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ABSTRACT

The production of wood pulp by the Kraft process has proven to be reliable
and economically feasible. However, due to recent legisiation, the allowable
emission limits for certain pollutants produced by the Kraft process have been
decreased. These reduced emission limits have encouraged the development of
alternative wood pulping methods, such as the ALCELL® process. The decision
to build a full scale plant is presently being considered by REPAP Enterprises
Incorporated. As part of the decision making process, studies are being
performed to evaluate the performance of the ALCELL® process relative to the
Kraft process. A major factor in the economics and profitability of one process

relative to the other is their energy consumption per unit of product.

The Cumulative Energy Consumption analysis provides a method of
determining the energy consumption per unit of product when more than one
product is manufactured. This analysis allows for comparison between different

processes that produce a common product.

In the present work, a comparison between the Kraft and ALCELL®
processes has been carried out on the basis that each has a modern design,
relative to the time frame of this study. The examination of these processes by
the Cumulative Energy Consumption analysis has required the construction and
computer simulation of the mass and energy flows throughout each of these

processes. The mass and energy flows have been determined by using projected

..



stream data, as well as some existing stream data. Computer simulation has

been performed by using Microsoft’s Excel version 4.0 spreadsheet software.

The effects of using certain byproducts as fuel for a steam and electricity
cogeneration system are also investigated with the aid of the computer models. A
number of byproduct combustion strategies are presented with the most probable
operating strategies giving specific Cumulative Energy Consumption (CEnC)
values to the wood pulp of 12.3 MJ/kg for the ALCELL® process and 14.5 MJ/kg
for the Kraft process. For these same operating strategies, the total Cumuiative
Energy per unit of pulp, entering the ALCELL® process is much higher than the
amount entering the Kraft process. The lower specific CEnC of wood pulp
achieved by the ALCELL® process is a consequence of the non-utilization of

byproducts as fuels in the cogeneration system.

iii



TABLE OF CONTENTS

Page
ABSTRACT ......occtveireernreeseeeeesnnestssamsssnesssssesasesassstessonsssssssssrssssssensessesssssnnss i
TABLE OF CONTENTS .....ccooeeeerctrereccenesereessessesseeesnsssessssssssssssssnesesansassnsos iv
LIST OF TABLES........oetieeeeerteeereeecsereeeseessnssenessncsstsesessssssssssssesssssssasssssnnes x
LISTOF FIGURES. ...t tccetreesceesscsesessnsanssssessessssssmsssnssssssnsnnes xiv
ACKNOWLEDGEMENTS ....cuooieteeieeneeieterseensnrsaeacesnesassssmessestssssessssssnssees xvii
NOMENCLATURE .......c.eoreieeteeerrerrreseseneseae s sesesessneceenesssssesssssssssesssssessessesss xviii
CHAPTER 1
INTRODUCTION
1.1 GONEIAL....eeeeeeeeeeteereeeee st rnsaeeccaee e aesssetasssrsnas s s sner e sse s e sraes 1
CHAPTER 2
CUMULATIVE ENERGY CONSUMPTION ANALYSIS
P~ I 1111 (oo {1 [ (o] TR OO ORI 4
2.2 Process ANAIYSIS ...cccvevverererrecrrieirniriesesistnenetereteeenasiessnnsnsssssnsessssens 5
2.2.1 Definition of the System............oiivuciiiiiiiimiieicieneenens 6
2.2.2 Energy ANAIYSIS.......cccoeveriimrcieieriiiiciennnsnsenntnne e eenesnnnnsens 7
2.2.3 Cumulative Energy Consumption Balance Equations........ 8
2.2.3.1 CEnC Balance Equations for a Cogeneration
SYSIEIM ..cvveieiirecereeeeeectteee et aeaenas 12



CHAPTER 3

THE ALCELL® PROCESS
R 70 B (g1 (o L1 (Lo o TS 18
3.2 Process DeSCHPION ......ccccceeeireecrniirnersssencossencssonosencsssssosonsnncmsenaneas 19
3.2.1 Section 1 — The Woodroom ...........ccceereveccneecenenecnnenns 22
3.2.2 Section 2 — Extraction & Flash Evaporation ..................... 24
3.2.3 Section 3 — Screening and Oxygen Delignification ........... 26
3.2.4 Section 4 — The Bleach Plant...........eeeverevrennnennnnen. 28
3.2.5 Section 5— The Pulp Machine...........cccererecccnccinenn. 30
3.2.6 Section 6 — Lignin Recovery .........cccccceerviiricveneercnneenneneens 31
3.2.7 Section 7 — Lignin Dryer ........ccccccevrveceiiriniccneerenneccssanans 33
3.2.8 Section 8 — Alcohol Recovery........c.ccccvvecceereciccremneeeeenns 35
3.2.9 Section 9 — Mechanical Vapor Recompression
Evaporator..........eceiccemreceeieeeeeeneececeeneaneneees 38
3.2.10 Section 10 — Furfural Reactor ..............cccecoevrmirrerirenennn. 40
3.2.11 Section 11 — Furfural Recovery ..........ccccceeeeierivieennennecncne 41
3.2.12 Section 12 — Finisher Evaporator...........cccccoccececueuinnnne 42
3.2.13 Section 13 — Chlorine Dioxide Generator ...............cc...... 44
3.2.14 Section 14 — Cogeneration ............ceeeeueeeecrerersserssennennes 46
3.2.15 Section 15 — Water Preheating ........cccccceeeemmeeeeeeeeceeennnnn. 49
CHAPTER 4
THE KRAFT PROCESS
T B 14) (o (1o (1o TR TR 51
4.2 Process DasCPtion .........cooceeeiieiimiiiicnmimueecricceeteeeenecncearesreesserccennss 53
4.2.1 Section 1 — The Woodroom...........cceeeeeeecircceecresniccnnanes 55



4.2.2 Section 2 — Pulping System.......ccccceeeeceeoececcmererrccccrcnnnnne. 57

4.2.3 Section 3 — Black Liquor Evaporators........cccccceeeeveeernennns 60
4.2.4 Section 4 — Recovary Boiler ..........cccooeeiiirriicincccnnnerennnnnn. 62
4.2.5 Section 5 — Causticizing Cycle.......ccccceeeeiceracccrreaerreenne 64
4.2.6 Section 6 — Oxygen Delignification ..........cccccccerrnuecnnnnn... 67
4.2.7 Section 7— The Bleach Plant............c.ccooