIESSOIS....cueiueiiiitiiteiti ettt ettt sttt r et bbbt 123
7.4.2 Selection Of the COMPIESSOL .........eiiiiiiiieiei et 124
7.4.3 Power Calculations OF COMPIESSOF .........cuiierieiierierieiie st 125
8 COSE ESTIMALION ...ttt bbbttt n s 129
8.1 Working Capital INVESIMENT .........coiiiiiiiiiiiee e 129
8.2 Fixed Capital INVESIMENT ...........coviiiiiece et 129
ST B 1= o] £=Tol T L1 o] OSSPSR 130
8.4 COSE INUBXES ...tttk bbbt bbb et b e 130
8.5 Total Cost of EQUIPMENT IN 2022........c.ccouiiieiie ettt st sre s 130
8.5.1 COSE OF GIINUE ......cuiiieeeiieteee bbbt 130
B.5.2 COSE OF DIV ...ttt et e et e et e e sa b e et e e saeebeennnaenees 131
8.5.3 COSt OF CONVEYON ...ttt et e et e e et e e teeenbeennnaenes 131
8.5.4 COSt OF CYCIONE SEPATALON ......cviiviieiiiiiiieieie et 131
8.5.5 Cost of Fluidized Bed GaSITIer..........ccciiiiiieieie e 131
8.5.6 Cost of Waste Heat Boiler (WHB-101) ........cccoiiiiiiiiiiiieeeeee e 132
8.5.7 Cost of Waste Heat Boiler (WHB-102) ........cccooiiiiiiiiiiiieeieee e 133
8.5.8 COSt OF SCrubDEr (A-L0L).....ccuiiieiieiiieiieiieieie et 133
8.5.9 Cost OF SIHPPEr (ST-L10L) ...eoieiieiiieiiiiiiieie e 134
8.5.10 Cost of Heat Exchanger (HX-103).......ccceimririiirieiisiesieee e 135
8.5.11 Cost of Heat EXchanger (HX-=104).......c.ccoieiiiiieiie e 135
8.5.12 Cost of Packed Bed Membrane Reactor (MR-101) .......ccccccvveviiiiieiie e 136

8.5.13 COSt OF PUMIP ... ittt ettt e et et e e be e nneeenes 136



8.5.14 Cost 0f CoMPIesSOr (C-L0L) ....cccueiverieiiesireieseeseese s se e te e sre e sreenaeenaenrees 137

8.6 Total Purchased Cost Of EQUIPMENT.........ccoeiiiicieceee e 138
8.7 DIFBCE COSE ...ttt bbbt b bbbt b et n s 139
8.8 INAITECE COST ...ttt 140
8.9 Total Capital INVESIMENT ..o 140
8.10 VArIADIE COSL......cuiiiiiiieiieie e 140
8.11 FiXed OPEIrating COSt ......ccueiuiiiiiriiriieieeieei ettt b ettt 142
8.12 OVErNEAd CNAIGES .......eiieeiieieite ettt b ettt 142
8.13 GENETAI EXPEINSES .....cviiiieiieiieieste sttt sttt bbbttt b ettt nn e 142
8.14 Total PrOGUCTION COSE ..ottt 143
8.15 Profitability ANAIYSIS .......ccviiiee e 143
9 ProCESSSIMUIALION .......cuiiiiiieiieteec bbbt 147
9.1 Simulation of Packed Bed Membrane Reactor on Aspen HySYS. ........ccccovvvevieieeieciiennnn, 147
9.1.1 LiSt OF COMPONENTS .....ecviiiieiieeie ittt st s te e sbe e esreesreereesreebeaneenreas 147
9.1.2 BASIS SEIECHION ...t 147
9. 1.3 REACLION SBL ...ttt bbbttt bbb 148
9.1.4 KINELICS SEIECTION ...t 148
9.1.5 CONNECLIONS OF REACTON ..ottt 149
9.1.6 Parameters OF REACTON .......cc.oiuiiiiiiiiiiieee e 149
9.1.7 Addition Of REACTION SEL.........ciiiiiiiiiiiiiiiee e 150
9.1.8 RALING OF REACTON ...ttt bbbt 150
9.2 Simulation of Heat Exchanger on Aspen PIUS (EDR) .........cccoviiiiiiienineneseeeeeeee 151
9.2.1 ProCeSS CONAITIONS ......cuviuierieiiitesie sttt sttt sttt b ettt eb e nas 151
9.2.2 Property Method fOr STEAM ........cociiiiiiiiieieee e 151
9.2.3 Property Method for Gas MIXEUIE.........ccueoiieiieiiie e 152
9.2.4 SPECITICALION SNEEL........eiiiiiiii e 152

9.2.5 SPECITICALION SNEEL........iiiiiiii e 153



10 Objective of Instrumentation and CONIOI ............ccoveiiiiieiieic e 156

10. 1 ProdUCLION RALE........ciiiiiiieiisiee ettt 156
10.2 Product QUAITLY: ....c..eiiecieeie ettt te ettt et s sneetesna e teeteenaenres 156
FO.3 C0SE. . .. ittt e R R e e n e nne e 156
10.4 Process INStrUMENTALION ........c.eiieieieieiee e 156
10.4.1 TEMPEIALUIE .....veeutiieieieete ettt bbbt b e e abe e n e nre s 157
J0.4.2 PIrESSUIE ...ttt bbbt b bt et h e bt et b b nne s 157
LO4.B FIOW. .. oottt ettt bt Re et ne e reeteeneenre s 157
10.4.4 CONCENTIALION ...ttt bbbttt b e bbbt nnas 157
10.5 Process CONIrOl TEIMS ......couviiiieieiierie sttt sttt 158
10.5.1 Process Variable............cooiiiiiiiiiie s 158
10.5.2 SEEPOINT ...ttt e et et e e st e et e eraenaeeteenaesre e reeneenre s 158
10.5.3 Measured Variable ..o 158
10.5.4 Manipulated Variable..............ooiiiiiicie e 158
10.6 Hardware elements of CONtrol SYSTEM ........cc.ooiiiieii e 158
10.6.1 TFANSAUCETS ...ttt ettt bbb bbbt b ettt b b et n e 158
10.6.2 TransmMiSSION TN .......oouiiiiiiiii e 158
10.6.3 CONLIOMET ... et 159
10.6.4 The final controller lemMent...........ccoiiiiiiiii e 159
10.7 Classification 0f CONTrol SYSTEMS .........oouiiiiiiiiieiee e 159
10.7.1 Feed Back CONrOl LOOP ....c.coiiiiiiieieesie st 159
10.7.2 Feed FOrward Control LOOP ........coeieiiriiiieieieiesie sttt 159
10.7.3 RAIO CONLIOL......oueiiiieeiieee bbb 160
10.7.4 SPIt RANGE LOOP ...ttt bbbttt bbbttt 160
10.7.5 Cascade Control LOOP......ccuiiiiiiieiie ettt 160
10.8 Feedback Control Loop around Fluidized Bed Gasifier ...........ccccevievieiiieiie i, 160

10.9 CoNtrol ODJECLIVES ....ccuvieiiieeiee ittt be e re e sree s 161



L1 HAZOPSEUY ...ttt 165

11.1 Objectives Of HAZOP STUAY.......cccocueiieiieiecie st e e nne s 165
11.2 HAZOP Guide Words and MeaningS .........ccccuereeiueiiieieeiieseeseesieseesieeseesseeseesseseesseas 165
11.3 Success and Failure 0f HAZOP ..o 166
11.4 Steps to ConNAUCt HAZOP STUAY.......ccoiiiiiiiieieieie e 166
11.5 HAZOP Study on Membrane Reactor (MR-101) .......ccccevviirieeriesie e 168
11.6 HAZOP Study on Heat Exchanger (HX-103).......cccooieiimiiiieieeie e 169
12 Environmental IMpPactASSESMENT .........ooviiiiiiieieieiee et 173
12,1 HYOIOGEN .ttt bbbtk b bbbt e e b et b et b e ne e 173
12.2 EXPOSUIE 10 NYOTOGEN ...ttt 174
12.2.1 ReaCLIVILY PrOfile ......oovieie et 175
12.2.2 SKin and EYe IFTIAtioN .........cccveiiiie e 175
12,23 FIFSE AT 1.ttt b ettt bbb e et neas 175
12.2.4 EYES and SKiN EXPOSUIE.......ccuveiiiiieiiieite e steesteesie st esteesee st e ste e snaesteesaesnsesteetesneesreas 175
12.2.5 INNATALTION ...t 175
12.2.6 INQESHION .....oviiiieeie ettt ettt ste et e be e s be e e sraesaeeteensesreenbeeneenre s 176
12.2.7 SPills and DiSPOSAL........ccuviiiiiiiiicie e 176
12.2.8 DiSPOSal MELNOGS........ccueiiiiiiiieie e 176
12.3 HaNdliNg aNd STOTAGE ... .ccueeueeiieiieieiieste sttt bbbt 176
12.4 Exposure control and personal proteCtion............cceoereieiinenieieiesese e 178
12.4.1 Personal EQUipment fOr ProteCtioN ...........ccoveiiiieieieie e 179

APPENDICES ...ttt 182



List of Figures

Figure 1.1 Provincial share in rice straw production ...........c.cocevireiieicienese e 9
Figure 1.2 Biomass ratios of rice Straw ProduCtion .............coccoerieiiieiienienese s 10
Figure 1.3 Consumption of hydrogen in industrial SECtOr ...........cccccevivevviieiiece e 11
Figure 1.4 Global Annual demand of hydrogen in different SECtOrs ..........cccovevviviicievveinene, 12
Figure 1.5 World Hydrogen production and CONSUMPLION ..........ccooveierienienienenineseeeeeeeees 12
Figure 1.6 Demand Of HYAIOQEN .......coviiiiiiiiiiiciee e 13
Figure 1.7 Hydrogen fUel CeIl.........coo i 14
Figure 1.8 Applications of hydrogen fuel Cells..........ccoovoiiiiieci 15
Figure 2.1 Process flow diagram of Natural gas steam reforming ...........ccccoocevevvniiinnieienn. 19
Figure 2.2 Process flow diagram of Coal gasification............c.ccocveiiiiieienenc i 20
Figure 2.3 Process flow diagram of EIeCtrolySiS .........cccvveiiiiieiiiie e 21
Figure 2.4 Process flow diagram of biomass gasification ..............ccccccevviiiiieii v 23
FIgure 3.1GaSITIEr (G-101) ....cueiiieierieiieiti et bbbt 31
Figure 3.2 Material Balance on Gasifier (G-101) .......cccoceriririiriniinieieie e 35
Figure 3.3 CYCIONE SEPATALON ......c.ecviiviiiieie ettt e esre e enes 36
Figure 3.4 Material Balance on Cyclone Separator.............ccccoveveeivesieseeieeseese e s see e 37
Figure 3.5 SCrUBDDEr (A-L101)....cciiiieieieie b 38
Figure 3.6 Flowrates Of SIream 13 ..ot 39
Figure 3.7 SHPPEr (ST-L10L1) ..ottt e sre e sreenreens 41
Figure 3.8 Membrane Reactor (MR-101) .......ccoiveiiiieiice e 43
Figure 3.9 Material Balance on (IMR-101) ........cooiiiiiiiiieiesesceeeie e 45
Figure 4.1 GaSITIEr (G-L101) ...ceoiiieiieieeiteieee ettt 48
Figure 4.2 Waste heat boiler (WHB-101).......c.ccovoiiiieiiee et 51
Figure 4.3Waste Heat Boiler (WHB-102) ........cccoooiiieiice et 53
Figure 4.4 Energy BalanCe 0N SEHPPET........coiiiiiieieieie e 54
Figure 4.5 Heat EXChanger HX-103 ...t 56
Figure 4.6 Heat Exchanger (HX-=104).........cooii ittt 57
Figure 4.7 Membrane Reactor (MR-101) ........ccoiiiiiiiiiic e 58
Figure 5.1FIuidized Bed gasifier..........cooiiiiiiiiieee e 64
Figure 5.2 CYCIONE SEPAIALON ......c..oiviiiiiiiiiiieiieie e bbb 71
Figure 5.3 Waste Heat Boiler (WHB-101) ......cccoioiiiiiieiie it 74

Figure 5.4 SCrubber (A-L101) .....ccoiiiie ittt e 82



Figure 5.5 Shell and Tube Heat Exchanger (HX-103) ........cccoiveiiiieiiierieieseese e 94

Figure 5.6 Packed Bed Membrane REACION ...........ccccveieiieiiiie e 100
Figure 5.7 Levespiel plot for area under the CUMNVE ..., 102
Figure 6.1 Packed Bed Reactor (MR-101) .......cccooiieiiiieiienienie e 109
Figure 7.1 Hammer Mill........ooor o 117
Figure 7.2 Different types Of PUMP........coviiiiiiii e 118
FIgure 7.3 PUMP (P-102).......ccoueiiiiieieisie ittt 120
Figure 7.4 CompreSSOr (C-L101) ...c..oouiiiiiiiiisieeei et 125
Figure 8.1 Fixed OPerating CoOSt........ccviiuiiieieeie i e et sre e e e e 142
FIgure 8.2 GENEral EXPENSES ......cveiuieiiieieiieeiie e st e ste et e e te e sae e te e teeste et e sna e teeneesreere e 142
Figure 10.1 Control loop on Fluidized bed Gasifier...........ccocvvviiiiiiieieieies e, 160
Figure 11.1 Packed Bed Membrane Reactor (MR-101) ........ccccvvvriiiiiienenenenese e 168

Figure 11.2 Heat Exchanger (HX-103).......cccciiiiiiieiiiic e 169



List of Tables

Table 1.1: Properties Of HYArOQEN .......cc.ooiiiiiiiiieieee e 5
Table 1.2 CompOoSItioN OF RICE SIrAW ........uiiieiiiiesieieeie et 10
Table 1.3 Proximate Analysis Of RICE StraW ..........ccceviiiiiieiecic e 10
Table 1.4 Ultimate Analysis 0f RICE SIFAW ........cccevveiiiie i 11
Table 2.1 COMPAriSON OF PrOCESSES ... .ccviiiieiiieiieiesieeie e sttt st sbeeneesneenneas 24
Table 3.1 Flowrates and compoSItions Of Stream 7..........cccooiiiiiiiniieieee e, 32
Table 3.2 FIOWrates Of SIream O.......c.cco i e 36
Table 3.3 Flowrates of SIream 13 ..o e 37
Table 3.4 FIOWrates OF SIrEAM L7 .....ccvcuiiieiieie ettt ee e nneas 39
Table 3.5 FIOWrates OF SIrEAM 22........couiiieiieiecie et sneenneas 40
Table 3.6 Material Balance around Scrubber (A-L01).......ccccovveiiiieiieie e 40
Table 3.7 FIOWrates Of STEAM 17 ......ccoiiiiiiiiiieiee et e 41
Table 3.8 FIowrates OF SIream 18 ........ccci it nneas 42
Table 3.9 Material Balance around Stripper (ST-101) ......ccccooiriiiriieieiene e 42
Table 4.1 Constants for all COMPONENTS...........coiiiiiiiicc e 49
Table 4.2 Heat Capacities of all COMPONENTS..........ccoveiiiieiieii e 50
Table 4.3Energy Balance on WHB-101 .......coooiiiiiicececeece e 52
Table 4.4 Energy Balance on WHB-102 .........cccooiiiieiiie e nneas 53
Table 4.5 Energy Balance around StHPPET.........coviieeiiiie i 55
Table 4.6 Energy Balance around HX-103...........ccoiieiiiiiiieie e 56
Table 4.7 Energy Balance around (MR-101).......cccoiiiiiiiniiiienieeee e 60
Table 5.1Comparison between different types of gasifier ..........ccocvviiiiniinnncee, 63
Table 8.1 Total Purchased Cost of EQUIPMENT ..........ccoeiiiiiiiicceee e 138
TabIE 8.2 DIFECE COSE .....eviiieiiieiieiieie ettt bbbttt sttt ne e e s 139
Table 8.3 INAIECE COSL......eeiieie ettt e e neesneenreeeennes 140
Table 11.1 Guide WOrds FOr HAZOP ........cooiiieeeee et 165
Table 11.2 Steps to conduct HAZOP StUY .......ccoviiiieiieieecie e 168
Table 11.3 HAZOP on Membrane REACLON ..........cccoueiiriiiiiiienieee e e 169

Table 11.4 HAZOP on Heat Exchanger (HX-103).......cccooiiiiiniiinieieee s 170



CHAPTER # 01
INTRODUCTION






Chapter #01 Introduction

1 Introduction

As the energy, crises of Pakistan are increasing and economy of Pakistan in decreasing daily.
According to the survey and analysis, fossils fuels are depleting and oil gas reserved are
finishing into the second half of the current century. As the demand of the energy expanding
every day as Pakistan's population does as well. For this reason in order to improve the
situation, alternative sources of energy are being analyzed. So biofuels are efficient way to

convert the waste (biomass) into the energy [1].

In this case the biomass gasification of hydrogen production (for fuel cells) will help to
overcome the energy crises. Combination of the fuel cells and hydrogen is a route forward to
solve the long-term of climate change and it will work as energy security for Pakistan.
Production of hydrogen gas will give us green fuel which can be used for transportation
vehicles, electricity generation, fertilizer industry, hydrogen fuel cells and other chemical
industries. This is a renewable source of energy, economical and environmental friendly way

to produce biofuels [1].
Renewable sources of energy has several advantages.

= Reduce pollution
= Reduction in global warming.
= Most economical route

= Energy saving

1.1 Hydrogen

In the future, the importance of hydrogen as a secondary renewable energy source cannot be
overstated. Today, fossil fuels are the main source of hydrogen production. Future
decarbonized applications that depend on renewable and carbon-dioxide-neutral hydrogen
production may benefit from biomass gasification. Hydrogen is extremely flammable,

tasteless, colourless, odourless, and non-toxic [2].

The production of gasoline and lubricants in the automotive industry uses hydrogen as a
standard feedstock. In the fertilizer business, hydrogen is largely employed in the manufacture
of ammonia. . When unsaturated oils from soybeans, fish, nuts, and coconut are hydrogenated,
it is used in the food industry. In the cosmetics industry, hydrogen is used to hydrogenate non-
edible oils and greases for the production of soap. In the glass industry, oxygen hydrogen is

used to make both float glass and cut glass. In the electronics industry, hydrogen is essential
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for the manufacturing and treating of silicon. It serves as a refiner successfully in the
metallurgical industry. As a fundamental component in the creation of fuel cells, hydrogen will

always be required [2].

Despite finding uses in a variety of industries, hydrogen is thought to have the biggest impact
on the energy industry. If hydrogen were to be used in the transportation industry, it is estimated
that 40 million tonnes of hydrogen would be needed in one year. It will eventually replace other
fuels as the preferred fuel due to its high energy density, quick burning rate, high octane rating,
and lack of any hazardous potential. The tincture of human life, hydrogen, therefore, provides
a potential non-polluting, endless, potent, and financially alluring energy source. Hydrogen is
sponsored as the fuel of the upcoming days, as shown by a number of funded activities from

various national governmental organizations around the world [2].

1.2 Hydrogen Occurrence
Hydrogen is the most abundant element in the universe, accounting for about 75% of its
elemental mass. However, on Earth, it is not found in its elemental form in significant quantities

because it is so reactive and tends to bond with other elements [2].

On Earth, hydrogen occurs primarily in combination with other elements, such as in water
(H20), organic compounds, and minerals. Water is the most common hydrogen-containing
compound on Earth, making up about 70% of the Earth's surface and a significant portion of
its atmosphere. Hydrogen is also found in many hydrocarbons, including natural gas, crude oil,
and coal [2].

In addition to its occurrence in natural sources, hydrogen can also be produced industrially
through a variety of methods, including electrolysis of water, steam methane reforming, and

coal gasification [2].

1.3 Production of Hydrogen

The first artificial production of hydrogen gas occurred in the early 16th century as a result of
the reaction between acids and metals. Henry Cavendish was the first to distinguish hydrogen
gas as a distinct substance between 1766 and 1781. . Additionally, he noticed that burning

hydrogen gas produces water, giving the gas its name (hydrogen is Greek for "water-former").

The main sources of industrial output are coal gasification, oil reforming, and natural gas
reforming with steam. Additionally, a small quantity is produced using methods that require

more energy, such as water electrolysis. Most hydrogen is used in the region where it is

4
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produced. The production of ammonia, mostly for the fertilizer sector, and the processing of
fossil fuels (such as hydrocracking), are the two main uses. As the only immediate emission,
water can be burned to generate heat or mixed with oxygen in fuel cells to generate electricity.
In metallurgy, hydrogen atoms (but not gaseous molecules) can weaken different metals, which

is a concern [3].

1.4 Properties of Hydrogen

The table below lists the physical and thermal characteristics of hydrogen:

Values at 25°C (77°F, 298 K) and atmospheric pressure.

Table 1.1 Properties of Hydrogen

Molecular Weight 2.1016
Specific Gravity air =1 0.070
Specific volume(ft3/lb, m3/kg) 194,12.1
Density of liquid at atmospheric pressure 443,710
(Ib/ft3, kg/m3)

Absolute velocity(lbm/fts, centipoises) 6.05*107-6, 0.009
Sound velocity in gas (m/s) 1315
Specific heat cp (Btu/Ib°F ) 3.42,14310
Specific heat ratio (-cp/cv) 1.405

Gas constant —R- (ftlb/Ib®, J/kg°C) 767,4126
Thermal conductivity (Btu/hr ft °F, W/m°C) 0.105, 0.182
Boiling point — saturation pressure 14.7 psia -423,20.4

and 760 mmHg (°F. °K)
Latent heat of evaporation at boiling 192,447000
point(Btu/lb, J/kg)

Freezing or melting point at 1 at,(°F, °C) -434.6, -259.1

Latent heat of fusion (Btu/lb, J/kg) 25.0, 58000

Critical temperature (°F, °C) -399.8, -240.0
Critical pressure(psia, MN/m2) 189,1.30
Critical Volume 0.53,0.033
Flammable yes
Heat of combustion (Btu/ft3, Btu/lb, kJ/KQ) 320,62050, 144000

1.5 Handling Storage and Safety of Hydrogen

In the processing of chemicals, numerous chemical process sectors, including petroleum
refining , hydrogen is widely employed for hydrogenation and other operations.. It has great
potential as a fuel. When constructing the machinery and systems that handle or contain
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hydrogen, though, great care should be given because it is a highly explosive gas that is also
disposed to to leaks and penetration and is problematic to sense. This understanding and
attention to detail are even more important because hydrogen-based reactions usually entail
exothermic processes that take place at high pressures and temperatures [4].

Numerous pieces reactors, catalyst feed vessels, spent catalyst filters, pumps, valves, pressure
relief devices, pressure regulators, and check valves are examples of process equipment,
instrumentation, and pipework, are used in hydrogenation and other hydrogen-handling
processes. In a building, there are many similar systems, particularly those for hydrogenating

organic compounds. Such facilities must be built with consideration for four degrees of safety
[4].

= High levels of automation, including interlocks, alarms, and remote operations to monitor
environmental and process conditions.

= Devices for piping and process equipment that offer certified relief. It is necessary to guide
the vent discharges from the relief devices to safe locations.

= Reliable, adequate space ventilation for systems inside buildings to avoid hydrogen gas
pockets building up.

= Damage-limiting building design to safeguard people and property.

1.6 Shipping of Hydrogen

When large volume transit is required but pipelines are not available, hydrogen is typically
supplied and conveyed as a liquid. Hydrogen cannot liquefy unless it is cooled to cryogenic
temperatures and then put through a liquefaction procedure. Liquid tanker trucks are those that

carry hydrogen in a liquid state [4]

1.7 Reaction of Product
Except noble gases hydrogen made compound with nonmetals. Here we will discuss few

compounds of hydrogen with nonmetals.
Hydrogen compound with nitrogen

MgsN2(s) + 6H20(1) —— > 3Mg(OH)2(s) + 2NHs3(g) (1.1)

The production of ammonia commercially is the combination of elements known as Haber

Process.

N2(g) + 3H2(g) — 2NHas(g) AH°=-92KJ 1.2)
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Hydrogen Compounds with phosphorus

AIP (s) + 3H30+ (aq) —— PH3(g) + AI¥* (aq) + 3H20 (I)  (1.3)
P4(s) + 40H" (aq) + 2H20() — 2HPO3? (aq) + 2PHs (g) (1.4)

Hydrogen Compounds with Sulfur

FeS(s) + 2H30" (agq) — Fe?*(aq) +H2S(g) +2H20(1) (15)

2H25(g) + O2(g) —>2S(s) + 2H20(1) (16)
HS" (ag) + H2O(I) —H2S(g) + OH (aq) (1.7)
S% (aq) + H.0()—HS (aq) +OH"(aq) (1.8)

Hydrogen Compounds with Halogens

CaFz(s) + H2SO4(aq) —» CaSO0a(s) + 2HF(Q) (1.9)
H3POu(l) + Br (aq) — HBr(aq) + H2PO4 (aq) (1.10)
Bra(aq) + 2HI(ag)— 2HBr(aq) + l2(aq) E° = 0.55V (1.11)
SiO2(s) + 4HF (aq)— SiF4(g) + 2H20(I) (1.12)
CaSiOs(s) + 6HF(aq)—>CaF2(s) + SiFa(g) + 3Hx(l) (1.13)

1.8 Applications of Hydrogen

1.8.1 Numerous industrial processes use hydrogen.
In the United States, industry uses nearly all of the hydrogen that is consumed to refine
petroleum, treat metals, produce fertilizer, and process food. U.S. petroleum refineries use

hydrogen to lower the sulfur content of fuels [5].

1.8.2 For space exploration, hydrogen is used.
The National Aeronautics and Space Administration (NASA) was one of the first organizations
to utilize hydrogen fuel cells to power the electrical systems on spacecraft, and it started

utilizing liquid hydrogen as rocket fuel in the 1950s [5].

1.8.3 In hydrogen fuel cells, energy is generated.

By combining hydrogen and oxygen atoms, hydrogen fuel cells generate energy. In a battery-
like electrochemical cell, hydrogen and oxygen combine to form electricity, water, and very
minute quantities of heat [5].

For a wide range of applications, there are many different kinds of fuel cells available. Small

fuel cells can power laptop computers, even mobile phones, and military applications. Large
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fuel cells can provide electricity to electric power grids, backup or emergency power in
buildings, as well as provide electricity in regions that are not connected to electric power grids.
There were around 166 functioning fuel cell electric power generators at 113 locations in the
United States as of the end of October 2021, with a combined capacity of about 260 megawatts
(MW) of electricity generation. The Bridgeport (Connecticut) Fuel Cell, LLC, which has a
generation capacity of around 16 MW, is the biggest single fuel cell. Each of the following two
operational fuel cells has a 6 MW generating capacity. One of them is located in the Red Lion
Energy Center in Delaware, along with five more smaller fuel cells, which together have a 25
MW total facility electric generation capacity.The hydrogen source for the majority of all
operational fuel cells is pipeline natural gas, but three also use landfill gas and three also use
biogas produced during wastewater treatment [5].

The San Diego Gas and Electric power-to-gas-to-power project will produce electrolyze

hydrogen using the electrical grid and then use the hydrogen in a fuel cell to produce electricity

[5].

1.8.4 Burning hydrogen for Energy reduction

The use of hydrogen as a fuel for power plants is gaining popularity. Several power plants in
the US have announced plans to use combustion gas turbines powered by a fuel mixture of
natural gas and hydrogen. One example is the 485 MW Long Ridge Energy Generation Project
facility in Ohio, which has a gas-fired combustion turbine and will initially run on a fuel blend
of 95% natural gas and 5% hydrogen before switching to 100% green hydrogen derived from
renewable sources. Another illustration is the conversion of an existing coal-fired power plant
in Utah by Intermountain Power Agency into a combined-cycle gas-fired plant that would
initially use up to 30% hydrogen and ultimately use 100% green hydrogen [5].

1.8.5 Vehicular use of hydrogen.
Hydrogen can be used as a fuel in vehicles by converting it into electricity through a fuel cell,
which then powers an electric motor. This process produces only water vapor as a byproduct,

making it a very clean and efficient form of transportation [5].

There are currently a number of hydrogen fuel cell vehicles (FCVs) available on the market,
including the Toyota Mirai, Honda Clarity, and Hyundai Nexo. These vehicles typically have
a range of around 300-400 miles on a single tank of hydrogen, and can be refueled in just a few

minutes, similar to the time it takes to fill up a gasoline-powered vehicle [5].
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One of the challenges facing the widespread adoption of hydrogen fuel cell vehicles is the

availability of hydrogen refueling infrastructure. While there are currently [5].

1.9 Biomass (Rice Straw)

As the bioenergy is the planet's most plentiful a source of power and biomass energy has a
great potential to solve the energy crises of developing countries and of Pakistan also.
Bioenergy projects are the efficient way to convert the waste (biomass) which are producing
greenhouse gases when burned and cause global warming into the useful energy. Biomass is a
renewable energy source to take the place of biofuels. Additionally, biofuels can be utilised for
lighting, cooking, and heating. As using hydrogen fuel cells to create power is a possibility. in
vehicles and rockets and hydrogen can be used in vehicles and for power generation. The
biofuels are now common due to the availability of the raw material (biomass). By using the
biomass for the power generation will decrease the global warming as well as environmental
pollution it yields many benefits for future. As the fuel cells requires hydrogen as a fuel so we
are hydrogen from rice straw for fuel cells. As the production of rice is greater among all the
crops in all over the Pakistan. The amount of rice straw in rice crop is varies from 1.0 to 4.3
and 0.74-0.79 [6].
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Figure 1.1 Provincial share in rice straw production
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Figure 1.2 Biomass ratios of rice straw production

We will hydrogen from steam gasification of rice straw. It yields the 79 % hydrogen which is

a green fuel for fuel cells. Typically, cellulose, lignin, hemicellulose, and ash make up rice

straw.

The composition of the rice straw is as follows:

Table 1.2 Composition of Rice Straw

Main constitutes of wheat and rice straw versus spruce wood
Material Hemi Cellulose Cellulose Lignin Ash
% % % %
Wheat Straw 26.4 40.8 22.9 9.9
Rice Straw 25.9 40.8 17.9 15.4
Spruce wood 30.17 44,31 25.20 0.32

We have used the rice straw as the biomass feed stock for the hydrogen production. So to find

the components in the rice straw composition the most thorough and immediate evaluation of

rice straw is as follows:

Table 1.3 Proximate Analysis of Rice Straw

Proximate Analysis
Moisture(%) Ash(%) Volatiles(%) Fixed Carbon(%)
9.35? 18.282 57.672 14.702
7.43° 19.07° 67.95 12.98°

10
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Table 1.4 Ultimate Analysis of Rice Straw
Ultimate Analysis
C(%) H (%) N(%) S(%) O(%) HHV (cal/g)
35.642 4.90? 0.84% 0.14% 40.207 34322
37.87° 4.61° 0.63° 0.14° 34.87° 3515P

1.10 Production and Consumption of Hydrogen

Making the Hydrogen Economy Possible, a report released in April 2021 by the Energy
Transitions Commission, a think tank based in London, UK, describes how clean hydrogen
might help create a highly electrified, net-zero economy. By 2030, clean hydrogen
production will increase to 50 million tonnes, and by 2050, annual clean hydrogen
consumption will range between 500 and 800 million tonnes. Green hydrogen probably
makes up 85% of this. The total final energy demand would then consist of roughly 17%
hydrogen and fuels made from it (in addition to 68% electricity) [3].

2%

B Domestic

m Commercial
® Industrial

M Agriculture
® Transport

® Others

Figure 1.3 Consumption of hydrogen in industrial sector

The main increase in demand would come from industries like steel production and shipping

that are difficult or expensive to directly electrify [3].

In addition to 90,000 TWh/yr for direct electrification, up to 30,000 TWh/yr of electrolysis is
required to produce all of this hydrogen using zero carbon. The report claimed that $2/kg green

hydrogen would be possible in "average" locations with 50 GW of global electrolysis capacity

[7].
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Figure 1.4 Global Annual demand of hydrogen in different sectors

In Sustainable Development Scenario, According to the International Energy Agency (IEA),
global hydrogen production will double by 2070. will have increased significantly to
approximately 445 Mt and 75 Mt for process utilization, respectively. 40% of the 520 Mt of
hydrogen would be produced with carbon capture and storage from fossil fuels, and 58% from
electrolysis. (CCS). Transport accounts for 60% of the energy needed, and 60% of the
processes seem to be chemical and 40% are used to make steel [7].

World H, production approx. 50 Mt/yr

World H, production World H, use
= Natural gas ® Ammonia production
= Oil Refining
» Coal » Methanol production
Electrolysis = Other uses

Figure 1.5 World Hydrogen production and consumption
According to information released, Sindh will be home to Pakistan's first green hydrogen plant,
with a daily production capacity of roughly 150,000 kg. According to them, the sponsors hoped
to find customers in China and the surrounding area for the green hydrogen produced at this
plant in Sindh. The first-of-its-kind unit will produce 150,000 kg of fuel per day [7].
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Figure 1.6 Demand of Hydrogen

1.11 Market Assessment of Hydrogen

Global demand for hydrogen generation in 2020 was expected to reach USD 160.5 billion.
From 2022 to 2027, the market for hydrogen production is anticipated to expand at a CAGR of
10.5%. and reach USD 263.5 billion. The increase in demand for hydrogen for FECVs and
rockets in the aerospace industry is the factor driving market expansion. The application of
hydrogen fuel cells to light-weight vehicles like forklifts and material-handling machinery, as
well as bicycles, cars, buses, trains, boats, ships, and auxiliary power units (APUs) of aircraft,
is promoting market expansion in the transportation sector. (The study "Hydrogen Generation
Market, 2021-2028" by Fortune Business Insights contains this data.) [8].

The majority of hydrogen is used in fertilizer production and petroleum refineries. Fossil fuel
reforming produces 99% of all hydrogen because it is the most dependable and cost-effective
method. It is risky for the environment because of the CO2 emissions, though. Green hydrogen
is produced during electrolysis. Electrolysis, which produces no carbon dioxide while
separating the process used to create green hydrogen splits water into hydrogen and oxygen.
One of the objectives many governments have set for 2050 is the global DE-carbonization.
Production of a substance like hydrogen, which generates green hydrogen and currently
contributes to more than 2% of global CO2 emissions, is one of the most crucial steps in
achieving this goal. The European Union (EU), for example, unveiled a novel hydrogen policy
in 2020 that combines measures to support the swift expansion of green hydrogen generation

capacities [8].
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By 2023, Florida Power & Light hopes to begin using a green hydrogen station with a capacity
of 20 MW. At FP&L's 1.75 gigawatt Okeechobee gas-fired plant, this hydrogen will be used
in a 20% blend [8].

The demand for hydrogen is anticipated to increase between 500 and 680 million tonnes (MT)
by 2050 from the 87 million metric tonnes estimated (MT) in 2020. In 2020, the value of the
market for hydrogen production was $130.billion, and through 2030, It is projected to increase
by up to 9.2% per year . The problem is that only a relatively small part of the current hydrogen
production is "green,” with fossil fuels being responsible for more than 95% of it. The

production of hydrogen currently uses 2% of coal and 6% of natural gas worldwide [8].

1.12 Hydrogen Fuel Cells

Utilizing hydrogen's chemical energy , a hydrogen fuel cell produces electricity. It is a clean
kind of energy because the only byproducts are water, heat, and electricity. Fuel cells are
helpful for transportation as well as the use of backup energy since they are capable of

managing systems as big as power plants or as small as laptops [9].

Hydrogen is a clean fuel since hydrogen fuel cells only release water when they burn it.
Hydrogen can be produced domestically using solar, wind, biomass, nuclear, natural gas, and
renewable energy sources. These are only a few of the resources that can be employed. As a
result, it is a great fuel option for both producing energy and using in transportation. In addition
to a plethora of other applications, it can be used for portable power, cars, and even residences

[9].
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Figure 1.7 Hydrogen fuel cell
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Fuel cells are more effective than traditional combustion-based technologies and emit fewer
pollutants. Only water is released into the environment by hydrogen fuel cells; no carbon
dioxide or other contaminants are. Since fuel cells have fewer moving components than

combustion technologies, they operate more quietly [9].

1.13 Applications of Hydrogen Fuel Cells

Hydrogen fuel cells have several applications. Some of fuel cells made of hydrogen: uses are

as follows:

= Hydrogen fuel cells can be for the electric vehicles, as they use clean fuel and are
environmental friendly than the internal combustion engine vehicles [10].

= The major sources can also be hydrogen fuel cells. or the backup sources of the electricity
in the remote areas [10].

= Space missions can employ hydrogen fuel cells to generate electricity [10].

= NASA is using the liquid hydrogen in 1950s for power generation in rockets and NASA
was a pioneer in the usage of fuel cells for spacecraft power generation. Hydrogen fuel cells

can also be cast-off in many electronic devices like laptops [10].
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Figure 1.8 Applications of hydrogen fuel cells
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2 Available Manufacturing Processes

The available manufacturing processes for the production of hydrogen are comes in four major

categories.

1. Natural gas reforming
2. Coal gasification

3. Electrolysis

4. Biomass Gasification

2.1 Natural Gas Reforming

Methane gas is utilised in the manufacturing process known as natural gas reforming, which
produces hydrogen. In the presence of a catalyst, methane and steam are cooked to manufacture
a fuel-producing mixture of CO and hydrogen. The method most frequently used in the energy

sector to create hydrogen is steam reforming of natural gas [11].

= Under 3 to 25 bar of pressure, natural gas (methane) interacts with steam using carbon
monoxide and a little quantity of carbon dioxide as a catalyst for the creation of hydrogen.

= From the gas stream, carbon dioxide and other pollutants are removed in the process' last
stage using a separation device called a pressure swing adsorption, which results in the
making of pure hydrogen [11].

= Through the steam reforming process, hydrogen may also be made from other fuels like
ethanol, propane, and gasoline [11].

= This process of natural gas steam reforming cost effective and produce high purity
hydrogen which can be further used for power generation and also for fuel cells [11].

= Since the reaction is endothermic, heat must be added for it to continue [11].
Reactions
Steam-Methane Reforming Reaction
CHs + H20 (+heat) — CO + 3H> (2.1)
Water-Gas Shift Reaction

CO + H20 — CO2 + Hz 22)
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Process Flow Diagram
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Figure 2.1 Process flow diagram of Natural gas steam reforming

2.2 2.2 Gasification Process of Coal

Coal gasification is a well stablished technology, used by many industries for the production
of hydrogen which is further used in fertilizer industry for ammonia production. In this process
gasification technique is used in which coal is used as a raw material heated at high temperature
to create the synthesis gas, which is rich in CO2, CO, and hydrogen. Using water shift gas
reactors, the syngas is then used to transform carbon monoxide to CO. and high purity
hydrogen. The Carbon dioxide then further removed by using separation technique selexol

separation or pressure swing adsorption. This process yields the 99.8 % pure hydrogen [12].

= High moisture content in coal and coal ash are more effectively converted into usable
products during the coal gasification process of producing hydrogen [12].

= The hydrogen produced from coal gasification can further be used for the generation of
electricity or for ammonia production. This process also decreases the carbon dioxide
emissions [12].

= By undergoing extra processing, such as hydrogen and methanol utilisation, the syngas
generated by the coal gasification process can also be converted for the transportation fuels
like petrol and diesel [12].
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Reactions

The combustion reactions are
C+% 0, — CO (-111 MJ/kmol) (2.3)
CO+% 02— CO2 (-283 MJ/kmol) (2.4)

Ho+% 0, - HO  (-242 MJ/kmol) (2.5)
Additional significant gasification reactions comprise:
The water gas reaction

C+H)O - CO+H (+131 MJ/kmol) (2.6

The boudouard reaction

C+CO2+2CO (+172 MJ/kmol) @.7)
The water gas shift reaction

CO + H20 <> CO2+ H2  (-41 MJ/kmol) (2.8)

Process flow Diagram

Figure 2.2 Process flow diagram of Coal gasification

2.3 Electrolysis for Hydrogen Production

Electrolysis is possible technique for manufacturing carbon-free H> from nuclear and

renewable sources. Electricity is used in the electrolysis process to divide water into hydrogen
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and oxygen. The electrolyser, a unit, is where this process is running. The electrolyzer has two
electrode called anode and cathode. Both anode and cathode are separated by membrane called
the electrolyte which is surrounded by the water. The function of the electrolyser depends on
the type of the electrolyte [13].

= The electrolysis process of hydrogen production can quickly ramped up and down the
production of hydrogen [13]

= Electrolyzers can also alter the production of hydrogen rates almost instantaneously if the
flexibility is required [13].

= The electrolyzer is commonly a series of cells in which the electrolysis reaction take place
[13].

Reactions

2 H20(y > Haz(g) + O2(g) (2.9)

Process flow Diagram
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Figure 2.3 Process flow diagram of Electrolysis

2.4 Production of Hydrogen from Biomass Gasification

Biomass gasification is an efficient, mature and environmental pathway gasification is a way

of producing hydrogen by converting biomass (waste) and steam into hydrogen and carbon
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dioxide. Because the atmosphere's principal source of greenhouse gases is the growth of

biomass, this procedure emits no carbon dioxide, especially when using a carbon capture unit
[14].

This method involves treating the biomass with oxygen and lots of steam while it is being
gasified at high pressures and temperatures (up to 700 °C) [14].

As a result the product we received after the gasifier is impure, several gases, including
hydrogen, methane, carbon dioxide, and carbon monoxide, are combined to form syngas
[14].

The carbon dioxide and other gases are further separated from the selexol process. The
carbon monoxide and water then combine in shift gas reactors to form hydrogen and carbon
dioxide [14].

The shift gas reactions are moderately exothermic To move forward and achieve the
necessary conversion, it is important to eliminate the surplus heat from the reaction [14].
Pressure swing adsorption and membrane technologies are used to remove carbon dioxide.
From this process we will get high purity hydrogen [14].

The hydrogen produced from biomass gasification can also be used for the electricity
generation, hydrogen fuel cells, transportation vehicle as a fuel. Since hydrogen has a
calorific value of 142. 6 MJ/Kg [14].

The syngas produced from the gasification process can replace the fossil fuels. As the
heating values of syngas are 4-10MJ/m?® [14].

This process is the renewable source of energy as the raw material (biomass) is available
in huge amount and this is efficient method of green hydrogen production with zero carbon
dioxide emissions, environmental friendly route of producing fuels [14].

Reactions

Biomass Reaction

CeH1206 + O2 + H2O — CO + CO2 + Hy + other species  (2.10)

The reactions of combustion are

C+% 02— CO (-111 MJ/kmol) (2.11)
CO+% 02— CO2 (-283 MJ/kmol) (2.12)
Hz+% O2 — H20 (-242 MJ/kmol) (2.13)
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Other important gasification reactions include:

The reaction of water shift gas is

C+HO0 - CO+Hz  (+131 MJ/kmol) (2.14)
The boudouard reaction
C+C0O2 < 2CO (+172 MJ/kmol) (2.15)
Water gas Reaction:
C+H,O —» CO+H, (+131 MJ/kmol) (2.16)
Methanation Reaction:
C+2H, —» CHs (-75 MJ/kmol) (217)
The water gas shift reaction
CO+H,O - CO2+H2 (-41 MJ/kmol) (2.18)
Process Flow Diagram
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Figure 2.4 Process flow diagram of biomass gasification
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2.5 Process Selection

Table 2.1 Comparison of Processes

Processes Pressure | Temperature Advantages Disadvantages Efficiency
Natural Gas 3-25 bar 700-1000 °C High Efficiency Consumes fossil fuel as 50-80 %
reforming economical a raw material.
Generates CO, as a by
product.
Coal Gasification 100 bar 1600-1900 °C Conventional CO, by product 63 %
Cost Efficient Cheap Hydrogen
Electrolysis 4-25 bar 700-800 °C Emission free Low overall efficiency 60-80 %
Proven technology High cost
Biomass gasification | 25-30 bar 700-1000 °C Renewable, Seasonal availability of 30-40

Energy saving and
efficient.

Emission free

raw material.

Operational difficulties

2.6 Process Selection

From the above processes we have selected the biomass Gasification of hydrogen production

due to the following reasons.

= Biomass is the renewable and natural source of energy.

= Plentiful sources of rice straw easily accessible in Pakistan.

= |t is an economical process because we are using waste (rice straw) and converting into

useful product (hydrogen).

= |t is an efficient, energy saving and eco-friendly route of hydrogen production with no

carbon dioxide emissions.

= As the mass proportion of the hydrogen element in biomass is about 6%, 1 kilogram of

biomass will create nearly 0.672 m® of hydrogen.

2.7 Process Description

These are the following major steps, which involved in the manufacturing process of biomass

gasification using steam to produce hydrogen.

1. Pretreatment of Rice Straw

2. Gasification of Rice Straw
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3. Cyclone Separation
4. Gas Purification

5. Water Gas shift Membrane Reactor

2.7.1 Pretreatment of Rice Straw

In this section the rice straw enters the grinder to achieve the required size of biomass which is
0.25mm to 0.50mm. After that we need rice straw free of any dirt particle so rice will enters in
the washing section. However this will increase the moisture content in the biomass so and it
will decrease the efficiency of the gasifier. After this the rice straw will enters in the dryer to
remove the excess the moisture and we need moisture less than 9.5% in the gasifier. For this
purpose we will use rotary dryer. The rotary dryer is in contact with the dry air. After that the
rice straw will go to the storage tank. The pulverized rice straw will mix with the oxygen and

enters in gasifier.

2.7.2 Gasification of Rice Straw

For the gasification of the rice straw the gasifier is the fluidized bed gasifier. Now the rice straw
will mix with the purified oxygen and reach the gasifier through the belt conveyor. Here the
operating temperature of the gasifier is 950 °C and pressure is 10 bar. As the gasification will
occur at very high temperature. So the temperature will be provided by the two sources. One
will be saturated steam which temperature is 174 °C and pressure is 10 bar and the second
source will be the gasification reactions which are exothermic. Due to the high temperature at
which gasification is taking place, haret of sublimation will result, which will further produce
syngas, CHs and H>S.

2.7.3 Cyclone Separation
After the gasification section the impure syngas will move towards the cyclone separator as it
contain ash, water vapours and some amount of unburn rice straw for the removal of the solid

particles of the biomass from the syngas.

2.7.4 Gas Purification

As we have a significant amount of the CO2, H.S and CHjs in the syngas so we will sue scrubber
(absorber) for the removal of the unwanted gases from the produced gas. For this purpose will
use selexol technique in the absorber. We are using selexol as a solvent for the removal of H.S
and bulk of COa. Selexol is a combination of polyethylene glycol dimethyl ethers. and has a
chemical formula CH3C (CH2CH.0O), CHs where n is lie between 3 to 9 and has an ability to

absorb all fuel contaminants in a single purification unit. It is ture physical solvent and donot
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react chemically with the absorbed gases. The high temperature syngas will enters the absorber
at a temperature of 35 °C and a pressure of 10 bar. While the selexol solvent will enters the
scrubber by the help of the centrifugal pump at a pressure of 10 bar and a temperature of 35
°C. The scrubber or absorber is functioning at this temperature and pressure. After that there
is stripping column for the regeneration of the selexol solvent which will be done by the means
of the vapour circulation by using the 140 °C and a pressure of 1 bar for saturated steam of 10
bar. After this the selexol will extracted from the stripper in plenty and then reintroduced to the
absorber section.For further purification we will use filter before shift gas reactions.

2.7.5 Membrane Water Gas Shift Reactor

The gas mixture of CO and H»O entering the Membrane water gas shift reactor of 340 °C and
pressure of 10 bar. As the shift gas reaction is moderately exothermic reactions whose heat of
reaction is AH = -41.2 KJ/mol. The shift gas reaction will first proceed in the HTSGR in the
presence of Fe,Os, which is catalyst we are using here. The Fe2033 has outstanding
performance for shift reactions. Its selectivity decreases with the decrease in temperature. It is
cheap, readily available and non-toxic. As the reaction is reversible so to avoid the equilibrium,
we are using the membrane reactor in which membrane will be selectively permeable and will
allow only hydrogen gas to pass from the membrane. By removing the product continuously,
we will disturb the equilibrium. Even enabling CO> simultaneously. This simultaneous H>
production and CO> Capture will increase the overall efficiency 30%.

2.8 Capacity Selection

= |n year (2022-2023) the production of the rice straw in Pakistan is = 8900,000 Tons

= Punjab takes 55 % part in the production of rice is = 4890,000 Tons

= As 1 kg of rice contain 0.7 kg of rice straw so total rice straw is = 3420,000 Tons

= So, we can get rice straw on yearly basis = 1095000 MT/ year

= We will conveniently collect 32 % of the rice straw on yearly basis = 1095000 tons/year
= Hydrogen yield from biomass gasification is 40 %

= So we can produce = 438000 Ton/ year of hydrogen
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2.9 Process Flow Diagram
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3 Material Balance

General equation of Material Balance

Mass Input — Mass Output + Generation — Consumption = Accumulation

At Steady state, Accumulation becomes zero so,

Input — Output + Generation — Consumption =0
Basis:

1 hr of operation
Assumption:
Plant is at Steady state conditions
Plant Capacity:
Production capacity of plant per year = 438000 ton/year

Production rate:

438000ton ‘ 1000kg l 1)7ér \ 1day

Yﬁz{r | 1yzfn | 330?{ys | 24hrs

The hydrogen production rate for the working days of 330 is 55303 kg/hr
Yield =40 %
Reactant Rate:

Hydrogen Produced
Yield

Reactant Flowrate =

Reactant Flowrate:

55303
0.40

Reactant Flowrate =

Reactant Flowrate = 138257 kg/hr
Unreacted Reactant Flowrate:

Unreacted Reactant Flowrate = 138257 x 0.60 = 83116.2 kg/hr
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3.1 Material balance around Gasifier (G-101)

In Gasifier, the Biomass (Rice Straw) is fed with the Oxygen, steam and the product is Syngas,

—

Methane, hydrogen sulfide and nitrogen.

G-101
T=950C Output Syngas
O—>lp=100ar o, 82791.89 kg/hr
ot Co 89677.87 kg/hr
Oxygen [ 21852.46 kg/hr :228 43%82215% ?r
& CH, 5002.74 kg/hr
- Na 691.28 kg/hr
Input Rice Straw Ash 1773843 kglhr
C 68631.02 kg/hr c 3865.98 Ko/hr
H 46523.64 kg/hr Condensate | 17622 Kg/hr
N, 691.28 kg/hr
S 235.03 kg/hr
0, 60321.74 kg/hr
Moisture 13134.46 kg/hr
Ash 17738.43 kg/hr 0
Input

Saturated Steam | 19808.64 kg/hr

Figure 3.1Gasifier (G-101)

Reactions
C+H,O0— CO+H, Conversion = 32%
C+%0O,— CO Conversion = 24%
c+0, — CO, Conversion = 32.9%
C+2H,— CH, Conversion = 5.46%
S+H, — H,S Conversion = 99%
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Table 3.1 Flowrates and compositions of stream 7

Components Compositions Mass Flowrate Molar Flowrate
(kg/hr) (kmol/hr)
Carbon 49.64 % 68630.77 5719.16
Oxygen 43.63 % 60321.52 3770
Hydrogen 33.65 % 46523 23261
Nitrogen 0.5% 691.28 49.3
sulfur 0.17 % 235 7.34
Moisture 95% 13134.4 729
Ash 12.83 % 17738.37 17738.37

Reaction # 01
C+H,O —» H2 + CO

Conversion = 32%
Cinfeed =6860.77 kg/hr
Consumed =21961.84 kg/hr
= 1830 kmol/hr
C:H20 C:H2 C:CO
1 1 1
H20 consumed = 32942.77 kg/hr
H> Formed = 3660 kg/hr
CO Formed = 51244 kg/hr

Reaction #c02
C+0O, —» CO2

Conversion = 32.9%
CinFeed =68630.77 kg/hr

C Consumed =22579.52 kg/hr
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=1881.6 kmol/hr
C:02 C:CO2
1:1 1:1
0. Consumed = 60212.28 kg/hr
CO2 Formed =82791.59 kg/hr

Reaction#03

Conversion = 5.467%

CinFeed =68630.77 kg/hr

C Consumed= 3752 kg/hr
=312.6 kmol/hr

C:2H2 C:CHs

1:2 1:1

H> Consumed =1250 kg/hr

CH4 Formed = 5002.72 kg/hr

Reaction # 04

Conversion = 24%
CinFeed =68630.77 kg/hr
C Consumed=16471 kg/hr

=1372.6 kmol/hr
C: 502

1:

N | =

0. Consumed = 21961.92 kg/hr

C+2H, — CH4

C+§oz —__» CO
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CO formed =38433 kg/hr

Reaction # 05
S+H, — HJS

Conversion = 99%
SinFeed =235kg/hr
=232.6 kg/hr
=7.25 kmol/hr
S:H2 S:HS
1:1 1:1
H.S formed = 246.5 kg/hr
H> Consumed = 14.5 kg/hr
Unreacted carbon = Carbon in feed — Carbon consumed
C Consumed = 68630.77 — (21961.84 +22579.52+3752+16471)
= 3865.98 kg/hr
H2 at Output = H in Feed + H; produced — H. required
= 46523 + 3660 - 1264.5
= 48918 kg/hr
Unreacted Sulfur =S in feed - S Consumed
Unreacted =0
O2 Required = Oz in Feed — O, Consumed
=60321.74 - (60212 + 21961.92)
= 21852. 46 kg/hr
Steam Required:
Steam = H, Consumed — Moisture Content

=32942.7713134
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= 19808 kg/hr (From material balance required for reaction).
Steam = 17622 Kg/hr (From energy balance required for heating purpose).

Total Steam = 37430 kg/hr (Total steam from energy balance required for reaction and for

heating purpose).

Figure 3.2 Material Balance on Gasifier (G-101)

Components Material Input(kg/hr) Material Output(kg/hr)
Stream-05 Stream-07 | Stream08 Stream-09
Rice Straw Steam Oxygen Solid + water Gases
Carbon 68631.02 - - 3865.98 -
Sulfur 235.03 - - -
Ash 17738.43 - - 17738.43 -
CO, - - 82791.89

CcO - - 89677.87

N, 691.28 - - 691.28

o, 60321.74 - 21852.46 -

H, 46523.64 - - 48918.74
H,S - - 247.23
H,0 13134.46 37340 - 17622 -
CH, - 5002.74
Total 266556 266556
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3.2 Material Balance around Cyclone Separator (CS-101)

Input Syngas

CO, 82791.89 kg/hr

co 89677.87 kg/hr 9
H, 48918.74 kg/hr

H.S 247.22 kglhr

CH,4 5002.74 kg/hr

N2 691.28 kg/hr

Ash 17738.43 kgihr | Y
C 3865.98 kg/hr | |cs-101

Condensate | 17622 kg /hr

Material going in at stream 09:

Figure 3.3 Cyclone Separator

Table 3.2 Flowrates of stream 9

Output
CO, 82791.89 kg/hr
(e{0] 89677.87 kg/hr
H, 48918.74 kg/hr
H,S 247.23 kg/hr
N> 691.28 kg/hr
CH, 5002.74 kg/hr

Output Solid Particles

Ash 17738.43 kg/hr

Carbon 3865.98 kg/hr

Condensate 17622 kg/hr

Components Mass Flowrate Mass Fraction
(kg /hr)
CO2 82791.89 0.310
CO 89677.87 0.34
H: 48918.74 0.184
H2S 247.23 0.000927
N 691.28 0.00259
CH4 5002.74 0.0188
Ash 17738.43725 0.0665
Carbon 3865.98 0.0145
Condensate 17622 0.0661
Total 266556 1

Material going out from stream 10:

Solid compounds (Ash and Carbon) and liquid Condensate is going out from stream 10.
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Material going out at stream 13:

Table 3.3 Flowrates of Stream 13

Components Mass Flowrate kg/hr Mass Fraction
CO2 82791.89 0.37
CO 89677.87 0.4
H2 48918.74 0.22
H2S 247.23 0.0011
N 691.28 0.003
CHas 5002.74 0.022
Total 227329.75 1

Figure 3.4 Material Balance on Cyclone Separator

Components Material Input(kg/hr) Material Output(kg/hr)
Stream-09 Stream-10 Stream-13
Gases Solids Solid + water Gases
CO, 82791.89 - - 82791.89
CO 89677.87 - - 89677.87
H, 48918.74 - - 48918.74
H,S 247.23 - - 247.23
N, 691.28 - : 691.28
CH, 5002.74 - - 5002.74
Ash - 17738.43 17738.43 -
Carbon - 3865.98 3865.98 -
Condensate 17622
Total 266558 266558
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3.3 Material Balance around Scrubber (A-101):
Solubility of gases like (H2S, CH4, and CO2) in solvent are (8.82, 0.066, and 1.0) kg/L of

solvent.

22 >

J\ Output

CO | 89677.87 kg/hr
A-101 CO, 4139 kg/hr

@ ° H, | 48918.74 kg/hr
=X [\ 691.28 kg/hr

Input
Selexol | 159102 kg/hr

17
Input

CO, 82791.89 kg/hr

co 89677.87 kg/hr Output

H, 48918.74 kg/hr Selexol | 159102 kg/hr
H,S 247.23 kg/hr N Co, 78652.9 kg/hr
N, 691.28 kg/hr H,S 247.23 kg/hr
CH, 5002.74 kg/hr CH, | 5002.74 kg/hr

Figure 3.5 Scrubber (A-101)

Density of solvent = 1030 kg/m? = 1.03 kg/L

Amount of HzS = 247 kg/hr

Solvent required for H2S = (247/8.82)(1.03) = 28.8 kg/hr
Amount of CH4 =5002.74 kg/hr

Solvent required for CH4 = (5002.74/0.066)(1.03) = 78062 kg/hr
Amount of CO2 = 82791.59 kg/hr

Solvent required for CO2 = (82791.59/1) (1.03) = 81012 kg/hr

Total Solvent = (28.8 + 78061.5 + 81012) kg/hr =
159102 kg/hr (Makeup solvent amount is 1.5 % of

total feed)
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Material going in at Stream 13:

Figure 3.6 Flowrates of Stream 13

Components Mass Flowrate kg/hr Mass Fraction

CO: 82791.89 0.37

co 89677.87 0.4

H> 48918.56 0.22

H.S 247.23 0.0011

N 691.28 0.003

CH4 5002.74 0.022
Total 227329.57 1.0161

Material going in at Stream 16:

Solvent is going in from stream 16 in liquid form with flowrate of 159102 kg/hr.

Material going out at Stream 17:

Table 3.4 Flowrates of Stream 17

Components Flowrate (kg/hr) Mass fraction
COz 78652.9 0.32
H2S 247 0.001
CHs 5002 0.020
Selexol 159102 0.654
Total 243003.9 1
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Material going out at Stream 22:

Table 3.5 Flowrates of Stream 22

Components Flowrate (kg/hr) Mass fraction
CO 89677.54 0.63
H2 48918.56 0.34
N2 691 0.0048
CO2 4139 0.028
Total 143426 1

Table 3.6 Material Balance around Scrubber (A-101)

Component Material Input (kg/hr) Material Output (kg/hr)
Stream-13 Stream-14 Stream-17 Stream-22
Gases Solvent Solvent + Acid Gases
gases
CO2 82791.89 - 78652.9 4139
Co 89677.87 - - 89677.54
N2 691.28 - - 691.28
H2 48918.56 - - 48918.56
H2S 247.23 - 247.23 -
CHa 5002.74 - 5002.74 -
Selexol - 159102 159102 -
227329.57 159102 243003.9 143426
Total 386430 386430
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3.4 Material Balance around Stripper (ST-101):

Output
Steam | 7248.9 kg/hr
CO; | 78652.9 kg/hr
H.S | 247.23 kg/hr
CH, | 5002.74 kg/hr

T=35C
P =2bar @
Input <8
Selexol | 159102 kg/hr

CO, 78652.9 kg/hr 5-101
H,S 247.23 kg/hr _||t=1404
CH,4 5002.74 kg/hr

T=140C

@0 » P=2Dar

Output
Selexol | 159102 kg/hr

T =140
@ P =10 bar

Input
Steam | 7248.9 kg/hr

Figure 3.7 Stripper (ST-101)

Material going in at Stream 17:

Table 3.7 Flowrates of Steam 17

Components Flowrate (kg/hr) Mass fraction
COz 78652.9 0.32
H2S 247 0.001
CHas 5002 0.020
Selexol 159102 0.654
Total 243003.9 1

Material going in at Stream 19:

Steam is going in from stream 19 in Vapor form with flowrate of 7248 kg/hr.
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Material going out at Stream 18:

Table 3.8 Flowrates of Stream 18

Components Flowrates Mass Fraction
kg/hr %
CO2 78652.9 0.86
CHa 247 0.0027
H2S 5002 0.05
Steam 8369.28 0.07
Total 91151

Material going out at Stream 20:

Solvent is coming out from stream 20 is liquid form with flowrate of 159102 kg/hr.

Table 3.9 Material Balance around Stripper (ST-101)

Material In Material out
Components Flowrate (kg/hr) Components Flowrate
(kg/hr)
Steam 17 | Stream 19 | Stream 18 Stream 20
CO2 78652.9 78652.9
CHa 5002 5002
H.S 247 247
Selexol 159102 - 159102
Steam - 7248 8369.28
Total 250251 Total 250251
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3.5 Material Balance around Membrane Reactor (MR-101)

[ Input \
| Steam | 115300 kg/hr |

@ Saturated Steam
T=179C

Output
145061 kg/hr
691.28 kg/hr
57649.6 kg/hr

Intput
Cco 89677.87 kg/hr
CO, 4139 kg/hr
H 48918.74 kg/hr
N2 691.28 kg/hr

L“““\:

AAAAAA

[ Output |
| H, | 55303.61 kg/hr |

Figure 3.8 Membrane Reactor (MR-101)
Reaction:
CO +H,O «—>H>+ CO>
Conversion = 100 %
CO in Feed = 89677.54 kg/hr
= 3202.7 kmol/hr

Lo =1:2
H,0

CO: H20
1:2
3202.7: 6405.4 kmol/hr
H20 Required = 6405.4 x 18
= 115299 kg/hr

Now
CO Consumed = 89677.54 x 1
= 89678 kg/hr
=3202.7 kmol/hr
CO:H0
1:1

H>0O Consumed = 3202 x 18
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= 57648.6 kg/hr
CO =H:2
1=1
H2 Produced =3202.7 x 2
= 6405.6 kg/hr
CO2 Produced = 3202.7 x 44
= 140919 kg/hr

CO Balance:

CO at Output = CO in Feed - CO Consumed
=89677.54 —89677.54 =0

H:2 Balance:

H> at Output = H in Feed + H» Produced
=48918.56 + 6405.6
=55303.56 kg/hr

H20 Balance:

H>0 at Output = H20 in Feed — H,O Consumed

=115299 — 57648.6
= 57649.6 kg/hr
CO2 Balance:
CO3 at Output = COz in Feed + CO» Produced
=4139 + 140919
= 145061 kg/hr
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Figure 3.9 Material Balance on (MR-101)

Material In Material out
Components Flowrate kg/hr Flowrate kg/hr
Stream -23 Stream-24 Stream-25 Stream- 26
CO2 4139 145061
CO 89677.54 0
H: 48918.56 55303.5
N2 691 691
H20 - 115299 - 57649.6
Total 258726 258726
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4 Energy Balance

General Equation of Energy Balance

(Rate of heat input) - (Rate of heat output) £ (Rate of heat generation/consumption) + (Rate
of heat Accumulation/ Depletion) =0

Assumption
Steady state operation

4.1 Energy balance around Gasifier (G-101)

—

G-101
T=950C Output Syngas
&P =10 ba CO, 82791.89 kg/hr
Input [ 89677.87 kg/hr
Oxygen | 21852.46 kg/hr H, 48918.74 kg/hr
H2S 247.22 kglhr
. CH. 5002.74 kg/hr
o N2 691.28 kg/hr
Input Rice Straw Ash 17738.43 kg/hr
C 68631.02 kg/hr = 3865.98 kg/hr
Ha 46523.64 kg/hr :
N, 691.28 kg/hr Condensate 17622 Kg/hr
S 235.03 kg/hr
0, 60321.74 kg/hr
Moisture 13134.46 kg/hr
Ash 17738.43 kg/hr ®
Input

Saturated Steam | 37430 kg/hr

Figure 4.1 Gasifier (G-101)

Reactions
C+HO — CO+H: AH; =131 KJ/mol
C+%0, —» CO AH; = -393 KJ/mol
C+O0;—> CO2 AH; =-238.01 KJ/mol
C+2H, — CHq AH; =-75 KJ/mol
S+Ho —» H:S AHr =-19.96 KJ/mol
Calculations

Tin = Tref = 25°C = 298 K, Tout =950°C = 1223 K, Tsteam = 179°C
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25+950

Tave: =760.5K

For Cp calculation the following equation is being used:

Cp = A+ BT + CT2 + DT3

Table 4.1 Constants for all components

Component Ax10 Bx10° Cx108 Dx10%2

C 11.8 1.095 -4.52 -

S 15.2 2.68 - -
H20 33.46 0.6880 0.7604 -3.593
CO 28.95 0.4110 0.3548 -2.22
H> 28.84 0.00765 0.3288 -0.8698
02 29.10 1.158 -0.6076 1.311
CO2 36.11 4.233 -2.887 7.464
CHa 34.3 5.469 0.366 -11
H2S 33.51 1.547 0.3012 -3.292

Cp for Methane (CHa):
Cp = (A) + (B)(T) + (O)(T?) + (D)(T?)
(34.31 x 10-3) + (5.469 x 10-5)(760.5) + (0.3661 x 10-8)(760.52) — (11 x

10-12)(760.53)

K] _ 77.75 (K]).(mol) _ 485 X

Cp= 11.75 KmolK ~ 16 (Kmol).(kg) - @

preighted =X1Cp1 + X2Cp2 + X3Cpz + - - - -

Cpw = 4.114 =L

KG.K
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Table 4.2 Heat Capacities of all components

Component Flow rate (kJ /kC pK) Qin Qout
(kg/hn) Y (MIA) | maihn
Ash 17738.43 0.74
C 68631 1.625
S 235 0.475
CO, 82791.89 1.304
CO 89677.87 1.232
N, 691 1.217
0, 60321.74 1.181 54 x10° 94 x 10°
H, 46523.64 15.6
H,S 247 1.44
H,O 13134 4.16
CH, 5002.74 4.85

Heat of reaction at 925 °C:

AHi22:= AHzs + [ [(nCP),, — (nCP)g ] AT
For First Reaction

C+H.O0O — CO+H: AH; =131 KJ/mol

_ K] 1223 K] K]
AHiz23= (131000 21y + [122° (6579 (=0) = (62.4 ) - (925)

Kmol.K

K] x 1830 Kmol

AH1223= 134136 —— -

AHi1203 = 24 x 10* 2
hr
Total Heat of Reaction:

M,
AHTotal = -01 x 10* h—r’

Q output for Gases:
Qout = z meAT
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Qout = 248934 x 4.114 x (1223-298)
Qout = 947305 %

Net = Qoutput - AH;
Qnet=947305890 — 910237185

Onet = 37068705 %

Mass Flowrate Required for Steam
T=179°C P =10 bar
Q=mA

. _ 37068705
2103.6

= 17622 X4
hr

Qmnput + AHr —  Qoutput — Qconsumed = 0
54137410 + 910237185 — 927305890- 37068705 = 0
Qinput + AHr = Qoutput  + Qconsumed

54137410 + 910237185 =927305890 + 37068705
964374595 J = 064374595
hr hr
aMJ_ 4 MJ
96 x 10* == 96 x 10* —
4.2 Energy Balance around Waste Heat Boiler (WHB-101)

T=25C

Gases Mixture =950 C Gases mixture =475 C

T=179C
P =10 bar

Figure 4.2 Waste heat boiler (WHB-101)
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Table 4.3Energy Balance on WHB-101

Component Specific Heat Mass Heat Load
Capacity Fraction
Cp KJ/ Kg. K MJ /hr
CO2 1.294 0.37
CO 1.226 0.4
N2 1.214 0.003 48 x 10°
Hz 15.6 0.22
CH4 5.08 0.022
H2S 1.429 0.0011

Tin = 950 OC = 1223 K y Tout = 475 OC = 748 K

Tave =986 K, AT =475 K
_ K]
CpW - 452 Kg_K

Heat Duty:
Q = mcpAT
= 227329 x 4.52 x 475
=48 x 10* MJ/hr
Water Requirement:
Saturated Steam Conditions
T=179°C,P=10bar

Q = mcpAT + mA

488075363 _
4.16 X154% 2103.6

m = 177854
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4.3 Energy Balance around Waste Heat Boiler (WHB-102)

T=25C

Gases Mixture =475 C Gases mixture=35C

T=179C
P =10 bar

Figure 4.3Waste Heat Boiler (WHB-102)

Table 4.4 Energy Balance on WHB-102

Component Specific Heat Mass Heat Load
Capacity Fraction
Cp KJ/ Kg. K MJ /hr
CO2 1.170 0.37
CO 1.136 04
N2 1.12 0.003 42 x 10°
H2 14.48 0.22
CHs 3.913 0.022
H2S 1.235 0.0011

Tin=475°C =748 K, Tout=35°C =308 K
Tave =528 K

AT =440K

— K]
pr =4.25 Kg_K
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Heat Duty:
Q = mcpAT
= 227329 x 4.25 x 440
=42 x 10* MJ/hr
Water Requirement:
Saturated Steam Conditions
T=179°C, P =10 bar

Q = mcpAT + mA

425105230
4.16 X154% 2103.6

|
3

i = 154908 X2
hr

4.4 Energy Balance around Stripper

Output
Steam | 7248.9 kg/hr
CO, | 78652.9 kg/hr
H.S | 247.23 kg/hr
T=35C CH, | 5002.74 kg/hr

P=2bar @
Input 8
Selexol | 159102 kg/hr

CO, 78652.9 kg/hr || ¢ ;00
H,S 247.23 kg/hr_||r=1404
CH,4 5002.74 kg/hr

T=140C

OZO » P=2Dar
Output
Selexol [ 159102 kg/hr

T=140
P =10 bar
Input
Steam | 7248.9 kg/hr

Figure 4.4 Energy Balance on Stripper
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Table 4.5 Energy Balance around Stripper

Components Specific Heat Mass Heat Load
Capacity Fractions
Cp (KJ/Kg. K) MJ/hr
CO2 1.089 0.314
CHy 3.37 0.0199
H.S 1.156 0.00098 17 x 10°
Selexol 0.45 0.63

Tin=25°C =298 K, Tout =140°C =413 K
Tave = 356 K

AT =115K

Cpweighted = X1Cp1 + X2Cp2 + x3Cp3z + - - - -
Cpw =0.69 KJ/Kg.K

Q =mCpAT

Q = 243004 x 0.69 x 105

Q=17 x 10> MJ/hr

Saturated Steam Conditions
T=179°C, P =10 bar

A =2103.6

Q=mir

17605632.56
2144 "

m = 8369.28 kg/hr
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4.5 Energy Balance around Heat Exchanger (HX-103)

Steam
T=360C

Gases Mixture =35C Gases mixture =340 C

Condensate
T=360C

Figure 4.5 Heat Exchanger HX-103

Table 4.6 Energy Balance around HX-103

Components Specific Heat Mass Heat Load
Capacity Fractions
Cp (KJ/Kg. K) MJ/hr
CO2 1.141 0.028
Co 1.121 0.63
Hz 147 0.34 24 x 10°
N2 1.105 0.0048

Tin= 35 °C = 308 K, Tout = 340 °C = 613 K
Tave =460.5 K

AT =305 K

Cpuweighted = X1Cp1 + X2Cp2 + x3Cps + - - - -
Cpw = 5.74 KI/Kg.K

Q =mCpAT
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Q =143427 x 3.21 x 375

Q =24 x10* MJ/hr
Saturated Steam Conditions
T =354.6 °C, P =175 bar

L= 820

Q=mA

24978592

820 m

m = 30461.69 kg/hr

4.6 Energy Balance around Heat Exchanger (HX-104)

Water
T=25C

Selexol=35C Selexol =140 C

@

HX- 104

Condensate
T=45C

Figure 4.6 Heat Exchanger (HX-104)

Tin=140°C =418 K, Towt =35°C =308 K
Tave = 361 K

AT =105 K

Heat Capacity of Selexol = Cp = 0.45 KJ/Kg.K
Q =mCpAT

Q =159102 x 0.45 x 105

Q =75 x10>MJ/hr
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Cooling Water Requirement
T=45°C,

AT =20

Q =mCpAT

7516569.5

83.2 m
= 90343 kg/hr

4.7 Energy Balance around Membrane Reactor (MR-101)

Input
Steam | 115300 kg/hr
Saturated Steam
@ T=1719C
P =10 bar
Output
145061 kg/hr

N2 691.28 kg/hr
H:O | 57649.6 kg/hr

Intput
co 89677.87 kg/hr
CO; 4139 kg/hr
Ha 48918.74 kg/hr
N2 691.28 kg/hr

NANMNNNNY
RSSSSSSS

> Output
H, | 55303.61 kg/hr

Figure 4.7 Membrane Reactor (MR-101)

Tin=25°C =298 K, Tout =340 °C =613 K
Tave =456 K

AT =315K

Heat Input

Cpuweighted = X1Cp1 + X2Cp2 + x3Cps + - - - -
Cpw = 3.25 KI/Kg.K

Q =mCpAT

Q =258726 x 3.25 x 315
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Q =26 x 10* MJ/hr

Heat Output

Cpuweighted = X1Cp1 + X2Cp2 + x3Cps + - - - -
Cpw = 4.28 KJ/Kg.K

Q =mCpAT

Q =258726 x 4.28 x 315

Q =34 x 10*MJ/hr

Heat of Reaction

CO+HO — H2+CO2 AHr =-41.6 KJ/mol

= -41600 + [

o [(52.92 + 29.92) — (32.29 + 37.29)]

=-41600 + 3856

Kmol

] x3202.78

K
Kmol hr

=-37744

=-12 x 10* MJ/hr

QNET = Qout - AHr — Qinput
QneT = -37757064

Saturated Steam Conditions
T=179°C, P =10 bar
Q=mA

. _ 37757064
2130.6

m = 17948 kg/hr

Overall Energy Balance Equation

Qinput + AHr = Qoutput + QRremoved

264870742 + 120885728 = 347999406 + 37757064

385756470 = 385756470
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Table 4.7 Energy Balance around (MR-101)

Components Heat Qinput Heat Qoutpout
Capacities Capacities
Cp (KJ/Kg.K) MJ/hr Cp (KJ/Kg.K) MJ/hr
CO; 1.20 1.230
co 1.15 1.172
H> 14.96 26 x 10* 15.10 34 x 10*
N> 1.137 1.156
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5 Process Equipment Design
5.1 Design of Fluidized Bed Gasifier

Any raw resource (Carbon-based) that contains carbon, like coal, can be _ .
technical process to create fuel gas, or syngas for small. In a gasifier, which is a high-
temperature/pressure vessel, when oxygen (or air) and steam are brought into through contact
with coal or biomass, a series of chemical reactions start that turn the feed into syngas and

ash/slag (mineral wastes).

Table 5.1Comparison between different types of gasifier

Gasifier Type Gasifier specific design Temp. & pressure ranges
Fixed bed Updraft 300-1,000°C
Moving bed Downdraft 300-1,000°C
650-950°C
Fluidized Bed Bubbling fluidized Bed
1-35 bar

Selection of Gasifier:

We have selected Fluidized Bed Gasifier for the following reasons.

Both up draught and down draught gasifiers are affected by the fuel's morphological, physical,
and chemical characteristics. The usual issues include low bunker flow, slagging, and
significant pressure loss above the gasifier.

In order to keep solid particles suspended, steam is pushed across a bed of them at a high
enough velocity. When the bed, which is originally heated externally, achieves a suitable a high
degree of temperature, the feedstock is immediately injected. in the reactor's basement, the fuel
particles are introduced, heated to the bed temperature after being quickly mixed with the bed
material, almost immediately. This process causes the fuel to pyrolyze rather quickly, resulting
in a component mix with a significant quantity of gaseous

A fluid-solid mixture with fluid-like properties makes up a fluidized bed. As a result, the
Hydrostatic behaviour is comparable to the practically horizontal upper surface of the bed. A
single bulk density can be used to describe the bed's heterogeneous mixture of fluid and solid.
Further evidence that the fluid behaviour is visible in the bed indicated by Archimedes'
principle comes from the fact that objects with densities that are higher than the bed will

collapse while those with densities that are lower will float. Items of various densities relative
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to the bed can be made to float by changing either the liquid or the solid component because
the bed's "density"” (really the solid volume percent of the suspension) can be transformed by

changing the fluid element.
Advantages:
The advantages of bubbling fluidized bed gasification are as follows

= Yields a uniform syngas.

= Almost consistent spread of temperature throughout the reactor

= Capable of accepting a variety of fuel particle sizes

= Provides high heat transfer rates between the fuel, gas, and inert material.

= Low tar and unconverted carbon allow for high conversion rates.

fa—

G-101

T=950C Output Syngas
©—>1p = 10 bar CO; 82791.89 kg/hr
input co 89677.87 kg/hr
Oxygen | 21852.46 kg/hr :ZZS 422%82-;4@%?
4@_. CH, 5002.74 kg/hr
- N 691.28 kg/hr
Input Rice Straw Ash 17738.43 kg/hr
C 68631.02 kg/hr c 3865.98 kglhr
H, 46523.64 kg/hr Condensate 17622 Kg/hr
N, 691.28 kg/hr
S 235.03 kg/hr
0O, 60321.74 kg/hr
Moisture 13134.46 kg/hr
Ash 17738.43 kg/hr ®

Input
Saturated Steam | 37430 kg/hr

Figure 5.1Fluidized Bed gasifier

Design Calculations
Reaction Conditions
Temperature = 950 °C
Tref =25 °C

Pressure = 10 bar

Reactions
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C+HO —> CO+H: AH; =131 KJ/mol

C+%0, —>» CO AH; = -393 KJ/mol
C+O0;— CO2 AH; =-238.01 KJ/mol
C+2H, — CHq AH; =-75 KJ/mol
S+Ho —> H:S AH; =-19.96 KJ/mol

Calculation of Weight of Rice Straw

Ws=ps hA(1 — ¢)
Where

3
ps =Density of Rice Straw = 420 kg/m
€ = Porosity of Rice Straw = € = (.78

@ = Spherecityof Rice Straw = 0.6

md?
Area of Solid = - = 1.1304m?

Assume
d = Internal diameter = 1.2m
h = Height of bed = 2.4m (Height is Twice of diameter)

Ws =(420) (2.4)(1.1304)(1 — 0.78) = 250.6 kg of solids

Volume of Rice husk bed in Gasifier

Weight of Rice Straw
Bulk Density of Rice Straw

Volume of Rice Straw Bed =

Where

Bulk density of rice husk = 112.87 kg/m®

250.6

_ 3
11287~ 2%2m

Volume of Rice Straw Bed =

Volume of Gasifier

Volume of Rice Straw Bed

Vol f Gasifier =
olume of Gasifier 1= Voidage
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Where
€ = Porosity of Rice Husk = 0.6

Volume of Gasifier =

Length of Gasification Section

V,

2.22
1-0.78

nD%L

Voowips —
gasifier 4

Putting value of L

nD2(5D)

asifier —
4

D = 1.2m (Assume Diameter 1.2m)

D

Superficial Velocity

Superficial Velocity is given as

Where

Density of Fluid = 1.42 kg/m3

1td?
Area = - = 1.1304 m?

Mass flowrate of fluid = 21853 kg/hr

L L
=10(2<5<10)

Taking£:10
D
L=5(1.2)
L=12m
Q = UsA
my
—=U[A
P f
my
Ur =—
F = oA

=10 m3
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Ur =3.78m/s
Minimum Fluidization Velocity

For minimum fluidization velocity

_[9(ew —pp)dp?|[29%] _
Un = [ 150, T = Unf = 0.251m/s
Where
g=9.8m/s
dp, = 500um

pp = 420 kg/m’

pr = 1.42 kg/m3
n=2.11x 107> Pas
?=0.6

Terminal Velocity

The relation for terminal velocity is

— 252
u=dp0.333 /M - 1662
225p¢p S

Bubble Velocity
Bubble velocity is given as

Up, = uo — umf + (0.71)(gdb)%>

Where
dp = bubble size
u, = 3.78m/s

dy, = 0.0037(u,, — umf)?

Uppyf = 0.251 m/s &y = 0.046 m

= 9.8 m/s
8 Putting values of variable in above equation

Up, = 0.38 — 0.251 + (0.71)((9.8)(0.046))°"

Uy =4m/s

67



Chapter # 05 Process Equipment Design

Pressure Drop

AP
= (pp — pr)(1 — ©)g

AP = 2.17 kPa
Where

pp = Density of particle(Rice Straw) = 420 kg/m3

3
p¢= Fluid Density = 1.42 kg/ m
g = Gravity =9.81 m/s
€ = Porosity of Bed = ¢ = 0.78
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SPECIFICATION SHEET

Identification

Item Gasifier
Item no. G-101
No. of required 1
Operation Continuous
Type Bubbling Fluidized bed Reactor
Function

Gasification of Rice Straw to produce syngas, H2S,N>

Chemical Reaction

C + HO =CO+ H,

C+ 0O, =CO,

C + -0, =CO

C + 2H, =CH,

S + H, =H,S

Length of reactor 12m
Diameter of reactor 1.2m
Volume of Reactor 10 m®
Pressure Drop 2.17kPa
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5.2 Design of Cyclone Separator

High Efficiency cyclone separator:

A rotating airflow (vortex) is created when tangentially approaching the separator from the top,
the dust-filled air stream enters. Centrifugal force is used to move the dust particles around the
exterior wall, where they're split apart and deposited in spiral pattern to the ultimate collection
location. The vortex in the bottom part of the covering forces the air stream to turn around and
move upward. The separation of dust with a low fibre and granule content is particularly well

suited to the use of cyclone separators.

Fast separation rates and little pressure loss are combined by cyclones with return air plenums
by using a pressure recoup in the head side. These cyclones can handle extremely high material
loads while maintaining the best separation rates since they are built for larger air volumes and
when used with spiral intakes. The cyclone separators' air volume ranges from 100 to 20,000
m3/h at 60 CFM to 11,770 CFM. Their robust design and protected internal lining offer the

highest levels of dependability, safety, and reliability in addition to a long service life.
Advantages:

= High separation efficiency

= Simple separation of fine and finest particles

= Continuous operation

= Robust design

= Can be operated with positive or negative pressure

= Pressure drop is reduced thanks to a pressure recover piece in the top portion

= Exact variation to any air volume due to a wide range of obtainable sizes
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Input Syngas
CO; 82791.89 kg/hr
co 89677.87 kg/hr
H, 48918.74 kg/hr
H,S 247.22 kg/hr
CH, 5002.74 kg/hr

N, 691.28 kg/hr Output
Ash 17738.43 kg/hr o 8279189 kgihr
c _3865'98 kg/hr co2 89677.87 kg/hr
i Ha 48918.74 kg/hr
H,S 247.23 kg/hr
N, 691.28 kg/hr
CH. 5002.74 kg/hr
T=950C
P =10 bar
Output Solid Particles
Ash 17738.43 kg/hr
Carbon 3865.98 kg/hr
Figure 5.2 Cyclone Separator
Design Calculations
Number of Cyclones
No of cvel Dc Proposed
o of cyclone = ———
y Dc Standard
No of cyclones = 3
Standard velocity = 9-27 =~ (R. K. Sinnott)
Using;
Velocity= 18 %
. Massfl 55 3
Volumetric flowrate = —— Owrate = 200556 _ 978 -
Density 94 S
Volumetric flowrate 5
Inlet duct area = - = 0.044m
Velocity
Duct area = 0.044m? = 0.5Dc x 0.2Dc
Dc proposed = 0.63
Calculation for single cyclone
. 266556 kg
Flowrate enteringof the gas = —3 = 88852 hr
. Massfl 5 3 3
Volumetric flowrate = —— owrate = 38852 _ 945 = 0263
Density 94 hr S
Inlet duct area
1 ic fl .
Inlet duct area = “2umetricflowrate _ 2263 _ .014m?

velocity 18

Ductarea = 1.5Dc X 1.2Dc (from fig 10.44 R. K sinnott vol — 6) 71

Dc = 0.6m
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No of effective Turns
I\ /L + L
v=(3) ()
4 2
T = 0.314 secc
Dc = 0.60m
Height = 0.5(0.6) = 0.3m

Lg = 1.5Dc = (1.5)(0.6) = 0.9m
Lc = 2.5Dc = (2.5)(0.6) = 1.5m

Gas Residence Time

T = Path Lenght _ mDcN

Speed V4
m
V=18—
S
T =0.418 sec
Particle Drift Velocity
v W
T
W =0.2Dc=0.12m
T = 0.418 sec
Pressure Drop Calculation
Pf 2rq
AP = — u2<1+2®2<——1>)+2u2 ]
203t re 12
AP = cyclone pressure drop = millibar
. kg _ m
py = Gas density at outlet = 0.5 3 u, = Inlet duct velocity = 18?
— Exit duct velocity = Volumetric Flowrate 3 7m
Uz = BT QU VOO = ) rea of Exist Pipe s 1

r; = Radius to circle to which the center line of the inlet is tangential,

0.12
rn = [06 - (T)] = 0.55m

1, = Exist pipe, m = 0.5Dc = 0.3m

h-183

Te
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SPECIFICATION SHEET

Identification

Item Cyclone Separator
Item no. CL-101
No. of required 3
Operation Continuous
Function
To remove ash, unburn carbon from
mixture of gases
Operating Pressure 10 bar
Operating Temperature 950°C
Inlet Duct Area 0.0145 m?
Inlet Duct diameter 0.6m
Total Height 2.4m
Outlet duct area 0.07 m?
Outlet duct diameter 0.375m
Scaling factor 6.7
No of effective turns 4
Gas residence time 0.418sec
Particle drift velocity 0.287 m/s
Pressure Drop 0.1bar
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5.3 Design of Waste Heat Boiler (WHB-101)
Waste Heat Boiler

A waste heat boiler converts heat generated as a byproduct of another operation, heat that would
otherwise be squandered, into steam. Steam may be used to power turbines that generate
energy. The boiler may also be used to merely heat water or other types of fluid. A waste heat
boiler, also known as a waste heat recovery boiler, can lower a system's fossil fuel consumption
and operating costs by recycling part of the energy utilized. This also implies that less

greenhouse gases enter the atmosphere.

Types of waste heat boiler:

Waste heat boiler design have main two types:

= fire-tube boilers
= water-tube boilers

We have selected water tube waste heat boiler due to following reasons
Advantage:

= More intense operating pressures

= Higher output temperature

= reliable Design

= Handling of precise load fluctuation
= Generation of superheated steam

= Fast recovery of heat

= Better turn down

T=25C

Gases Mixture =950 C Gases mixture =475 C

T=179C
P =10 bar

Figure 5.3 Waste Heat Boiler (WHB-101)
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Design Calculations

Conditions

Tin =950°C
Tou=475°C

Heat Duty

Tin =950°C
Tout=475°C

Q =6.3x10"BTU/hr
Steam Requirement
Pressure =10 bar

m = 29642 Kg/hr
Energy Requirement and Heat Production
2% Heat Loss

Q1= Qu+ 0.02 Q
Qr=6 x 10’ Btu/hr

Water Requirement

Mr= Mass flow of steam (M) + Blow Down (Mg)

Ms = Mg- 0.1M¢

M; = 64145 Ib/hr

Aty = 950-179 =771°C
Ato = 475-25 =450°C

Log Mean Temperature Difference:

LMTD =
In

75



Chapter # 05

Process Equipment Design

LMTD = 1104°F

Up = 50 BTU/hrft?°F (Table 08)
Area

Q = AUpAt

A = 1056 ft?

Heat Balance

Gases (Hot Fluid)

Q = mcpAt

Q=6.3 x 10" BTU/hr.

Steam

Q=mir

Q=6.3x 10" BTU/hr

Suppose

a= 0.3925 ft? (Table 10) (Tube OD 1.5 in)

Number of tubes

_ A
t" Lxa
Nt = 168
Nearest Count Nt=170, ID of Shell=33 inch
Corrected Up:
= Ne
™ Lxa
A = 1056 ft?
Up= Q/AAt

Up = 53.4 BTU/hrft?°F

Tube Side (Steam) Calculations
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Flow Area

ar= 0.302 in? (Table#10)

ar=1.8 ft?
Mass Velocity
=¥
at
Gt = 28410.2 Ib/hr ft2
M =0.363 Ib/ft hr
Tube ID =1.40in (Table 10) = 0.11 ft
Reynold Number
D; X G
T T
Re = 5609
hic=1500 BTU/hr ft2. F
Shell Side (Gases) Calculations
Flow Area
e
as = 1.4 ft?

Mass Velocity

Gs = 46677 Ib/hr.ft2
pn=0.024 cp x 2.42

i = 0.05 Ib/ft.hr
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De = 1.48 in (Fig 28) = 0.12 ft

Reynold Number

D. X Gq
e~ n
Re = 93354
Jn =180 (Fig 28)
k= 0.05 BTU/hr.ft>. F
Cp = 1.07 BTU/Ib. F
1
C 3
CoX W2 _ 1 02
(k)3
h_o _ Ih xk

®; Dg x1.02
ho =92 BTU/hr ft. F

Clean Overall Coefficient

— 1'lio X ho
€ hi+h,
Uc= 86 BTU/hr ft?.°F
Dirt Factor:
U:.—-U
Rd — C d
U: X Ugq
Rq= 0.0004
! + R
Ug U. ¢

Up =53 BTU/hr ft2.°F
Pressure Drop Calculations

Tube Side
Re = 8609
F =0.04

Se = 0.0931

78



Chapter # 05 Process Equipment Design

fxnp xLxG2

AP, =
U7 75%x1012x D; x 2 X s

APy =0.006 psi
Shell Side
Re = 93354

f=0.0018 (Figure # 2) (PHT Donald Q.Kern)

12 XL _ 12X16 _

No. of Crosses: N+1= =29
B 6.6

Ds =33 inch

fx G% x dg X(N+1)

AP, =
S 75x1012XxDg x 2 X dg

APs =0.0004 psi
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SPECIFICATION SHEET

Identification

ltem

Waste Heat Boiler (WHB-101)

Type

Water Tube Boiler

Function

To Decrease The Temperature Of Process Stream

Heat Duty

6.3*10"7 Btu/hr.

Heat Transfer Area

1056 ft2

Uc Calculated

86 Btu/hr.ft2. °F

Up Calculated

53 Btu/hr.ft2. °F

Dirt Factor 0.0004 Btu/hr.ft?. 'F
FLUID ALLOCATION SHELL SIDE TUBE SIDE
Fluid Name Gases Steam
Fluid Quantity (Total) 65212 Ib/hr. 51031 Ib/hr
Temperature (in/out) 950 'Cto475°C 25°Cto179°C
Pressure 10 bar 10 bar
Viscosity 0.05 Ib/ft.hr. 0.363 Ib/ft.hr.
Thermal Conductivity 0.05 Btu/hr. ft. F
Pressure Drop 0.0004 psi 0.0002 psi

Tubes No: 170

OD: 11/2

BWG:18 | Pitch:17/8-in (Square)

Shell ID: 33 in
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5.4 Design of Packed Bed Scrubber (A-101)
Scrubber

A scrubber's operation is based on the ideas of mass transfer and gas-liquid contact. A gas
stream carrying pollutants is passed through a liquid in a scrubber, where the contaminants are
extracted from the gas.

The scrubbing liquid can be water or a chemical solution, depending on the nature of the
pollutants to be removed. The liquid is usually sprayed into the gas stream, which is composed

of tiny droplets or a mist.
Types of Scrubber Plate Columns

= Packed bed absorbesr/scrubbers

= Plate column absorbers/scrubbers
= Venturi scrubbers

= Spray tower scrubbers.

= Bubble column absorbers/scrubbers

Section Criteria

We have selected Packed column due to following reasons:

= In packed column there is low pressure drop.

= Packed column are more appropriate for corrosive and foamy services.
= Liquid holdup requirement is also low.

= There are more options for packing construction materials, especially for corrosive service

(such plastic, ceramic, and metal alloys).

81



Chapter # 05 Process Equipment Design

T=35C
C P =10bar
Output
CO  [89677.87 kg/hr
A-101 CO, 4139 kglhr
H, | 48918.74 kg/hr
T=35C =5 N> 691.28 kg/hr

Input
Selexol | 159102 kg/hr

T=35C
P=10bar —— &> @
Input T=35C
CO, 82791.89 kg/hr y P=10bar
CO 89677.87 kg/hr Output
H, 48918.74 kg/hr Selexol | 159102 kg/hr
H,S 247.23 kg/hr N CO, 78652.9 kg/hr
N, 691.28 kg/hr H.S 247.23 kg/hr
CH,4 5002.74 kg/hr CHq 5002.74 kg/hr

Figure 5.4 Scrubber (A-101)

Design Calculations

Flow Factor (Fw)

Fro== [%£=0.04
TG o '

Flow rate of entering gas = G = 63.14 kg/s

Flow rate of entering slovent = L. = 44.195 kg/ S
Density of liquid(solvent) = p; = 1030 kg/m3

Density of gas mixture = p; = 3.37 kg/m3

H,0
For 32.5mm of% of packing (R.K Sinnott)

k, = 1.5 (From fig 11.44)

Diameter of Column

Kapg(pL — pg) 05

kg
=7.84"°/
13_1FP(|~1L/pL)0.1 m2s

w' =]

Viscosity of liquid(solvent) = ul = 0.0058 Pa. s
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Density of liquid(solvent) = p; = 1030 kg/m3

Density of gas mixture = p; = 10.37 kg/m3
Size Of Packing 1.5 — inch ceramic

intalox saddles = Fp = 170m™! (R.K Sinnott)

G _6314_
Vw784 oM

Diameter of column =D = /% =32m

Calculation of height of transfer units of Scrubber

a o L
— =1—exp —1.45(6—C)0-7f‘>(a
L

W01 LWZa _o. LW .
. )0 ( ) 005( )02]

HL P2L8 pLOLA
a, =743 M’/
w m3
a,, = Effective interficial area of packing per unit volume = 743 mz/m3

a = Actual area of packing per unit volum = 194 mz/m3 (Table 11.2)
0. = Critical surface tension for particular material = 61e — 3 N/m
.. o kg
Lw =Liquid mass velocity =4.11 —s
u, = 5.8 x 10e — 3 pa. sec
o, = 32e —3N/m

Calculation of Liquid film Mass transfer Coefficient

p 11/3 2/3

HLE

W ] [adp]**

dwHL,

= 0.0051 [
pLDL

KL: [
K =4.4 x 10e-4m/s
K= liquid film coefficient m/s
dp= packing size = 2in = 51mm (Table 11.2)

D,, = Diffusivity of liquid (solvent) = 0.538 x 10~°m2/s
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k
pL=1030 8/
a = Actual area of packing per unit volum = 108 mz/m3 (Table 11.2)
kg
U, = 5.8

g=98m/s

Calculation of gas film Mass transfer Coefficient

-2
a”g] [pg g] [adp]

K¢ = 1.5 x 1073 kmol, .

KR
GDa

m2.s.atm

K5=5.23 for packing above 15mm

Vo=

s
m?2
a = Actual area of packing per unit volum = 108 mz/m3 (Table 11.2)
o. = Critical surface tension for particular material = 61e —3 N/m
Dg = Diffusivity of gases = 0.00001565m?/s
d,= packing size = 51mm
k:
pg=1.37 "5/ 3
Ty = 308K
g=98m/s
Hg = 1.4 x 10™°Pa.s
R=0083143mm’/

Gas Film Transfer Unit Height
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G
HG == m
kga,,p
Hg = 0.09m

Gm = Gas mass velocity = 0.77 kgmol/m? .s

P = Pressure of gases = 10 bar

K¢ = Gas film coefficient = 1.5 x 10 kmol/m? .s.bar

aw = Effective interfacial area of packing per unit volume = 743 m? /m’

Hg = Gas film transfer unit height, m

Calculation of Liquid transfer unit height

L
H =—2 _
- KLawC't
HL =1.69 m

Lum = Liquid mass velocity = 5.7 kg/m? s

C¢ = Total Concentration=p;, / Molecular weight of solvent = 3.68 kmol/m*
Ki = Liquid film coefficient =4.4 *10"-6m/s

aw = Effective interfacial area of packing per unit volume = 743 m? /m’

Hi = Liquid film transfer unit height, m

Calculation of height of transfer unit

mG
HOGZHG_ _mXHL

Lim
Hog =1.35m
Hg = 0.09m
H, = 1.69m
mL_in —075 (Range 0.7 — 0.8)

Equation for equilibrium curve
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y1 = Mole fraction of H2S, CO2 & CH4 in entering gas stream = 0.341

y, = Mole fraction of H2S, CO2 & CH4 in Leaving gas stream = 0.028

Ny, =127

Nog = 5.2 (From Fig 11.40)
Calculation of height of Tower
z = Nog X Hog
Allowance for liquid distribution & redistribution = 0.69m + 0.69m
z=28.28m

Calculation of Wetting rate

_ volumetric flow rate _4m2
wetting rate = . =3.9x 10"*m"/

volumetric liquid flowrate = 0.043 m3/s
a = Actual area of packing per unit volume = 108 mz/m3

Percentage Flooding

K4 at design pressure drop 1/2
K4 at flooding

Percentage Flooding = [

151
Percentage Flooding = [ﬁ]f X 100 = 67%

Pressure Drop

GZ
AP = o x 10BL <—>
Pa

ki

p, =337 g/m3
ki

Lom =485/ 5

k
Gm =686 5/ 5

a = 0.14 (From table)
B=0.14
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SPECIFICATION SHEET
Identification
Item Scrubber
No. of required A-101
Operation Continous
Type Packed
Packing Ceramic Intalox saddles

Function

To absorb H,S, CH4 and CO, gas from Product Stream

Operating Temperature 35°C
Operating Pressure 10 bar
Diameter 3.3m
Interfacial Area of Packing 545m/m’
Height of Transfer unit 1.35m
Number of Transfer Unit 5.2
Column Height 8.28m
Pressure Drop 1.5 Pascal
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5.5 Design of Packed Bed Steam Stripper

Packed column can be due to following reasons:

= In packed column, there is low pressure drop.
= Packed column are more suited for corrosive and foamy services.
= There are more options for packing construction materials, especially for corrosive service

(such plastic, ceramic, and metal alloys).

L [P
FLV=E\/%:O'1O

Flow rate of entering gas = G = 25.3 kg/s

Flow Factor (FLv)

Flow rate of entering slovent = L = 44.195 kg/ S

H,0
For 30 mm of% of packing (R.K Sinnott)

k, = 1. 5(From fig 11.44 )

Diameter of Column

Kapg(pL — pg) 05

kg
= 2.87
131FP(|J-L/pL)O.1 /1112 S

G =

Packing parameter for 2 — inch ceramic intalox saddles = Fp = 130m™! (R. K Sinnott)

Diameter of column = D = /% =2.9m

Calculation of height of transfer units

LW LWZa _ LW
)0.1( ) 0.05(_)0.2

apgy, P2L8 PLOLAa

aW 0-C
T =1—exp|-145(=)°75
: exp[ R

2
a, =408 ™"/ 4
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a,, = Effective interficial area of packing per unit volume = 408 mz/mg

a = Actual area of packing per unit volum = 108 mz/m3 (Table 11.2)
0. = Critical surface tension for particular material = 0.0061 N/m

Lw =Liquid mass velocity = 3. 42X S

u;, = 0.0058N/m?s
oL, = 0.0032 N/m
Calculation of Liquid film Mass transfer Coefficient

2/3 -1/2
HL ] 0.4
[adp]
] [pLDL p

1/3

Ky, [& —0. 0051[
HL dwMy,

K;.=5.2 x 10~°m/s
Ky,= liquid film coefficient m/s
d,= packing size = 51mm (Table 11.2)
D,, = Diffusivity of liquid (solvent) = 0.538 X 10~°m2/s

k
pL=1030"5/ s

a = Actual area of packing per unit volum = 108 mz/m3 (Table 11.2)

— 34 K8
Lw = 3.4 —
. = 0.0058 N/mz

g=98m/s

Calculation of gas film Mass transfer Coefficient

a“g] !pg g] ladpl”

K¢ = 1.5 x 1073 kmol/

RT,

K
GDa

mZ.s.atm
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K=5.23 for packing above 15mm
— 34 X8
Ly = 3.4 —¢

kg
m?2S

V,,= 1.94

2
a,, = 408M /rn3
a = Actual area of packing per unit volum = 108 mz/m3 (Table 11.2)

o. = Critical surface tension for particular material = 0.0061 N/m
D, = Diffusivity of gases = 1.565 x 107> m?/s
d,= packing size = 51mm

Gas Film Transfer Unit Height

Hg =0.051m

Gm = Gas mass velocity = 0.062 kgmol/m? .s

Pc = Pressure of gases = 10 bar

Kg = Gas film coefficient = 1.5 x 10~3 kmol/m? .s.bar

aw = Effective interfacial area of packing per unit volume = 408 m? /m?
Hc = Gas film transfer unit height, m

Calculation of Liquid transfer unit height

H,=14m
Lm = Liquid mass velocity = 0.012 kg/m? .s

Ct = Total Concentration=p;, / Molecular weight of solvent = 3.68 kmol/m?®
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K. = Liquid film coefficient =4.2 x 107 m/s
aw = Effective interfacial area of packing per unit volume = 408 m? /m?
HL = Liquid film transfer unit height, m

Calculation of height of transfer unit

mG
HOG=HG_ _mXHL

Lm
Hog = 1.134m
Hg = 0.051m
Hy, = 0.75m
n;‘_i:n =0.75 (Range 0.7 — 0.8)

Equation for equilibrium curve
y1 = Mole fraction of H2S, CO2 & CH4 in entering gas stream = 0.415
y» = Mole fraction of H2S, CO2 & CH4 in Leaving gas stream = 0.1
Yify, =425
Nog = 2.3(From Fig 11.40)
Calculation of height of Tower
z = Nog X Hog
Allowance for liquid distribution & redistribution = 0.5m + 0.5m
z=3.7m

Calculation of Wetting rate

volumetric flow rate 2
wetting rate = . =3.8x10"*M"/,

volumetric liquid flowrate = 0.043 mg/s
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a = Actual area of packing per unit volum = 108 mz/m3

Percentage Flooding

K4 at design pressure drop 1/2
K4 at flooding

Percentage Floodig = [

1

1.
Percentage Flooding = [ﬁ]i X 100 = 66%

Pressure Drop

G2
AP = o x 10BL <—>
Pg

AP = 1.2Pa
k

p,=125 8/
k

L, =411 g/mZS

k
Gm =287 8 5
a = 0.13 (From Figure)

B =0.15
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SPECIFICATION SHEET
Identification
Item Stripper
No. of required S-101
Operation Continous
Type Packed column
Packing Ceramic Intalox saddles

Function

To absorb H,S, CH4 and CO, gas from Product Stream

Operating Temperature 140C
Operating Pressure 2bar
Diameter 3.3
Interfacial Area of Packing 408m*/m®
Height of Transfer unit 1.134m
Number of Transfer Unit 2.3
Column Height 3.3m
Pressure Drop 1.2 pascal
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5.6 Design of Heat Exchanger (HX-103)
Heat Exchanger (Shell and Tube)

A shell and tube heat exchanger is a type of heat exchanger that is widely used in various
industries to transfer heat between two fluids. It comprises of a shell, which is a outsized
cylindrical vessel, and a tube bundle inside the shell. The two fluids flow in reverse directions

through the shell and the tubes, allowing heat to be transferred from one fluid to the other.

The fluid that flows inside the tubes is typically the one that needs to be heated or cooled, while
the fluid that flows outside the tubes is usually a coolant or a heating medium. The design of
the shell and tube heat exchanger can vary reliant on the specific application and the properties

of the fluids involved.

Steam
T=360C

Gases Mixture =35C Gases mixture =340 C

Condensate
T=360C

Figure 5.5 Shell and Tube Heat Exchanger (HX-103)

Design Calculations
Ty =35, T2=340°C
Tou= 357.4 °C
At;=322.4°C
At=17.4 °C

Log Mean Temperature Difference

Atl - Atz

In (%)

LMTD =
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LMTD = 104.5 °C= 220 °F

Assume

Up= 35 BTU/hr.ft>°F (Table 8) (Process Heat Transfer) (Donald Q. Kern)

Area
Q: AUDAt
A=2954 ft
Q=2,274,761 BTU/hr.
Suppose
a=0.2618 ft*> (Table 10) (Tube OD % in)
Number of tubes
N, = A
" mxd, xL
_ 2954
t 7 02618 x16
Ny =71
Corrected Up
A=N¢xLxa
A=71%x16x0.2618
A=318.3ft
_ Q
D™ AxaT
2274761
D ™ 3183220

Up= 33 BTU/hr.ft* °F

Tube Side (Gases Mixture) Calculations
N¢=76

Length =16 ft

OD=11in

16 BWG

Pitch =1.251n (square)
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Passes =

Flow Area

_Ntxat

at
144 Xn

76 % 0.594

at —
144 x 2
a; = 0.302 in?

Mass Velocity
Gt = a_t

316202
Ge=
0.156

Gi = 2026935 Ib/hr.ft?
pu=2.42 Ib/ft.hr
Tube ID = 0.870in (Table 10) = 0.0725 ft

Reynold Number
_ Djx Gy
R, = IT
Re =60,724
Shell Side (Saturated Steam) Calculations
ID=15.251in
Baffle space =3.05 in
Passes = 1
Flow Area
ID xC xB
aS = eee——
144 X Py
15.25 X0.25 X3.05
Q=
144 x1.25
as=0.156 ft
Mass Velocity
s a_s
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u=10cp x 2.42
pu=0.0605 1b/ft.hr
De =0.99 in (Fig 28) = 0.0825 ft

Reynold Number

Re =366,300

Clean Overall Coefficient

Uc=193.4 BTU/hr ft*. °F

Dirt Factor

Ra=0.001 BTU/hr ft*. °F
Pressure drop calculations

Tube Side

67155
0.25

G

Gs = 268,620 Ib/hr. ft?

F=0.00018 (Figure#26) (PHT Donald Q.Kern)

Sc =0.99756

AP,

AP, =0.39 psi

V32g = 0.4 (fig.27)
APs=1.78
APr =178 +0.39 = 2.17psi

Shell Side

fxnp x L x G2

" 522x1012 X D; x 2 X g
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£=0.0015 (Figure # 2) (PHT Donald Q.Kern)

12 XL

No. of Crosses: N+1= ==269

fx G? x dg x(N+1)

AP,

APs = 1.57 psi

T 7.5x1012 X D X 2 X ¢
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SPECIFICATION SHEET
Identification
Item Heat Exchanger (HX-103)
Type Shell & Tube Heat Exchanger
Function
Heat Duty 2274761 Btu/hr.
Actual Surface Area 318 ft?
Uc Calculated 193.56 Btu/hr.ft>. °F
Up Calculated 33 Btu/hr.ft>. °F
Dirt Factor 0.0001 Btu/hr.ft*. 'F
Fluid Allocation Shell side Tube side
Fluid Name Gases Steam
Fluid Quantity (Total) 316,202 Ib/hr. 67,155 Ib/hr
Temperature (in/out) 35 to 340C 357.4C
Viscosity 0.0605 1b/ft.hr. 2.43 Ib/ft.hr.
Thermal Conductivity 0.187 Btu/hr. ft.°F 0.48 Btu/hr. ft.°F
Pressure Drop 1.57 psi 2.17 psi
Tubes No: 71 OD: 1 BWG:16 Pitch:1.25 in Square

Shell ID: 15.25 in
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5.7 Design of Packed Bed Membrane Reactor (MR-101)

A membrane reactor is a type of reactor that combines a catalytic reaction with membrane
separation process. A membrane in the membrane reactor used to separate selectively the
products from the reaction mixture. This allows the reversible reaction to proceed in a control

manner and increases the yield, selectivity and process effectiveness.

The gas mixture of CO and H20 entering the Membrane reactor of 340 °C and pressure of 10
bar. As the shift gas reaction is moderately exothermic reactions whose heat of reaction is AH
=-41.2 KJ/mol. The shift gas reaction will first proceed in the HTSGR in the presence of Fe203,
which is catalyst we are using here. The Fe>O33 has outstanding performance for shift

reactions.

As the reaction is reversible so to avoid the equilibrium, we are using the membrane reactor in
which membrane will be selectively permeable (Pd based membrane) and will allow only
hydrogen gas to pass from the membrane. By removing the product continuously, we will
disturb the equilibrium. Even enabling CO2 simultaneously. This simultaneous H2 production

and CO. Capture will increase the overall efficiency 30%.

Selection Criteria
= Gaseous phase reaction

= Due to solid catalyst

= Reaction is reversible

Input
Steam [ 115300 kg/hr

Satu rated Steam
T=179C

Output
T=340C ) 145061 kg/hr
P =10 bar ? /] 691.28 kg/hr
Intput / / 57649.6 kglhr
CO | 89677.87 kghr / 7
CO, | 4139 kghr i
H, | 48918.74 kg/hr
N, | 69128 kghr 2
> Output

H, | 55303.61 kg/hr

Figure 5.6 Packed Bed Membrane Reactor

100



Chapter # 05

Process Equipment Design

Design Calculations

Reaction

CO+H,O <«—> Hx+CO;

Kcal

mol

AH,.=-10 (low Exothermic)
Reaction Conditions

T =340°C

P =10 bar

Rate Expression

)
Ieo = k0 €Xp RT [CCO CH20 -

Where,

mol
g.h.atm

6
koz 2.16 x 10

Ke: exp (45;ﬂ —4.33)

E =80 -~
mol

J

mol.K

R=8.314

T=613K

Weight of the Catalyst Bed

XA
W[ dy

Fao —Ia
0

Ao

Fao = 3202.7 kmol/

Conversion =100 %

Cco2CH2

Ke

Weight of Bed = 2883 kg

]

w
o= 0.9 ( Through area under the curve)
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Levenspiel Plot

35
3 |
25 I
z I
<
= I
15 I
1 I
0.5 0.227 0.256 :
0 :
0 20 40 60 80 100 120
Conversion
Figure 5.7 Levespiel plot for area under the curve
Volume of Catalyst Bed
Bulk density of catalyst = 800 kg/m3
Porosity = € = 0.26
weight of bed 2883
density 800
Volume of Reactor
VC talvst 36
Volume of reactor = ——— = 5 m3

1-¢ 1-026
Length of Reactor

nD?L
VReactor = T

L<20
D
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To maintain the plug flow in packed bed reactor we are putting

=40

| =

L=40D
D=054m
L=22m

With 5 % Safety Holdup Length =23 m

Pressure Drop

AP 150uG(1-€)? | 1.75G%*(1-¢)
L pD2Zg3 pDe3

AP = 0.1 kpa

G = Mass Velocity = Mass flowrate 182kg/
— A MOy = Diamter of reactor m?s

nD?
A = Area of Reactor = - +tDL =39.4m?

Weighted viscosity = 4.2 x 10" P

Weighted Density = 12.9 %

5.7.1 Design of Membrane

Selection of Membrane
= Pd-Ag 23 wt % Membrane
» Membrane separation is very affine

= Strong capacity for hydrogen production in pure form
Membrane Thickness = 0.1 mm

Membrane Permeability = 2.783 x 1073 exp (_2;228)

=369 x 10-5 Mmolm

m2.s
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Permeability Flux

P erm
HZ( ret _ Pp

mol
m2.s

Ju=7.8 x107*
Length of membrane =16 m

2
Area of Membrane = % +xDL

Area of membrane = 27 m?

5.7.2 Design of Cooling Jacket

In terms of control, effectiveness, and product quality, a jacket offers the best way to heat and

cool a process vessel.
The three main types of Jackets are as follows

1. Spiral baffle Jacket
2. Half pipe coil Jacket
3. Dimple jacket

Selection of dimple Jacket

= Low pressure Drop

= Used for when low heat transfer rate are required
= Asreaction is low exothermic

Design Calculations

Assuming 95 % area of PBR covered with jacket

D2

A; =—-tm DL= 375m

For Jacket:

Assume (ﬁ) =1

Ks

h, =215

mZC
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Tank side
0.33 0.66 0.14
=073 (%) (50 ()
h=838 —
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SPECIFICATION SHEET

Identification

Item Reactor
Item no. MR-101
No. of required 1
Operation Continuous

Type Packed Bed Membrane

Reactor

Catalyst Fe203
Function

To Produce hydrogen from WGSR

Chemical Reactions

CO+ H20= Hz+ CO2

Weight of Catalyst Bed 2883 Kg
Volume of Catalyst 3.6md
Volume of Reactor 5m?

Space Time 1.1sec
Diameter of Reactor 0.54m
Type of Membrane Pd-Ag wt %
Area of membrane 27 m?

Pressure Drop 0.1 kPa
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6 Mechanical Design of Reactor (MR-101)

Input
Steam | 115300 kg/hr

Saturated Steam
T=179C

Output
T=340C 145061 kg/hr
P =10 bar ? 691.28 kg/hr
Intput ﬁ 57649.6 kg/hr
CO  [89677.87 kg/hr ‘
co, 4139 kg/hr 1
H, 48918.74 kglhr
N, 691.28 kg/hr
> Output

H, | 55303.61 kg/hr

Figure 6.1 Packed Bed Reactor (MR-101)

6.1 Material Selection
We have selected Stainless Steel 304

= |t has excellent toughness at high temperature and pressure applications.

= Used for high temperature gases and steam production processes.

6.2 Design Pressure and Temperature
Operating Temperature = 340 °C

Design Temperature = 350 °C
Operating Pressure = 10 bar = 146 psi

The maximum operating pressure is taken as 25 psi above the normal operating

pressure
=171 psi = 11.8 bar

As the design, pressure is 10% above the maximum operating pressure
= 188 psi = 13 bar
Diameter of Vessel
Di =0.54 m = 21.26 inch
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6.3 Wall or Shell Thickness
For Cylindrical Shell

PR
~ (S—0.6P)

Corrosion Allowance = 0.15 inch

t = 0.15inch

t = Shell thickness = 0.3 inch = 7.37 mm
P = Design Pressure= 13 bar

R = Radius of Shell = 10.63 inch

S = Max Allowable tensile stress = 100 N/mm2 = 14504 psi
6.4 Outer Diameter of Shell
D.=Di+?2t
D =21.26+(2x0.3)
D =21.84 inch = 554 mm

6.5 Thickness of Domed Head
a) Torispherical Head

_(0.885 PL)

=——————=0.25inch = 6.
t (SE—0.1P) 0.25 inc 6.35 mm

L = Crown Radius = Di = 21.26 inch

Diameter of Vessl= Di =21.26 inch

b) Ellipsoidal Head
PDi

~ (2SE — 0.2P)
6.6 Thickness of Flanged Head

t = 0.14 inch = 3.56 mm

P
t=Di |0.3 S~ 0.11 inch = 2.79 mm

As we see that hemispherical head gives the minimum thickness so it will be more economical
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6.7 Design Load

6.7.1 Dead weight of Vessel (W\v)
W, = 240C,, D), (H, + 0.8Dy,)t

W, = 24178 N
Cw = factor to account for internal fittings = 1.08
Dwm = mean dia of vessel = (Di + t x 10%) = 0.54 m
Hy = Height of Cylindrical shell =23 m
Thickness of shell =7.37 mm

6.7.2 Weight of fitting (by Ray Sinnott)
a. Caged Ladders (Steel) = 8280 N

b. Platform steel for vertical vessel = 39100 N
6.7.3 Total Weight of Vessel
WT =W, + W;
Wr=24178 + 8280 + 39100

Wr=71558 N="71.5 kN

6.8 Wind Load
Fw = By + Degr

Fyw = 1326 N
m
Pw = Wind Pressure = 1280 % (by Ray Sinnott)
Desr = Effective column dia =
Desf = Do x (insulation thickness + t) + Allowance
Deff =45.7m
Typical Insulation thickness = 75 mm

Allowance of added caged ladder = 0.4 m

Outer dia=Do=0.55m
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t = vessel thickness = 7.37 mm

6.9 Stress Calculations

6.9.1 Longitudinal Stresses

6.9.3 Dead Weight Stress

=————=05.64
oW = (D, + Ot mm?

P = Design Pressure = 1.3 N/mm2

D; = Diameter of Shell = 554 mm
t = Thickness of Shell = 7.37 mm
W = Total weight of Vessel = 71558 N

6.9.4 Bending Stresses

M, /D,
oy, =—X(—‘+t) = 180

l, \2 mm?

2
Bending moment = My =~ = 350648 Nm

w = wind load per unit length = 1325.7 N/m
X = height of vessel =23 m
Iv = second moment of area of vessel
=, (D§ —D{) = 0.00054 m
Di = Inner dia of reactor = 0.54 m
Do = outer dia of reactor = 0.55m
t = thickness of shell = 0.00737
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6.9.5 Principal Stresses

1
0 = E[O'h +0,++ (0, —0,)% + 4t2]

o, = 209.44 N/mm2

o, = longitudinal stress = 47.63 N/mm2

0, = total longitudinal stress = oy + o, + o, = 209.44 N /mm2

t = Torsional Stress = 0

1
0, = E[Gh +0, —+/(op —0,)% + 4t2]

6, = 47.63 N/mm?
03 = 05 X P
0-3 = _065 mm2

6.9.6 Allowable Stress Intensity
0, — 0, = 161.81 N/mm?

6, — 03 = 210.09 N/mm?
(which is less than design stress)

0, — 03 = 48.28 N/mm?
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7 Power Calculations
7.1 Grinder

Grinding is a unit operation that involves the reduction of the size of solid particles to a desired
average particle size distribution. In chemical engineering, grinding is often used as a

preparatory step for other unit operations, such as mixing, separation, and extraction.

Grinding can be performed using a variety of equipment, including ball mills, hammer mills,
roller mills, and impact mills. The characteristics of the material being ground and the desired
particle size distribution will determine the equipment selection. For instance, brittle or friable
materials are frequently ground in a ball mill, whereas hard or fibrous materials are typically

ground in a hammer mill.

Table 2.1. Classification of size reduction equipment
Feed size Product size
Coarse crushers 1500—40 mm 50-5 mm
Intermediate crushers 50-5 mm 5-0.1 mm
Fine crushers 5-2 mm 0.1 mm
Colloid malls (.2 mm down to 0.01 pm

Types of Crushing Equipment

The top coarse, intermediate, and fine crushers are included in the following Table.

Table 2.2. Crushing equipment

Coarse crushers [ntermediate crushers Fine crushers

Stag jaw crusher Crushing rolls Buhrstone mill

Dodge jaw crusher Disc crusher Roller mill

Gyratory crusher Edge runner mill NEI pendulum mill

Other coarse crushers Hammer mill Griffin mill
Single roll crusher Ring roller mill (Lopulco)
Pin mill Ball mill
Symons disc crusher Tube mll

Hardinge mill
Babcock mill

Selection of Grinder

= Asthe particle size 50mm so it lies between intermediate crushers. So selecting the hammer

mill for unit operation of size reduction
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Hammer mil

The hammer mill is an impact mill that rotates at a high speed while holding several hammer
bars that are swung outward by centrifugal force. Both a laboratory model and an industrial
model are depicted. Material is fed into the machine from the top or the centre, and then it is
centrifugally ejected out and crushed by being bashed between hammer bars or against breaker
plates that are attached around the cylindrical casing's edge. The material is reduced in size
until it can pass through the screen that makes up the lowest part of the casing. Any hard
substance present does not harm the apparatus because the hammer bars are hinged. When

necessary, the bars are easily replaced.

The hammer mill works well with hard materials, but because it generates a lot of fines, it's
best to use positive pressure lubrication on the bearings to keep dust out. The size of the screen

and the rate of rotation control the product's size.

Feed

T g R
Milling - \
Chamber o € A
) : ) N \ O/

Hammer

Granules } e SCreen

Figure 7.1 Hammer mill

7.2 Hammer mill Calculations

Mass flowrate entering the hammer mill = rh = 152.40 ton/hr

Initial Particle Size = 50 mm
Final particle size = 0.5 mm

By using the Bond’s law of size reduction

p=rm x 03162 X w; [\/DlT_\/DlT]
b a

1 1
= 152.40 x 0.3162 x0.12 X [—— —
¥ v0.5 /50
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p =7.34KW

p=9.84h,

7.3 Pump

A mechanical device that moves fluids (liquids or gases) from one place to another by creating
a low pressure area at the inlet and a high pressure area at the outlet. Examples include water
pumps used to move water from a well to a home, or air pumps used to inflate tires or air

mattresses.

7.3.1 Types of Pump
Pumps come in an assortment of sizes and shapes, but the two most common varieties are shown

below:

Dynamic pumps

v

Centrifugal pumps Vertical pumps

—> Line Shaft pumps

Deep Well
=2 Based on major direiction of flow "
= Short settin
v v ¥ g
Radial flow Axial flow Mixed flow o

> Based on suction type
|

v v Deep Well
Single-suction Double-suction

Short setting

> Submersible pumps

> Based on mechanical construction

1 Horizontally mounted
¥ v axial flow pumps
Closed -%hrouds Open - No shrouds Semi-open or
enclosingthe to enclose the vortex type.

vanes vanes

Figure 7.2 Different types of pump

Dynamic Pump

In these kinds of pumps, the piston or plunger goes up and down. Fresh liquid is pumped into

the cylinder throughout the time of the pressure stroke. The discharge stroke starts as soon as
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the inlet valve closes. when the cylinder has been filled. Pressurised liquid ejections from the
exit valve when the outlet opens during the discharge stroke. A checked valve is installed on

the input and vent sides to stop the liquid from flowing backward.

Centrifugal Pump

Centrifugal pumps work by providing centrifugal force to fluids, which is often done with the
useof impellers. These pumps are commonly used in chemical process industries for moderate
to highflow applications with low-pressure head. Radial, mixed, and axial flow centrifugal
pumps are thethree types of centrifugal pumps.

Special Effect Pump

Special effects pumps are another name for kinetic pumps. This sort of pump still uses kinetic
andvelocity energy to provide energy, but it does it in a different way than centrifugal pumps.

Positive Displacement Pumps:

The liquid is moved through a positive displacement pump by reciprocating, rotational, or
pneumatic action. In this case, instead of a steady liquid flow, the fluid is discharged in pulses.
Through an input valve and an output valve, these pumps function by allowing a specific
volume of fluid to enter the pump chamber and then releasing it. These pumps are employed

because they can operate at high pressures and in high viscosity fluids.
Reciprocating Pump:

A reciprocating pump is a sort of positive displacement pump that practices a piston, plunger,
or diaphragm to move fluid from one place to another. The reciprocating motion of the piston,
plunger, or diaphragm generates a pressure difference, which allows the fluid to be forced out

of the pump.

Reciprocating pumps are generally used in a range of applications, as well as oil and gas
production, chemical treating, water treatment, and more. They are mainly useful for pumping

fluids that are high in viscosity, abrasive, or contain solids.

Rotary Pump

A rotary pump is a form of positive displacement pump that uses rotating components to
transfer fluids. It is a common type of pump used in a multiplicity of industries, including oil

and gas, chemical processing, and food and beverage.
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The main components of a rotary pump include a rotor and a housing. The rotor is a rotating
component that is typically made up of multiple lobes or gears, and it moves the fluid through
the pump by creating a sealed cavity that expands and contracts as the rotor rotates. The housing
is the stationary component of the pump that surrounds the rotor and provides the fluid

chambers through which the fluid is transferred.

7.3.2 Selection of Centrifugal pump

= They are easy to use and inexpensive.

= Fluid is given at a constant pressure with no pulsation or shocks.

= Pumping does not need the use of any valves.

= They run at a high speed (up to 4000 rpm), therefore they may be directly linked to an
electric motor.

= Without altering the pump, the discharge line can be partially or totally shut off.

= They are a lot smaller than other pumps with the same capacity.

= Maintenance is less expensive compared with other types of pumps.

7.3.3 Power Calculation of Pump (P-102)

This centrifugal pump transport the solvent (Selexol) from stripper to scrubber.

_ T=140C
T=1a0C P =10 bar

P =2 bar Selexol
Selexol
~ < Pump-102

Figure 7.3 Pump (P-102)
Inlet and Outlet Pressures:
P1=1bar=1atm=10°Pa
P, =10 bar = 10 atm = 10 x 10° Pa

Total Flowrate of Selexol = 159102 K9 /1y

As the flowrate is quite large so we are installing 4 centrifugal pump in parallel to reduce cost
and manage power consumption.

Density

Density of Selexol = p = 1030 kg/m3
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Head
AP
Head = —
pg
Head - 900000
1030 X9.8
Head =89 m
For power consumption
P = yQh

Y= pr9

Q = Volumetric flowrate for 1 pump = 0.010 m3/5
P = pgQh

kg
2

3

m m
P= 1030—3 X 9.8 — x0.010 — X 89m
m S S

kg. m
3

— 8984
p S

P = 8984 watt

P=12hp

2
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Specification Sheet

Item Pump (P-102)
Type Centrifugal Pump
Head 89 m

Function

To increase pressure from 1 bar to 10 bar

Inlet Pressure 1 bar Discharge Pressure 10 bar
Mass Flowrate 39775.5 kg/hr
Density
1030 kg/m?®
Pump Work 12 hp
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7.4 Compressors

A compressor is a mechanical device that is used to decrease the volume of a gas or a vapor. It
mechanisms by increasing the pressure of the gas or vapor, which in turn reduces its volume.
Compressors are widely used in various industries, including refrigeration, air conditioning,

gas processing, and power generation.

7.4.1 Types of Compressors
Depending upon the task. Compressors are available in a variety of forms and sizes, these are

as follows:
e Positive displacement compressors:

Positive displacement compressors are a type of compressor that work by trapping a fixed
amount of gas and then compressing it into a smaller volume, resulting in an increase in
pressure. There are several types of positive displacement compressors, comprising

reciprocating compressors, rotary screw compressors, and rotary vane compressors.

e Rotary compressor:

Rotary compressors are a type of positive displacement compressor used in many applications,
including air conditioning, refrigeration, and industrial processes. They work by using rotating
components to compress air or gas, which is then transferred to a storage tank or a downstream

system.

e Reciprocating piston compressor:

This kind of compressor draws air in and then compresses it using a piston that is constantly
moving. In general, the piston moves in one direction to pull in air and in the other direction to
compress it. Single- or double-chamber designs are available for reciprocating piston
compressors, which determine whether air is compressed on only one side of the piston or both.

These compressors have up to 1000 horsepower and can be either air- or water-cooled.

e Dynamic Compressors:

When you require a lot of horsepower, a dynamic compressor is the best option. They are
availablein both axial and radial configurations. They are commonly referred to as turbo
compressors. Centrifugal compressors are those that have a radial design. In contrast to, say, a
displacement compressor, which runs at a constant flow, a dynamic compressor runs at a

constant pressure. External circumstances influence the performance of a dynamic compressor;
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for example, achange in input temperature leads in a change in capacity.

e Centrifugal Compressor:

The centrifugal compressor is one of the most well known dynamic compressor types. By
applying an inertial force (turning, deceleration, and acceleration) to the gas through a rotating
impeller, this compressor compresses the gas. Air is pulled towards the core of the impeller of
this compressor before being centrifugally accelerated towards the circumference. As the air is
compressed into that area, the diffuser will scroll there.

Axial flow Compressor:

Another fundamental variety of dynamic compressor is the axial flow compressor. As a result,
despite having a very tiny housing and little power requirements, it can handle high air flow
rates. These compressors have a modest to moderate pressure range. The axial compressor
forces air into ever-tinier spaces using a set of blades that resemble jet engines. These sorts of
dynamic displacement compressors are still extensively available in the market. Axial
compressors are often smaller, lighter, and faster-running than comparable centrifugal

compressors.

7.4.2 Selection of the Compressor
A centrifugal compressor was chosen. The following are the benefits of a centrifugal

compressor:

= Larger amounts of gas can be handled in one or two tiny casings, resulting in a smaller
overall package.

= Vibration-free for the most part. Only a pad adequate for sustaining the package's static
weight is required.

= Centrifugal compressors have a lengthy mean time between failures.

= |Independent analysis has proven that the product has an industry-leading availability of
99.7%. Gear that is conservative and of good quality.

= For constant gas delivery, include intake guide vane control and bypass.

= For most operational situations, automatic operation and precise control are required.

= Control systems for PLCs (Programmable Logic Controller) are available.
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7.4.3 Power Calculations of Compressor

02
T=25C
P=1bar

02
C-101 T=25C
P =1 bar

Figure 7.4 Compressor (C-101)

Py =1atm =1 bar
P, =10 atm = 10 bar

T=25°C
Mass flowrate = 21852.46 <9 /ny

Power Consumption

For power calculation of compressor we have a relation, which is:

1.304 X 1074 T P
PB = a o ln (_b)
n Py

Pe = Brake horse power
Jo = Volume of Compressed gas = 8969 r%

Ta = Inlet Temperature °R = 536.7 °R

r = Co-efficient constant = 1.4
Py = Outlet Pressure = 30 bar

P. = Inlet Pressure = 1 bar
Now putting the values in the equation.

PB:7hp
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Specification Sheet

Iltem

Compressor (C-101)

Type

Centrifugal Compressor

Function

To increase pressure from 1 bar to 10 bar

Mass Flowrate 21852.46 kg/hr
Inlet Pressure 1 bar
Outlet Pressure
10 bar
Power 7h
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8 Cost Estimation

Any industrial process necessitates a capital expenditure, and determining the required asset is
an important aspect of the plant design plan. Although there are many names for these
estimations, the five categories listed below capture the classification and accuracy range that
are frequently employed in design.

= Order of magnitude estimates

= Study estimate (factorial estimate)

= Preliminary estimates (budget authorization estimate)
= Definitive estimate (project control estimate)

= Detailed estimate (Contractor’s estimate)

8.1 Working Capital Investment
Working capital refers to the money needed to keep the plant running. The following items
should be considered when calculating working capital:

= Stockpiles of raw materials and supplies

= Semi-finished items in the manufacturing process and final products in stock.

= Receivables (accounts receivable)

= Cash is maintained on hand to cover monthly operational costs including salaries, wages,
and raw material purchases.

= Accounts receivable

= Taxes payable

8.2 Fixed Capital Investment

Fixed capital investments also cover maintenance and long-term asset investments.
Investments in tangible assets like real estate, machinery, and equipment (PP&E) are included.
Capital expenses on assets, plant, and equipment (PP&E) and other types of expensesand the
sale of fixed assets is used to compute it. Fixed capital investment is a key component in
calculating the firm's free cash flow (FCFF). Fixed capital investment for FCFF computation
is computed using one of the following formulae if a firm's long-term assets are not sold during
the financial year:

FCINV = closing gross value of PP&E — opening gross value of PP&E
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8.3 Depreciation

Depreciation refers to the manner of dealing the cost of a physical asset over its convenient
life. This is normally done for accounting and tax commitments, and it permits businesses to
blowout the cost of an asset over its expedient life rather than recognizing the entire cost

upfront.

Depreciation is important because it helps businesses to correctly reflect the value of their
assets on their balance sheets and income statements. By dispersal of the cost of an asset over
its useful life, businesses can more accurately reflect the asset's declining value over time and

ensure that their financial statements

8.4 Cost Indexes

A cost is similar to an index number for a specific time period that displays the cost relative to
a base period at that time. As a result, the current cost is approximated using the cost index as

follows:

Present Cost Original cost

index at present Time  Index Value at time of original Cost

Various forms of cost indices are released on a regular basis. Some may be used to
estimate the cost of equipment, while others are more relevant to labor, construction,

materials, or other specialist industries.

The most common of these indices are
= Equipment for various industries and processes, Marshal-and-Swift

= Engineering news contraction cost index records

8.5 Total Cost of Equipment in 2022

8.5.1 Cost of Grinder
Type: Hammer mill

Purchased cost of dryer for year 2015 = $ 17000
The average increase in the cost is about 2.5% per year.
Using this value we predict the heat exchanger purchased cost in year 2022:

So Purchased cost for 2022 = $17000 x (1.025)7
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Purchased cost for 2022 = $ 20000

8.5.2 Cost of Dryer
Type: Rotary Dryer

Purchased cost of dryer for year 2015 = $ 49000

The average increase in the cost is about 2.5% per year.

Using this value we predict the heat exchanger purchased cost in year 2022:
So Purchased cost for 2022 = $49000 x (1.025)7

Purchased cost for 2022 = § 58245

8.5.3 Cost of Conveyor
Type: Belt Conveyor

Purchased cost of dryer for year 2015 = $ 2240

The average increase in the cost is about 2.5% per year.

Using this value we predict the heat exchanger purchased cost in year 2022:
So Purchased cost for 2022 = $ 2240 x (1.025)7

Purchased cost for 2022 = $ 2663

8.5.4 Cost of Cyclone Separator
Purchased cost of dryer for year 2015 = $ 5914.27

The average increase in the cost is about 2.5% per year.

Using this value we predict the heat exchanger purchased cost in year 2022:
So Purchased cost for 2022 = $ 5914.27 x (1.025)7

Purchased cost for 2022 = § 7030

8.5.5 Cost of Fluidized Bed Gasifier

Material of construction = Stainless Steel
Length=12m
Diameter =1.2 m

Material Factor = 2
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Pressure Factor = 1.1
Purchase Cost in 2004 = bare cost X material factor X pressure factor
=$22000 x 2 x 1.1

= $ 48400 (from fig A.14 Appendix A)
Cost index in 2004 = 444.2

Cost index in 2022 = 808.7

CostIndex in 2022

Cost in 2022 = Cost in 2004 X :
CostIndex in 2004

Purchased Cost in 2022 = $ 88116

8.5.6 Cost of Waste Heat Boiler (WHB-101)
Type of heat exchanger: Shell and tube

Hot fluid = Process gases
Cold fluid = Cold water
Material: Stainless steel
Pressure = 10 bar

Type factor U tube = 0.85

Heat transfer Area = 98 m?

Purchase Cost in 2004 = bare cost x material factor x pressure factor

=$ 102000 x1 x0.85
=$ 86700
Cost index in 2004 = 444.2

Cost index in 2022 = 808.7

CostIndex in 2022

Cost in 2022 = Cost in 2004 X :
CostIndex in 2004

Purchased Cost in 2022 = $ 157844
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8.5.7 Cost of Waste Heat Boiler (WHB-102)
Type of heat exchanger: Shell and Tube

Hot fluid = Process gases
Cold fluid = Cold water
Material: Stainless steel
Pressure = 10 bar
Type factor U tube = 0.85
Heat transfer Area = 143 m?

Purchase Cost in 2004 = bare cost x material factor x pressure factor

=$ 125000 x1 x0.85
=$ 106250
Cost index in 2004 = 444 .2

Cost index in 2022 = 808.7

Cost Index in 2022
Cost Index in 2004

Cost in 2022 = Cost in 2004 X

Purchased Cost in 2022 = $ 193436

8.5.8 Cost of Scrubber (A-101)

Column diameter = 3.3 m
Height of Column =8.28 m
Packing height =7 m

Packing volume =18 m3
Packing: Ceramic Intalox saddle
Packing Material = Pall Rings
Cost of Packing = 1020 $/m?®

Total Packing cost = $ 18360
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Pressure= 10 bar
Material: Stainless steel
Purchase Cost in 2004 = bare cost x material factor x pressure factor
=40000x2x1.1
= $ 88000 (from fig A.16 Appendix)

Cost Index in 2004 =444.2

Cost Index in 2022 = 808.7

CostIndex in 2022

Cost in 2022 = Cost in 2004 X :
CostIndex in 2004

Purchased Cost in 2022 = $ 193363

8.5.9 Cost of Stripper (ST-101)
Column diameter =3.3 m

Height of Column =3.3 m
Packing height =2.6 m
Packing volume = 6.7 m3
Packing: Ceramic Intalox saddle
Packing Material = Pall Rings
Cost of Packing = 1020 $/m®
Total Packing cost = $ 6834
Pressure= 10 bar
Material: Stainless steel
Purchase Cost in 2004 = bare cost x material factor x pressure factor
=$18000x2x 1.1

= $ 46434 (from fig A.16 Appendix)

Cost Index in 2004 = 444.2
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Cost Index in 2022 = 808.7

CostIndex in 2022
Cost Index in 2004

Cost in 2022 = Cost in 2004 X
Purchased Cost in 2022 = $ 84537

8.5.10 Cost of Heat Exchanger (HX-103)
Type of heat exchanger: Shell and Tube

Hot fluid = gases
Cold fluid = water
Material: Stainless steel
Pressure = 10 bar
Type factor U tube = 0.85
Heat transfer Area = 27 m?
Purchase Cost in 2004 = bare cost x material factor x pressure factor
=$42000 x 1 x 0.85

= $ 35700 (from fig A.13 Appendix A)
Cost Index in 2004 = 444.2

Cost index in 2022 = 808.7

CostIndex in 2022
CostIndexin 2004

Cost in 2022 = Cost in 2004 X

Purchased Cost in 2022 = $ 64995

8.5.11 Cost of Heat Exchanger (HX-104)
Type of heat exchanger: Shell and Tube

Hot fluid = gases
Cold fluid = water
Material: Stainless steel

Pressure = 10 bar
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Type factor U tube = 0.85
Heat transfer Area = 88 m?
Purchase Cost in 2004 = bare cost x material factor x pressure factor
=$102000 x 1 x 0.85

=$ 86700 (from fig A.13 Appendix A)
Cost Index in 2004 = 444.2

Cost index in 2022 = 808.7

CostIndexin 2022

Cost in 2022 = Cost in 2004 X :
CostIndex in 2004

Purchased Cost in 2022 = $ 157844

8.5.12 Cost of Packed Bed Membrane Reactor (MR-101)
Material = Stainless Steel

Pressure = 10 bar
Dia=0.54 m
Height of vessel =23 m
Purchase Cost in 2004 = bare cost x material factor x Pressure factor
=$30000 x 2 x 1.1
= $ 66000 (from fig A.13 Appendix A)
Cost Index in 2004 = 444.2

Cost index in 2022 = 808.7

CostIndex in 2022

Cost in 2022 = Cost in 2004 X :
Cost Index in 2004

Purchased Cost in 2022 = $ 120158

8.5.13 Cost of Pump
Type = Centrifugal

C, = CS™
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Power requirement =S =12 hp
Cost Constant = 1920
Index = 0.8
C. = 1920 x (12)°8
Cost of Pump in (2004) = $ 14016
Cost index in 2004 = 444.2

Cost index in 2022 = 808.7

CostIndex in 2022

Cost in 2022 = Cost in 2004 X :
CostIndex in 2004

Purchased Cost in 2022 = $ 25517

Purchased cost for 4 pump in parallel = $ 102068

8.5.14 Cost of Compressor (C-101)
Type = Centrifugal

C. = CS"
Power requirement =S =7 hp
Cost Constant = 1920
Index = 0.8
Ce = 1920 x (7)°8
Cost of compressor in (2004) = $ 8477
Cost index in 2004 = 444.2

Cost index in 2022 = 808.7

CostIndex in 2022

Cost in 2022 = Cost in 2004 X :
Cost Index in 2004

Purchased Cost in 2022 = $ 15433
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8.6 Total Purchased Cost of Equipment
Table 8.1 Total Purchased Cost of Equipment

Equipment Cost ($)
Grinder 20000
Dryer 58245
Conveyor 2663
Cyclone (CL-101) 7030
Reactors
(G-101) 116153
(R-101) 120158
Heat Exchangers
(WHB-101) 157844
(WHB-102) 193436
(HX-103) 157844
(HX-104) 64995
Columns
Scrubber (A-101) 193636
Stripper(ST-101) 84537
Pump and Compressors
Pump(101/102) 204136
Compressor (C-101) 15433
Total 1396110
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8.7 Direct Cost

Table 8.2 Direct Cost

Items Range % Cost $
Purchased equipment 100% 1396110
Installation 25-55% of purchased equipment cost 40% 558444
Instrument and 6-30% of purchased equipment cost 18% 251299

Control

Piping 40-80% of purchased equipment cost 60% 837666
Electricity 10-15% of purchased equipment cost | 12.5% 174514
Building 15% of purchased equipment cost 15% 209417

Land 4-8% of purchased equipment cost 6% 83767
Service facility 30-80% of purchased equipment cost 55% 767861
Yard Improvement 10-20% of purchase equipment cost 15% 209417
Insulation cost 8-9% of purchased equipment cost 8.5% 118669
Total 4607164
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8.8 Indirect Cost
Table 8.3 Indirect Cost

Items Range % Cost $
Engg. & supervision 25% of total direct cost 25% 1151791
Contractor fee 2-8% of direct plant cost 5% 230358
Construction Expenses | 10% of Total direct plant cost 10% 460716
Contingences Direct plant cost 8% 3608573
Total - 2211438

Total capital investment = Fixed capital + working capital investment
Fixed capital = direct cost + indirect Cost

Fixed capital = $ 6818602

Working capital investment = 15% of fixed capital investment

Working capital investment = $ 1022790

8.9 Total Capital Investment

Total capital investment = Fixed capital investment + working capital investment

Total capital investment = $ 7841392

8.10 Variable Cost

Raw material

Flow rate of Rice straw = 138257 kg/hr

For 300 days of operating time = 1094995440 kg/year
Price of rice straw per kg = $0.10/kg

Total price of Rice straw = $ 109499544 /year

Catalyst Cost

Price of Catalyst (Fe203) = $ 1.25 /kg
Weight of Catalyst = 2883 kg

Price of Catalyst = $ 3604 /year

Solvent Cost
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Price of Selexol = $ 1.8/kg
Flowrate of Selexol = 159102 kg/hr
Flowrate for 330 days = 52503660 kg/hr
Price of Selexol = $ 94506588 /year
Utilities
Cooling Water Requirement = 432105 kg/hr
Cooling water cost = $ 0.000014 /kg
Cooling water required for 330 days = 3422271600 kg/year
Total price of cooling water = $ 4792 /year
Miscellaneous Material Cost
Maintenance cost = 7% of FCI
=$ 477302
Miscellaneous Material = (It is 10% of maintenance cost)
=$47730
Variable cost = raw material cost + miscellaneous cost + utilities cost

Variable cost = $ 204062258 /year

141



Chapter # 08

Cost Estimation

8.11 Fixed Operating Cost
Figure 8.1 Fixed Operating Cost

Type FCI (%) Cost $
Maintenance 7 477302
Operating Cost of Labor 10 681860
Laboratory Cost 20 1363720
Supervision Cost 15 1022790
Plant Overheads 50 3409301
Capital Charges 10 681860
Insurance 1 68186
Local Taxes 2 136372
Royalties 1 68186
Total - 7909577
Direct production cost = variable cost + fixed cost
Direct production cost = 204062258 + 7909577
Direct production cost = $ 211971835
8.12 Overhead Charges
30 % of direct production cost
Overhead charges = (0.3)(211971835)=$ 63591550
Manufacturing Cost = Direct Production Cost + Overhead Charges
Manufacturing cost = $ 275563385
8.13 General Expenses
Figure 8.2 General Expenses
Function % of Manufacturing Cost Cost $
Administration 2% 55511268
Distribution and Marketing 2% 55511268
Research and Development 5% 138778169
Total 249800705
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8.14 Total production cost

Total production cost = manufacturing cost + general expense

=$ 525364090
Production Cost

Total production rate = 438 X 10° kg/yr

total production cost

Production cost = =$1.19/kg

total production rate

8.15 Profitability Analysis

e Selling Price

Price of hydrogen in Market = 2 $/kg

Selling price of product = 1.7 $/kg

e Profit

Profit = Selling price - production cost=$ 0.51 /kg
Profit per year = $ 223380000 /yr

e Total Income
Selling Price = 1.7 $/kg

Total Production rate = 438x10° kg/yr
Total Income = $ 744600000 /yr
Gross Profit = Total Income - Total Production Cost

Gross Profit = $ 219235910

o Depreciation

Machinery and equipment = 20% of FCl= $ 1363720/yr
Building = 4% of Building cost=$ 8377 /yr
Total Depreciation = Machinery and equipment + Building

Total Depreciation = $ 1372097/yr
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e Taxes

Let the tax rate is 40%

Taxes = 0.4 x Gross Profit = $ 8769436

e Net Profit

Net Profit before Taxation = Gross profit — Depreciation = $ 217863813

Net Profit after Taxation = Net Profit before Taxation — Taxes = $ 209094377
e Rate of Return

Net Profit
Rate of Return = - x 100
Total Capital Investment

Rate of Return = 26.7 %
e Payback Period

1
Rate of Return

Payback Period =

Payback Period = 3.7 years
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9 Process Simulation

9.1 Simulation of Packed Bed Membrane Reactor on Aspen Hysys.

9.1.1 List of Components

Compent ) +
Source Databank: HYSYS Select: Lhte Components 'J! Filter: [ Al Famiiiel
‘ Compornient Type Group Search for: |H Search by: Formula
48] Pure Component
H20 Pure Component Simulation Name Full Name / Synonym 1
o2 Pure Component < Add o-Hydrogen OHydrogen
Hydrogen Pure Component Refrig-702a Refrig-702a
Refrig-702 Refrig-702
p-Hydrogen PHydrogen .
Refrig-718 Refrig-718
H202 Hydrogen_Peroxide
H202 H202
H2s hydrogensulphide =

9.1.2 Basis Selection

Properties

¢ Basis2 « +

All ltems

52
M

4 [ Component Lists

[ Component List - 1

4 [0 Fluid Packages
(g Basis-1
[ Basis-2
[§ Petroleum Assays
4 [ Reactions
b [g Set-1
[ Component Maps
[ User Properties

_ Properties

r’J-fG Simulation

SetUp ‘ Binary Coeffs [ StabTest I Phase Order I Tabular I Notes ‘

Package Type: HYSYS

~ Property Package Selection

Grayson Streed
IAPWS-IF97
Kabadi-Danner
Lee-Kesler-Plocker
MBWR

NBS Steam
NRTL
Peng-Robinson
PR-Twu

PRSV

Sour PR

Sour SRK

SRK

SRK-Twu

- Activity Model Specifications

Component List Selection E

| Vapour Model

Density Method

| UNIFAC Estimation Temp
| Use Poynting Correction

Ideal
Costald
25.0000 C

v

No Parameters required for the selected Property Package.
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9.1.3 Reaction Set

Properties

All ltems

4 % Component Lists
[Z§ Component List - 1
[ Fluid Packages
(0§ Basis-1
(% Basis-2
[ Petroleum Assays
|3 Reactions
» |[L§ Set-1
|2 Component Maps
[ User Properties

-

Lo Properdes

_}{_']] Simulation

‘Reaction Set: Set-1 -« +

Set Info
Set Type Kinetic _
Solver Method | Auto Selected -]

Add to FP
Detach from FP

Active Reactions Type

Kinetic

Rxn-1 o

Configured

Operations Attached
PFR-100

[ Add Reaction J"I |' Delete Reaction J

[ Copy Reaction ]

9.1.4 Kinetics Selection

Stoichiometry and Rate Info
Component Mole
co
H20
coz
Hydrogen

**Add Comp**

Balance !

Wt.
2801
18.015
44.010

2016

Basis
Stoich Coeff Fwd Order Rev Order Basis Molar Concn
-1.000 1.00 000 Base Component co
-1.000 1.00 0.00 Rxn Phase LiquidPhase
1.000 .00 1.00 Min. Temperature -273.1C
1.000 a.00 1.00 | Max Temperature 3000 C
Basis Units |1bmoleﬁt3 -
Rate Units |Ibmole/ft3-min -
Forward Reaction Reverse Reaction
4’| T 1
A 0.23000 | | | e <empty> |
E 0.00000 | E <empty> |
Lb 000000 || | b <empty> |
Equation Help
r = k*f(Basis) - k™ f(Basis)
k = A*exp{-E/RT}*TAb
k' = A'*exp (-E'/RT}*TAb'
T in Kelvin
| galance Error 0.00000 |
! Reaction Heat {25 C) -9.9e+03 keal/kgmole | 1

PFR-100

feed C Hydrogen
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9.1.5 Connections of Reactor

Design | feactions I Rating l Warksheet J Performance | Dynamics

Design
2 Name  PFR-100
Connections
Parameters Inlets
Heat Transfer feed
User Variables <empty>

Naotes

Outlet
\ | Hydrogen >
> S
|
|
|
Energy (Optional) B _! Fluid Package
. Basis-1 ']

. | — |

9.1.6 Parameters of Reactor
ﬁ Flug Flow Reactor: PFR-100 - Set-1 - 4

Design | Reactions | Rating | Worksheet | Performance | Dynamics

Design

Connections
Parameters
Heat Transtfer
User Variables

higtes ¢~ Pressure Drop Parameters
Delta P 0.0000
@ User Specified @) Ergun Equation
T \ e
[] Single Phase ¢

|

|

|

- |

Duty Parameters

Dty 0.0000

) Formula @ Direct O Value

[ odec | N ;o
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9.1.7 Addition of Reaction Set

Reactions | Rating | Worksheet | Performance | Dynamics
Reactions Reaction Info
Qverall Reaction Set | Set-1 v|
Details
Results Initialize segment reactions from:

@ Current ) Previous ) Re-init

-Integration Information

Number of Segments 20
Minimum Step Fraction 1.0e-06
Minimum Step Length <empty>

-Catalyst Data

Void Fraction is specified as 1.000

(no catalyst information is needed)

[ ocec | |

9.1.8 Rating of Reactor
@ Plug Flow Reactor: PER-100 - Set-1
| Design | Reactjons‘ Rating | Worksheet l Performance | Dynamics

Rating -Tube Dimensions

Sizing Total Volume 5.000 m3

Nozzles Length 23.00 m
Diameter 0.5400 m
Number of Tubes 1
Wall Thickness 5.000e-003 m

- Tube Packing

Void Fraction 1.000
Void Volume 5.000 m3

ovee | | <
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9.2 Simulation of Heat Exchanger on Aspen Plus (EDR)

9.2.1 Process Conditions

; " Geometry | « Process | o Errors & Warnings l

Recent Previous
Hotside ColdSide - : . .
Hotside ColdSide Hotside ColdSide
Calculztion mods | Design (sizing) i
Process Conditions
Mass flow rate ka/h - | 30000 | 30000 13877 30000 13877
Inilst prassure. .I:ar v| 175 | |175 175 175 175 175
Olutlst pressurs bar o | 17318 | |.'?3. 15 1745481 173.5003 174.5481 173.9003
Pressure at lquid surface in column | bar '_|
Inlet Temperaturs °c ~ | ass | |35 35534 35 33534 35
Dutlet Temperature HE "l 355 | im 35151 340 33181 340
Inlst vapar mass fraction | | 1 T 1 1
Dutlet vapor mass fraction | | ] 1 ¢] 1
Heat exchanged '_ BTUM ¥ | | 23283234 23283234
Process Input
Al pies ko psi - | 2665 | [2689 2683 2683 2683 2683
e s o | [0 0 o 0 o
Calculated Results
Pressure drop p=i b 655 15.95 B.55 15.95
9.2.2 Property Method for Steam
¢ Composition ‘ " Property Methods ‘ Interaction Parameters = NRTL = Uniguac
‘hysical property package | B-JAC i |
1ot side composition specification | Weight flowrate or % i |
BJAC
BJAC Components e Component type
Composition
- | -
1 Steam 1| Program
2 > ‘
3 ¥ ,
4 -
5 v
6 -
? v
8 -
g -
10 ¥
-v BT
11 !

Search Databank... ‘ l Delete Row
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9.2.3 Property Method for Gas Mixture

Physical property package

Cold side composition specification

v Composition ‘ ./ Property Methods 1 Interaction Parameters = NRTL | Uniquac

| B-JAC

| Weight flowrate or %

BJAC
BJAC Components . Component type
P Compaosition P yp

1 Carbon monoxide 0.63 | Program =

2 Carbon dioxide 0.028 | Program * =

3 Nitrogen 0.0048 | Program v =

4  Hydrogen 0.34 | Program E

5 L

6 -

7 v

8 -

9 -

10 B

11 Ml g

Search Databank... ‘ ‘ Delete Row

9.2.4 Specification Sheet
Heat Exchanger Specification Sheet

1 | Company: HX-103
2 | Location:
3 | Service of Unit: Qur Reference:
4 | ltem No.: 1 Your Reference:
5 | Date: Rev No.: lob No.:
6 | Size : 11 - 192 in Type: BEM Harizontal Connected in: 1 parallel 1 series
7 | surf/unit(eff) 225.5 ft2 Shellsfunit 1 Surf/shell(eff) 2255 fit2
8 PERFORMAMNCE OF ONE UNIT
9 | Fluid allocation Shell Side Tube Side
10| Fluid name STEAM GAS MIXTURE
11| Fluid guantity, Total Ib/h 66138 30593
12 Vapor (InfOut) Ib/h 66138 0 30593 30593
13 Liquid Ib/h 0 66138 0 0
14 Noncondensable Ib/h 0 0 0 0
15
16| Temperature (In/Out) °F 671.61 665.25 95 044
17 Bubble / Dew peint °F |671.61 / 671.61 671.21 / 671.21 / /
18| Density Vapor/Liguid Ib/ft? | 5792 / J/ 35.105 2227 / 1.113 /
19| Viscosity cp | 0.0261 / J/ 0.0804 |0.0122 / 0.0201 /
20 Molecular wt, Vap 18.01 5.22 5.22
21| Molecular wt, NC
22| Specific heat BTU/(Ib-F) | 3.7867 / /12921 | 1388 / 1.3944 /
23 | Thermal conductivity BTU/(ft-h-F) | Q.06 / J 0.251 0.093 / 0.138 /
24| Latent heat BTU/Ib 341.8 343.1
25| Pressure (abs) psi 2538.16 25316 2538.16 2522.21
26| Velocity (Mean/Max) ft/s 793 / 1533 7442 [/ 102.64
27| Pressure drop, allow./calc. psi 26.83 [ 6.55 26.83 [ 15.95
28| Fouling resistance (min} ft*-h-F/BTU 0 0 0 Ao based
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9.2.5 Specification Sheet

31 CONSTRUCTION OF ONE SHELL

Sketch

32 Shell Side

Tube Side

33| Design/Vacuum/test pressure psi 2800 ¢ !

2800 / /

34| Design temperature °F

35| Mumber passes per shell 1

@ o

36| Corrosion allowance in

2 o NPT
|ﬁ|||||d|%

(o ||
i

37

Connections

In in] 1 g /

- 1 [ ! -

38

Size/Rating

Out 1

- 1 6 ! -

39

Nominal

Intermediate 1 /

40

Tube #: 74

OD:

0.75 Tks. Average 0.083 in

192 in Pitch: 0.9375 in  Tube pattern: 30

41

Tube type: Plain

Insert: None

#/in Material: Carbon Steel

42| Shell  Carbon Steel D 11 oD 14

in | Shell cover -

43| Channel or bonnet Carbon Steel

Channel cover -

44 | Tubesheet-stationary Carbon Steel -

Tubesheet-floating -

45| Floating head cover -

Impingement protection MNone

46| Baffle-cross  Carbon Steel Type Single segmental

Cut(%d) 36.37 Hi Spacing: ¢fc 9 in

47| Baffle-long - Seal Type

[ intet 16.625 in

48| Supports-tube U-bend 0

Type

49| Bypass seal

Tube-tubesheet joint

Expanded only (2 grooves)(App.A ‘i)

50| Expansion joint - Type Mone

51| RhoV2-Inlet nozzle 877 Bundle entrance 460 Bundle exit 115 Ib/(ft-s7)
52 | Gaskets - Shell side - Tube side Flat Metal Jacket Fibe

53 Floating head -

54| Code requirements ASME Code Sec VIl Div 1 TEMA class R - refinery service

55| Weight/Shell 6227.2 Filled with water 6815 Bundle 1168.8 Ib

56| Remarks

57

58
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Chapter # 10 Instrumentation and Process Control

10 Objective of instrumentation and control

The following are the instrumentation and control's main objective:

I Process variables to help in understanding the proper operational limits.
ii. To recognize hypothetically dangerous conditions as they develop and to offer alarms
and methods for automatic shutdown.

iii. Interlocks and alerts should be available to avoid risky operating procedures.

10.1 Production Rate

To produce the intended design product.

10.2 Product Quality:

To keep the product's composition within a certain range of quality.

10.3 Cost

In line with the other purpose, to operate at the lowest production cost possible. Since these
goals are interrelated, they must be taken into account jointly. Measurement is a important
requirement for process control, whether the control is implemented manually, spontaneously,
or semi-automatically. The dependability, repeatability, and accuracy of the measurement tools
used to regulate the level of control that may be acquired.

The objective of an automatic process control is to use the operated variable to maintain the
measured variable at its fixed position in spite of interruptions. Instruments are delivered to
track the fundamental process variables while the plant is in process. Instruments with
automatic alarms will monitor crucial process variables and alert the operation if a risky

situation develops.

10.4 Process Instrumentation

Without sufficient instrumentation, no chemical plant can be run. Almost every process
requires the checking of flows, pressures, temperatures, and levels in order for the plant
operator to see that every component of the plant is operating as it should. It may also be
essential to track and display a number of additional quantities that are more pertinent to the
specific procedure under consideration. In many cases, sensors play a crucial role in a process's
control system. Process instrumentation highly intricate and rely on the functionality and traits

of a wide range of various sensors.
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10.4.1 Temperature
The most frequent process control actions can be temperature measurement and control. The

fundamental rules for measuring temperature are:

= The most basic form of the expansion of a material and temperature, which results in a
variation in length, volume, and pressure, is the conventional mercury in glass
thermometer.

= Resistance thermometers (RTD) utilize a change in electric resistance with temperature.

= Temperature thermocouples and a change in the contact potential between different metals.

= Temperature, optical, and radiation pyrometers all affect the change in radiant energy.

10.4.2 Pressure

All pressure transducers focus on measuring static pressure, such as the fluid's pressure at rest,
while measuring pressure. The most popular the DP cell acts as a pressure transducer. , which
is used in combination with any type of output mechanism and a sensing device such an orifice
metre. It can be connected to something mechanical, electrical, or pneumatic to transmit

signals.

10.4.3 Flow

Almost all industrial processes require the monitoring of flow, and numerous techniques have
been developed for this purpose. Similar to measuring pressure, measuring flow typically
involves a sensing device connected to a DP cell. Other flow metres may be used for specialised
purposes, such as processes where magnetic flow metres don't require an external disturbance

in the fluid stream.

10.4.4 Concentration

Understanding the makeup of a process stream is frequently crucial. To ascertain whether a
certain product meets the needed specifications or the arrangement of a specific stream is
changing, such information may be required. In order to maintain the plant, fluctuation in either
will frequently necessitate some sort of management intervention. Typically, a material's
characteristic is used to assess concentration, such as electromagnetic wave absorption,

refractive index, pH, or component density in chromatography.
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10.5 Process Control Terms
In the context of process control, a process variable is a parameter or measurement that
characterizes the behavior of a physical process. Process variables can consist of temperature,

pressure, flow rate, level, pH, conductivity, and many others.

Process variables are used as inputs to control systems that regulate the behavior of a process.
For example, a temperature control system might use a temperature sensor to measure the

process variable, and then adjust a heater or cooler to maintain a desired temperature setpoint.

10.5.1 Process Variable

=  Pressure
= Flow
= Level

= Temperature
= Density
= Ph (acidity or alkalinity)

= Mass

10.5.2 Set point
A process variable's set point is a value that should be maintained.

10.5.3 Measured variable
The process fluid's state, which must be maintained at the predetermined set point, is the

measured variable.

10.5.4 Manipulated variable

Variable that can be changed to keep the switch variable at the correct level.
10.6 Hardware elements of control system

The evaluating instruments or sensors:

These are the tools that are used to measure controlled variables and disturbances.

10.6.1 Transducers
A device that changes changes in a physical quantity—Ilike pressure or brightness—into an

electrical signal or the other way around.

10.6.2 Transmission line

The dimension signal is transferred from the computing equipment to the controller using it.
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10.6.3 Controller

This gets data from the measuring apparatuses and determines if the data is accurate or not.

10.6.4 The final controller element

A final control element (FCE) is a device that is used to regulate or control a process variable
such as temperature, pressure, flow, level, or composition. It is typically the last component in
a control loop, and its function is to implement the control output from the controller to adjust

the process variable to the desired setpoint.

10.7 Classification of control systems
The following control loops are frequently used to instrument and regulate various plant

sections and pieces of equipment.

i Feed-back control loop

ii. Feed forward control loop
iii. Ratio control loop

v, Split range control loop

V. Cascade control loop

To support our decision to choose a control loop for a specific piece of equipment, a brief
summary of these control schemes is provided here.

10.7.1 Feed Back Control Loop

A feedback control loop is a system in which the output of a process is continuously monitored
and compared to a desired or reference value. Based on this comparison, a control action is
taken to adjust the input to the process, with the goal of bringing the output closer to the desired

value.

10.7.2 Feed Forward Control Loop

A feedforward control loop is a type of control system used in engineering and process control
applications to achieve a desired output based on a set of input variables. In a feedforward
control loop, the control action is based on a prediction of the future output, which is calculated

using a mathematical model of the process being controlled.
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10.7.3 Ratio Control

Ratio control is a type of process control in which the flow rate of one fluid or substance is
adjusted based on the flow rate of another fluid or substance. The ratio between the two flows
is kept constant, which ensures that the desired proportion of the two substances is maintained.

10.7.4 Split Range Loop
A split range loop is a type of loop in programming that involves dividing a range of values
into smaller segments and processing each segment in parallel using multiple threads or

processes.

10.7.5 Cascade Control Loop
Cascade control is a control strategy used in process control systems to improve the control
performance of a process. The cascade control loop consists of two control loops: an inner loop

and an outer loop.

10.8 Feedback Control Loop around Fluidized Bed Gasifier
There are several types of control loops, including feedback, feedforward, and cascade control
loops. The right control loop should be chosen based on the needs of the process because each

form of control loop has benefits and drawbacks.

1, 2, 3.Temperature

control of feed

Atmosphere 4, Temperatu re and

! pressure control of steam

10 5. Gasifier

6. Flowrate control of

Live steam g as

Figure 10.1 Control loop on Fluidized bed Gasifier

= A feedforward control loop uses a measurement of a disturbance variable to adjust the
system's input to prevent any changes in the output. This type of control loop is useful when

the disturbance variables have a significant effect on the system's output. A feedforward
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control loop may not be required since disturbance variables do not significantly affect the
gasification process in a fluidized bed gasifier.

A cascade control loop uses multiple feedback control loops to control different variables
in a system. This type of control loop is useful when one variable's control affects another
variable However, a fluidized bed gasifier's gasification procedure is quite straightforward,
and the variables are not strongly interdependent, making a cascade control loop
unnecessary.

Therefore, a feedback control loop is the most suitable control loop for a fluidized bed
gasifier for hydrogen production from biomass. The feedback control loop allows the
system to continuously adjust the input to maintain the desired output and prevent any
safety hazards. Additionally, a feedback control loop can be easily implemented and
adjusted, making it an effective and efficient control loop for a fluidized bed gasifier.

10.9 Control Objectives

The main control goal is to keep the reactor temperature within a predetermined range because

it has an impact on the rate of the gasification reaction and the calibr of the produced gas.

Manipulated variables

The reactor's inlet gas composition and flow rate
The feedstock feeding rate
The rate of air or steam addition to the reactor

Disturbances

Feed flowrate

Feed temperature.
Pressure inside the reactor
Composition of the feed

Pressure and temperature of steam

Description

A feedback control loop for a fluidized bed gasifier for hydrogen production from biomass

involves continuously measuring the reactor temperature and comparing it to a set point

temperature. The control system increases the heat input to the system by altering the fuel feed

rate of the cooling water circulating around the reactor if the measured temperature is lower

than the set point temperature. If the recorded temperature beats the set point temperature, the
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control system lowers the fuel feed rate or modifies the cooling water flow rate to reduce the

heat input to the system.

A proportional-integral-derivative (PID) controller in the feedback control loop is used to
modify the input and maintain the desired output. The PID controller uses this error signal to
change the controlled variables in order to get the measured temperature closer to the setpoint
temperature. The error signal is calculated by subtracting the measured temperature from the

setpoint temperature.

The control system may also include additional feedback loops to control other variables, such
as pressure and gas flow rates. These feedback loops work in a similar manner, continuously
measuring changing the manipulated variable and the process variable to maintain the desired

output.

In summary, the feedback control loop continuously measures the process variable, compares
it to the desired setpoint, and adjusts the manipulated variable to maintain the desired output.
This control loop is effective in controlling a fluidized bed gasifier for hydrogen production
from biomass by maintaining the reactor temperature within a specific range, achieving

maximum efficiency, and minimizing safety hazards.
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11 HAZOP Study

HAZOP stands for Hazard and Operability Study. It is a systematic and structured method used
to recognize potential hazards and operability concerns in industrial procedures, and to develop

appropriate measures to prevent or mitigate them.

HAZOP studies involve a team of experts from different disciplines, such as engineering,
safety, and operations, who analyze the process in detail and systematically identify potential
hazards and deviations from the intended design. The team uses a set of guidewords, such as

no,  'more,

less,” "reverse,” "other than,” and "part of,” to help them identify possible

deviations.

11.1 Objectives of HAZOP Study
A HAZOP study's aims can be described as follows:

= To locate (areas in the design that might provide a substantial threat).

= To discover and investigate design aspects that impact the likelihood of a failure.

= There is a dangerous situation taking place.

= To acquaint the research team with the available design information.

= To guarantee that the regions of substantial hazard are studied in a methodical manner

= To find important design information that the team doesn't have access to right now.

11.2 HAZOP Guide Words and Meanings

Table 11.1 Guide words for HAZOP

Guide Words Meanings
No Negation of design intent
Less Quantitative Decrease
More Quantitative Increase
Part off Quialitative Increase
As well as Qualitative Decrease
Reverse Logical opposite of the intent
Other than Complete substitution
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11.3 Success and Failure of HAZOP

The following elements affect whether the HAZOP is successful or unsuccessful:

The correctness and completeness of the drawings and other data utilized as the study's
foundation were assessed.

Technical expertise and team insights.

The team's capacity to apply the Asian approach let them use their imagination to visualise
variances, causes, and effects.

The team's capacity to focus on the more critical threats that are discovered.

It helps to specify the phrases used because the procedure is systematic.

11.4 Steps to Conduct HAZOP Study

The steps of a HAZOP investigation are as follows:

1.

Describe the study's aim, goal, and scope. The goal might be to evaluate a plant that has
not yet been built or to assess the risk of an existing unit. The objectives described
above can be made more detailed depending on the study's aim and conditions. The
physical unit's limits, as well as the range of events and variables studied, define the
study's scope. For example, HAZOPs used to be solely focused on fire and explosion
endpoints, but now they often contain toxic release, disagreeable odor, and
environmental endpoints as well.

Choose the HAZOP research team. To enable good group interaction, The team captain
needs to be skilled in interpersonal and HAZOP techniques. To shield all sides of
design, process and safety, the team should be made up of as many distinct
professionals as is practical. The HAZOP approach should be discussed with the team,
and the team leader should highlight that main objective of a HAZOP study is to
identify dangers; coming up with solutions to problems is a separate effort.

The following items are frequently required, :

Gather Information

Description of the procedure

Flowcharts for processes

All components, steps, and final goods have chemical, physical, and toxicological
qualities.

Diagrams of piping and instruments (P&IDs)

Specifications for equipment, pipelines, and instruments
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= Logic diagrams for process control

= Drawings for the layout

= QOperating procedures are a set of rules that govern how things are done.
= Procedures for routine maintenance

= Procedures for dealing with emergencies

4. Carry out the research. The unit is split into study "nodes™ using the data obtained, and
the procedure shown in Figure 1 is shadowed for each node. Process bulges are places
in the process where known and desired values for process parameters (pressure,
temperature, composition, and so on) exist. The functioning of several pieces of
equipment, such as distillation columns, heat exchanges, and pumps, causes these
values to fluctuate between nodes. To assist arrange the node process parameters and
control logic data, several forms and work sheets have been designed.

5. The essence of the HAZOP research is recurring cycling through this process, which
evaluates how and why each parameter could differ from the planned and the
consequences.

6. Prepare a report. The study should reveal as much information as possible concerning
events and their consequences. Clearly, if the HAZOP detects a not-too-improbable
order of circumstances that might lead to a tragedy, suitable follow-up act is required.
Although risk reduction activity is not part of the HAZOP, it may be required as a result
of the HAZOP.

7. HAZOP studies take a long time and are costly. Bringing an older plant's P&IDs up to
date might be a big technical undertaking. Even yet, when weighed beside the possible
damage of life, property, business, and uniform the survival of the company that a

catastrophic spill may cause, they are cost effective.
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Pick domain

no more items
Pick itemm [————————= Finished analysis

no more guide words i

Pick guide word

‘ Identify cause ‘

l

1) Recommendation
2) No recommendation = problem area
3) Mitigation issues

no meaning

Table 11.2 Steps to conduct HAZOP study

11.5 HAZOP Study on Membrane Reactor (MR-101)

Saturated Steam

T=179C
co P =10 bar
CO2 CcO
N2 H2
T=340C
P =10 bar ¥ 7
/
/
g
26
H2
e

Figure 11.1 Packed Bed Membrane Reactor (MR-101)
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Table 11.3 HAZOP on Membrane Reactor
Process Possible
Parameters Guide Words | Possible Causes | Consequences | Action Required
Flow Low Pipe is partial Decrease of Install check
plugged/leakage | level in reactor valve
(MR-101)
Flow Reverse Failure of inlet | Fluid flow is Install check
valve reversed valve
Temperature Less Blockage in Reaction will | High temperature
pipe not start alarm
Temperature More Failure of valve Reaction Low temperature
becomes alarm
runaway
Temperature None Failure of inlet | Reaction will Install
valve to open not start temperature
indicator
Pressure More of Failure of Bursting of Install high
process fluid | reaction vessel | pressure alarm
valve (MR-101)

11.6 HAZOP Study on Heat Exchanger (HX-103)

Gases Mixture =35C

Steam
T=360C

Condensate
T=360C

Gases mixture =340 C

&

Figure 11.2 Heat Exchanger (HX-103)
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Table 11.4 HAZOP on Heat Exchanger (HX-103)

Process Guide - Possible Possible Required Action
Deviation
Parameter | Word Causes Consequence
S
Less flow of
) ) ) Temperature of |
cooling water in Pipe . High temperature
Temperature | Less process fluid
heat exchanger blockage ) alarm
remains
(HX-103)
constant
More flow of )
) ) Cooling Temperature
cooling water in Low temperature
Temperature | More water valve ofprocess
heat exchanger _ ] alarm
malfunction fluid
(HX-103)
decreases
] Bursting of
Failure of )
More pressure on ) tubesof heat Install high
Pressure More of _ process fluid
tube side exchanger pressure alarm
valve
(HX-103)
) - _ Install
No cooling water Failing to Process fluid
] temperature
flow in open the temperature o
Temperature | None ) ) indicator before
heat exchanger intake isnot
) and after the
(HX-103) cooling water lowered o
) process fluid line
valve accordingly
Failure of
Reverse process ] Install check
Flow Reverse _ process fluid Product off set
fluid flow valve

inlet valve
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12 Environmental Impact Assessment

An Environmental Impact Assessment (EIA) is a rigorous and systematic process that
thoroughly evaluates the potential environmental impacts of human activities or development
projects. It encompasses a comprehensive analysis of the social, economic, and environmental
effects of proposed initiatives, providing crucial information to the responsible environmental

authority for informed decision-making.

The primary objective of an EIA is to assess both the positive and negative consequences that
development proposals may have on the environment. While the emphasis is typically placed
on the biophysical aspects, including factors such as air quality, water resources, ecosystems,
and biodiversity, it is important to consider the social and economic dimensions as well. Good

practice dictates that all these aspects are taken into account during the assessment process.

In summary, an EIA is a systematic and comprehensive approach to assess and analyze the
potential impacts of development projects on the environment. It ensures that social, economic,
and biophysical factors are thoroughly evaluated, enabling decision-makers to make well-

informed choices regarding the proposed initiatives.

12.1 Hydrogen

Hydrogen (H2) is a naturally occurring element, consisting contains only one proton and one
electron. Being the supreme prevalent element in the universe, it is essential to many different
natural processes. Hydrogen is gaining attention as a promising alternative fuel due to its

environmental benefits and potential for decarbonization.

As a clean and versatile energy carrier, hydrogen offers significant advantages to fight climate
modification and reduce greenhouse gas discharges. When used as a fuel, hydrogen produces
only water vapor as a byproduct, making it emission-free and environmentally friendly. It can
be used in various sectors, including transportation, industry, and power generation, as a

substitute for fossil fuels.

The production of hydrogen can be achieved through different methods, such as electrolysis,
biomass gasification, and steam methane reforming. Each method has its own environmental
implications, and it is important to assess the specific impact of hydrogen production processes

on the environment.

In conclusion, hydrogen presents a promising pathway towards a cleaner and more sustainable

energy system. Its environmental benefits, abundance, and versatility make it an attractive
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option for reducing greenhouse gas emissions and tackling the problems caused by climate

change while fostering energy security and economic expansion.

12.2 Exposure to hydrogen

Exposure to hydrogen gas (Hz) presents certain risks and safety considerations that need to be

understood and managed appropriately. While hydrogen is generally considered safe when

handled properly, it is important to be aware of the possible risks connected to exposure. Here

are some important points surrounding hydrogen exposure. :

1.

Flammability: Hydrogen is is extremely flammable and can catch fire when concentrated.
as low as 4% in air. To prevent the risk of fire or explosions, it is crucial to avoid the
accumulation of hydrogen in confined spaces. Proper ventilation systems and leak detection

mechanisms should be in place to ensure safe handling and storage of hydrogen.

Rapid Dispersion: Due to its low molecular weight, hydrogen disperses rapidly in the
atmosphere. While this property helps mitigate the risk of hydrogen buildup, it is still
important to prevent the presence of ignition sources in areas where hydrogen may be

present.

Asphyxiation Hazard: Hydrogen is colorless, odorless, and tasteless, making it difficult
to detect without appropriate monitoring equipment. In high concentrations, hydrogen can
displace oxygen in confined spaces, leading to the risk of asphyxiation. Adequate
ventilation and monitoring of oxygen levels are crucial when working with hydrogen in

enclosed areas.

Cryogenic Hazards: Liquid hydrogen (LH2) is extremely cold and can cause severe
frostbite or cryogenic burns upon direct contact with skin or other materials. Proper

personal protective equipment, such as insulated gloves and clothing, should be used when

handling LH2.

Hydrogen Embrittlement: Hydrogen can cause embrittlement in certain metals, leading
to potential structural failures. This is of particular concern in high-pressure systems or
when hydrogen comes into contact with susceptible materials. Proper material selection

and design considerations are necessary to mitigate the risk of hydrogen embrittlement.

Training and Safety Measures: Adequate training, education, and adherence to safety
protocols are essential to minimize risks associated with hydrogen exposure. This includes

providing comprehensive training to personnel involved with hydrogen, implementing
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appropriate storage and handling procedures, conducting regular inspections and

maintenance of equipment, and having emergency response plans in place.

12.2.1 Reactivity Profile

Hydrogen gas (H2) produced from biomass gasification has a low reactivity profile under
normal conditions. It is not considered highly reactive or unstable. However, hydrogen can
readily react to create potentially dangerous chemicals when combined with oxidizers like
fluorine or chlorine.. Care should be taken to prevent the introduction of reactive substances in

the vicinity of hydrogen storage and handling areas.

12.2.2 Skin and Eye Irritation
Hydrogen gas does not cause direct irritation to the skin or eyes. However, if released under
pressure, it can displace oxygen and lead to oxygen deprivation in enclosed spaces. Oxygen

deprivation can have indirect effects on the skin and eyes due to a lack of oxygen supply.

12.2.3 First Aid

In case of accidental exposure or injury, appropriate first aid measures should be followed. For
inhalation exposure, affected individuals should be transferred to a fresh air environment. If
eye contact occurs, it is important to thoroughly rinse the eyes for at least 15 minutes while
custody the eyelids wide. The skin should be washed with soap and water if hydrogen comes
into contact with it. When symptoms are severe or continue, medical attention should be

sought.

12.2.4 Eyes and Skin Exposure

Direct exposure of hydrogen gas to the eyes or skin does not cause immediate harm or irritation.
However, in cases of high-pressure gas release or oxygen displacement, the indirect oxygen
deprivation can have an impact on the eyes and skin. It is vital to address oxygen insufficiency
as soon as possible by relocating to a well-ventilated environment and, if required, seeking

medical attention.

12.2.5 Inhalation

Inhalation of hydrogen gas, especially in high concentrations, can lead to oxygen deprivation.
Symptoms of oxygen deficiency include dizziness, breathing difficulties and unconsciousness.
Affected individuals should be transferred to a location with fresh air and should seek
emergency medical assistance if they have been exposed to significant quantities of hydrogen

gas or are experiencing any respiratory discomfort.
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12.2.6 Ingestion
Hydrogen gas is not intended for ingestion and should never be consumed. It's crucial to make
sure that hydrogen gas is not accidentally released in areas where it could contaminate food or

beverages.

12.2.7 Spills and Disposal

In the event of a hydrogen gas spill, it is important to evacuate the immediate area and take
appropriate measures to prevent ignition sources. Hydrogen gas, being lighter than air, tends to
disperse rapidly. If the gas is released in an outdoor area, it will dissipate and pose minimal
risk. However, if the spill occurs indoors or in a confined space, it is crucial to ensure proper
ventilation and allow the gas to dissipate safely. Disposal of hydrogen gas is not typically

required as it is a naturally occurring element.

12.2.8 Disposal Methods

Since hydrogen gas is a naturally occurring element, disposal methods are not typically
necessary. However, any equipment or materials contaminated with hydrogen gas should be
properly cleaned and maintained according to standard procedures to ensure safety and prevent

potential hazards.

Please note that safety protocols and procedures may vary depending on specific regulations,
facility design, and operational conditions. It is important to consult relevant safety guidelines,
standards, and local regulations to ensure the safe handling, storage, and disposal of hydrogen

gas in the context of biomass gasification plants.

12.3 Handling and Storage
Handling and storage of hydrogen gas at a biomass gasification plant require careful adherence
to safety protocols to ensure the safe operation of the facility. Here are key considerations for

handling and storage:

1. Ventilation: Adequate ventilation is crucial to prevent the accumulation of hydrogen gas
in enclosed spaces. The plant should be designed with proper ventilation systems to

disperse any potential leaks or releases of hydrogen gas.

2. Leak Detection Systems: Implementing reliable leak detection systems is essential to
promptly identify and address any hydrogen gas leaks. These systems can include gas
sensors, alarms, and automated shut-off mechanisms to ensure the safety of personnel and

prevent the escalation of potential hazards.
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10.

Ignition Sources: Strict control measures should be in place to prevent the presence of
ignition sources near areas where hydrogen gas is stored or handled. This includes avoiding
open flames, sparks, smoking, or any equipment that can generate sparks or static

electricity.

Storage Containers: Hydrogen gas is typically stored in high-pressure cylinders or tanks.
These storage containers should be designed, tested, and certified to withstand the pressure
of the stored gas. Regular inspections, maintenance, and compliance with applicable

regulations are necessary to ensure the integrity of the storage containers.

Segregation: Hydrogen storage areas should be clearly marked and segregated from other
incompatible substances. This prevents potential reactions or hazards if accidental leaks or

releases occur.

Training and Education: Proper training and education should be provided to personnel
actively involved in managing and storing hydrogen gas. This includes understanding the
properties of hydrogen, safety protocols, the usage of personal protection equipment and

emergency response protocols.

Emergency Response Plans: Comprehensive emergency response plans should be
developed and communicated to all relevant personnel. These plans should outline
procedures for addressing hydrogen gas leaks, evacuations, first aid measures, and

coordination with emergency services.

Personal Protective Equipment (PPE): When handling hydrogen gas, the proper PPE,
such as safety goggles, gloves, and flame-resistant clothing, should be given and used. The
special risks and dangers related to handling hydrogen gas should be taken into account

when choosing PPE.

Maintenance and Inspections: Regular maintenance, inspections, and testing of
equipment, storage containers, and safety systems should be conducted to ensure their

proper functioning and compliance with safety standards.

Regulatory Compliance: It is essential to adhere to all relevant safety regulations, codes,
and standards specific to the handling and storage of hydrogen gas. Compliance with
applicable regulations helps ensure the safety of personnel, the facility, and the surrounding

environment.
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12.4 Exposure control and personal protection

Measures for personal safety and exposure management are crucial to minimize the risks

associated with working in a biomass gasification plant where hydrogen gas is present. Here

are key considerations for exposure control and personal protection:

1.

Engineering Controls: Implementing engineering controls is the first line of defense in
reducing hydrogen gas exposure. This can include proper ventilation systems, such as local
exhaust ventilation, to ensure adequate air circulation and reduce the concentration of

hydrogen gas in the working environment.

Administrative Controls: Establishing administrative controls helps to minimize
exposure risks. This includes implementing safe work practices, such as conducting regular
risk assessments, providing appropriate training and education to personnel, and enforcing

standard operating procedures for handling hydrogen gas.

Personal Protective Equipment (PPE): The use of appropriate personal protective
equipment is essential to protect workers from hydrogen gas exposure. PPE can include
safety goggles, face shields, gloves, and flame-resistant clothing. The specific type of PPE
required should be determined based on a comprehensive risk assessment of the tasks and

potential hazards involved.

Gas Monitoring: Continuous monitoring of hydrogen gas levels is crucial to detect any
leaks or abnormal concentrations. Gas monitoring systems, including fixed gas detectors
or portable gas monitors, should be installed in relevant areas of the plant. Regular
calibration and maintenance of these monitoring systems are necessary to ensure their

accuracy and reliability.

Training and Education: Providing comprehensive training and education to all personnel
working in the biomass gasification plant is essential. This includes raising awareness about
the properties and hazards of hydrogen gas, proper handling techniques, emergency

response procedures, and the correct use of personal protective equipment.

Emergency Response Preparedness: Developing and practicing emergency response
plans specific to hydrogen gas-related incidents is critical. This includes establishing
evacuation procedures, designating assembly points, and ensuring that personnel are

familiar with emergency shutdown procedures and the use of firefighting equipment.
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7. Hygiene Practices: Encouraging good hygiene practices is important to minimize the
potential for hydrogen gas exposure. This includes promoting regular handwashing,
avoiding touching the face or mouth with contaminated hands, and providing adequate

washing facilities for personnel working with hydrogen gas.

8. Regular Monitoring and Auditing: Regular monitoring and auditing of exposure control
measures are necessary to assess their effectiveness and identify areas for improvement.
This can include periodic air monitoring, inspections of PPE usage, and feedback from

workers to ensure ongoing compliance with safety protocols.

12.4.1 Personal Equipment for Protection
e Eye/face protection

A face protection and safety glasses are necessary. Use eye shelter that has been examined and

approved in accordance with legal requirements.

¢ Body Protection

Chemical protection is provided by the entire outfit. Antistatic and flame-resistant protective
clothing. The quantity and concentration of the hazardous material present at the worksite must

be taken into consideration when choosing the type of protective equipment to be worn.

e Respiratory protection

Use a full-face respirator with multifunctional combination respirator cartridges as a fallback
for engineering controls when risk assessments show air-purifying respirators are appropriate.
If a respirator is your only means of protection, wear a full-face complete air respirator. Utilize
respirators and parts that have been examined and approved in accordance with regulatory

requirements.

Fire Prevention
There will be no open fires, sparks, or smoke. Ventilation, explosion-proof electrical
equipment, and lighting are all included in the closed system. Prevent electrostatic charges
from accumulating (e.g., by grounding). Filling, discharging, or handling with compressed air

1s not recommended.

179



References

[1]. Gonzélez-Delgado*, S. I.-H. (196701981). Process Analysis of hyrdogen production via
biomass gasificatiob. biomass gasification, 15.

[2].Sahar Safarian 1, *. S. (2021). Modeling of hydrogen production via biomass gasification.
fermentation, 14.

[3]. Prakash Parthasarathy, K. S. (9 August 2013). Hydrogen Production. Hydrogen production
from steam gasification of biomass: Influence of, 10.

[4]. Tayebeh Marzoughi, F. S. (April 10, 2021). Hydrogen Gasification Process. Environmental
and thermodynamic performance assessment of biomass gasification process for hydrogen
production, 18.

[5].Zhang, Y., Li, L., Xu, P., Liu, B., Shuai, Y., & Li, B. (2019). Hydrogen production through
biomass gasification in supercritical water: A review from exergy aspect. International
Journal of Hydrogen Energy, 44(30), 15727-15736.

[6].Cao, L., Iris, K. M., Xiong, X., Tsang, D. C., Zhang, S., Clark, J. H., ... & Ok, Y. S. (2020).
Biorenewable hydrogen production through biomass gasification: A review and future
prospects. Environmental research, 186, 109547.

[7].Salam, M. A., Ahmed, K., Akter, N., Hossain, T., & Abdullah, B. (2018). A review of
hydrogen production via biomass gasification and its prospect in Bangladesh. International
journal of hydrogen energy, 43(32), 14944-14973.

[8]. Ahmed, T. Y., Ahmad, M. M., Yusup, S., Inayat, A., & Khan, Z. (2012). Mathematical and
computational approaches for design of biomass gasification for hydrogen production: A
review. Renewable and Sustainable Energy Reviews, 16(4), 2304-2315.

[9].Lu, Y. J., Guo, L. J.,, Ji, C. M., Zhang, X. M., Hao, X. H., & Yan, Q. H. (2006). Hydrogen
production by biomass gasification in supercritical water: a parametric study. International
Journal of Hydrogen Energy, 31(7), 822-831.

[10]. Koroneos, C., Dompros, A., & Roumbas, G. (2008). Hydrogen production via biomass
gasification—A life cycle assessment approach. Chemical Engineering and Processing:
Process Intensification, 47(8), 1261-1268.

[11]. Turn, S., Kinoshita, C., Zhang, Z., Ishimura, D., & Zhou, J. (1998). An experimental
investigation of hydrogen production from biomass gasification. International journal of
hydrogen energy, 23(8), 641-648.

180



[12]. Ozbas, E. E., Aksu, D., Ongen, A., Aydin, M. A., & Ozcan, H. K. (2019). Hydrogen
production via biomass gasification, and modeling by supervised machine learning
algorithms. International Journal of Hydrogen Energy, 44(32), 17260-17268.

[13]. Guo, L.J, Lu, Y. J, Zhang, X. M., Ji, C. M., Guan, Y., & Pei, A. X. (2007). Hydrogen
production by biomass gasification in supercritical water: a systematic experimental and
analytical study. Catalysis Today, 129(3-4), 275-286.

[14]. Shayan, E., Zare, V., & Mirzaee, I. J. E. C. (2018). Hydrogen production from biomass
gasification; a theoretical comparison of using different gasification agents. Energy
Conversion and management, 159, 30-41.

[15]. Chianese, S., Fail, S., Binder, M., Rauch, R., Hofbauer, H., Molino, A & Musmarra, D.
(2016). Experimental investigations of hydrogen production from CO catalytic conversion
of tar rich syngas by biomass gasification. Catalysis Today, 277, 182-191.

[16]. Iribarren, D., Susmozas, A., Petrakopoulou, F., & Dufour, J. (2014). Environmental and
exergetic evaluation of hydrogen production via lignocellulosic  biomass
gasification. Journal of cleaner production, 69, 165-175.

[17]. Huang, B. S., Chen, H. Y., Chuang, K. H., Yang, R. X., & Wey, M. Y. (2012).
Hydrogen production by biomass gasification in a fluidized-bed reactor promoted by an
Fe/CaO catalyst. International Journal of Hydrogen Energy, 37(8), 6511-6518.

[18]. Shen, L., Gao, Y., & Xiao, J. (2008). Simulation of hydrogen production from biomass
gasification in interconnected fluidized beds. Biomass and Bioenergy, 32(2), 120-127.
[19]. Chen, W. H., Hsieh, T. C., & Jiang, T. L. (2008). An experimental study on carbon
monoxide conversion and hydrogen generation from water gas shift reaction. Energy

Conversion and Management, 49(10), 2801-2808.

[20]. Daza, Y.A., &Kuhn,J. N. (2016). CO 2 conversion by reverse water gas shift catalysis:
comparison of catalysts, mechanisms and their consequences for CO 2 conversion to liquid
fuels. RSC advances, 6(55), 49675-49691.

[21]. Sun, F. M., Yan, C. F., Guo, C. Q., & Huang, S. L. (2015). Ni/Ce-Zr-O catalyst for
high CO2 conversion during reverse water gas shift reaction (RWGS). International journal
of hydrogen energy, 40(46), 15985-15993.

[22]. Smith RJ, B., Loganathan, M., & Shantha, M. S. (2010). A review of the water gas shift
reaction kinetics. International Journal of Chemical Reactor Engineering, 8(1).

[23]. Amelse, J. A., Schwartz, L. H., & Butt, J. B. (1981). Iron alloy Fischer-Tropsch
catalysts: Ill. Conversion dependence of selectivity and water-gas shift. Journal of

Catalysis, 72(1), 95-110.
181



APPENDICES

182



Appendix-A List of Tables

Appendix-A

List of Tables:

Table A.1: Maximum AIIOWaEDIE STrESS.........ccuiiiiiieiieie e 184
Table A.2 Material Of CONSIIUCTION .........oiiiiiiieiiee e 184
Table A.3 Typical Overall Heat Transfer CoeffiCients...........ccooevivriinieneseee e 185
Table A.4 Fouling Factors Typical ValUES.........ccccceiieiieiiiicceee e 185
Table A.5 Standard dimensions fOr TUDE .........ccoiiiiii e 186
Table A.6 Design data for various PaCking ..........ccccerererenininenieieese e 186
Table A.7 Packed Tower correlations for packed TOWET ..........ccoveieieieneneneseseeeeee 186

183



Appendix-A

List of Tables

Table A.1: Maximum Allowable Stress

Table 13.2. Typical design stresses for plate
{The appropriate matenal standards should be consulted for particular grades and plate thicknesses)

Material Tensile Design stress at temperature °C (N/mm”)
strength
(N‘mm?) 0350 100 150 200 250 300 350 400 450 500
Carbon steel
(semi-killed or
silicon killed) 360 133 125 115 105 95 85 80 70
Carbon-manganese steel
{semi-Killed or
silicon killed) 460 180 170 150 140 130 115 105 100
Carbon-molybdenum
steel, 0.5
per cent Mo 450 150 170 145 140 130 120 110 110
Low alloy steel
(Ni. Cr, Mo, V) 550 240 240 240 240 240 235 230 220 190 170
Stainless steel
18Cr/8Ni
unstabilised (304) 510 165 145 130 115 110 105 100 100 95 90
Stainless steel
13Cr/&Ni
Ti stabilised (321) 540 165 150 140 135 130 130 125 120 120 115
Stainless steel
18Cr/8Ni
Mo 2-_Lr per cent
(316) 520 175 150 135 120 115 110 105 105 100 95
Table A.2 Material of Construction
Composition, %
Other
signifi-
C |onat g
Types |Cc (NI [max |eclements] | Mojor  characteristis Properties Applieations
301 [16.00-| 6.00- [0.15 High wnrkla ing rate  {Good structural qualities. Structural applications,  bins
18.00 | 8.00 combines  coldworked  hish and  containees
strength with good ductility.,
302 |17.00-| 8.00- |0.15 Bagie, general purpose aus. [ General purpose. Heat exchangers, towers,
19.00 |10.00 tenitic type with oor tanks, pipes, heaters, gen-
rsion resistance and m eral chomical equipment
i chanical properties. . ) )
303 |17.00- | 8.00- (015 | s 015 [Free machning modification |Type 303%e is glgo avallable |Pumps valves, instuments,
19.00 |10.00 min of type 302 contalns exora | for parts involving extensive | fictings
304 |18.00. | 8.00- [0.08 Low carlm variation of type § General purpose. Al avail- | Perforated blow.pit scrcens,
20.00 |12.00 32, minimizes carbide pro- | ablo as 304L with 0.03% | heatexchonger fubing. pre
cpitation during welding. | cabon to minimize carbide | heater tubes
precipitation  during  welding
305 | 17.00- 10,00~ [0.12 Higher heat and mrmsmn Good corrosion resistance. | Funnels, utensils, hoods
19.00 |13.00 resistance than type
308 | 19.00- 10,00~ [0.08 High Cr and Ni pmdme Welding rod, more ductile
21.90 |12.00 good heat and corrosion welds for type 430
resistance,  Used  widely Iﬂwm'der of their numbers,
for welding rod. so alloys show increased
309 122.00- |12.00- [0.20 strength and resist resistance fo high tempera- | Welding red for type 304, heat
2400 |1506 ance to scaling at high ture corvosion. Ty 30&) gers, pump  parts
temperatures, 3008 and 3105 am glso avail
310 [24.00- |19.00- |0.25 Higher alloy confent im- able for welded construction. |Jacketed  high-temperature,
26.00 |22.90 p:wcs basic characteristics high-preaqure  reactors, ofle
of type S00. refining-still tubes
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Table A.3 Typical Overall Heat Transfer Coefficients
Table 12.1. Typical overall coeflicients
Shell and tube exchangers
Hot fluid Cold fluid U (Wim?°C)
Hear exclangers
Water Water H200=1500
Organic solvents Organic solvents 100 =300
Light oils Light oils 100—400
Heavy oils Heavy oils 50-300
Gases Gases 10-50
Coolers
Organic solvents Water 250-750
Light mls Water 350-900
Heavy oils Water 60300
Gases Water 20=300
Organic solvents Brine 150-=500
Water Brine 600=-1200
Gases Brine 15=250
Heaters
Steam Water 1 500=4000
Steam Orgame solvents S00= 1000
Steam Light vils 300-900
Steam Heavy oils 60=450
Steam Gases 30 =300
Dowtherm Heavy oils S0=300
Dowtherm Gases 20=200
Flue gases Steam 30=100
Flue Hydrocarbon vapours 30—100
Condensers
Agueous vapours Water 1000— 1500
Organic vapours Water TO0- 1000
Organics (some non-condensables) Water 500700
Vacuum condensers Water 200-500
Vaparisers
Steam Agueous solutions 1000 1500
Steam Light orgamics Q0= 1200
Steam Heavy orgamics GO0=900

Table A.4 Fouling Factors Typical Values

Table 12.2.

Fouling factors (coefficients), typical values

Fluid

Coefficient (W/m2°C)

Factor (resistance) {ml"CfWJ

River water

Sea waler

Cooling water (towers)
Towns water (soft)
Towns water (hard)
Steam condensate
Steam (oil free)

Steam (ol traces)
Refrigerated brine

Adr and industrial gases
Flue gases

Organic vapours
Organic liquids

Light hydrocarbons
Heavy hydrocarbons
Boiling organics
Condensing organics
Heat transfer fluids
Aqueous salt solutions

3000 - 12,000
1000 -3000
3000 - 6000
3000 = 5000
1000 =2000
1500=5000
4000 = 10,000
2000 = 5000
3000 = 5000
S000 = 10,000
2000 = 50040
SO0
SO0
SO0
20000
2500
SO0
SO0
3000 - 50040

0.0003—0.0001
0.001 -0.0003
0.0003-0.00017
0.0003=0.0002
0.001=-0.0005
0.00067=0.0002
0.0025-0.0001
0.0005=-0.0002
0.0003 =0.0002
0.0002 —0.0001
0.0005 = 000002
0.0002
0.0002
0.0002
0.0005
0.0004
0.0002
0.0002
0.0003 — 000002
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Table A.5 Standard dimensions for Tube

Table 12.3.  Standard dimensions for steel tubes

Outside diameter (mm) Wall thickness (mm)
16 1.2 1.6 2.0 —_ —_
20 —_— 1.6 2.0 2.6 —_—
25 —_— 1.6 2.0 2.6 3z
30 —_ 1.6 2.0 2.6 3z
38 —_ —_ 2.0 2.6 32
S0 —_ —_ 2.0 2.6 32

Table A.6 Design data for various packing

Size Bulk Surface Packing

density area a factor

in. mm (kg/m®) (m*/m?) Fpm™

Raschig rings 0.50 13 881 368 2100
ceramic 1.0 25 673 190 525
1.5 38 689 128 310
20 51 651 95 210
3.0 76 561 69 120
Metal 0.5 13 1201 417 980
(density for carbon steel) 1.0 25 625 207 375
1.5 38 785 141 270
20 51 593 102 190
3.0 76 400 72 105
Pall rings 0.625 16 593 341 230
metal 1.0 25 481 210 160
(density for carbon steel) 1.25 32 385 128 92
2.0 51 353 102 66
35 76 273 66 52
Plastics 0.625 16 112 341 320
(density for polypropylenc) 1.0 25 88 207 170
1.5 38 76 128 130
2.0 51 68 102 82
35 89 64 85 52
Intalox saddles 0.5 13 737 480 660
ceramic 1.0 25 673 253 300
1S 38 625 194 170
2.0 51 609 108 130
3.0 76 577 72

Table A.7 Packed Tower correlations for packed Tower

Table 7-11
Pressure-Drop Correlations for Packed Towers
Packing Constants
Morminal
Type Size, in o [
Raschig rings 3/8 4,70 0.41
Ceramic 142 3.0 0.41
S8 235 0.26
34 1.34 0.26
1 0.97 0.25
1174 .57 0.23
112 0.39 0.23
2 0.24 017
Raschig rings 5/8 120 0.28
Metal. 1/32 in. I .42 0.21
Wall, 1/16in. 112 0.29 0.20
2 023 0135
Pall rings, metal 5/8 043 017
1 15 (4 13
112 0.08 015
2 0,06 12
Berl saddles 12 | £ 0.21
3/4 0.62 0.17
1 0.39 0.17
1172 02l 0.13
Intalox saddles 12 0.82 0.20
34 0.28 0.16
1 0.31 0.6
1172 0.14 0.14

SOURCE: Van Winkle [11].
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Figure B.3 Correlation for Shell-Side Heat-Transfer Coefficient
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List of Figures

Shell and tube heat exchangers
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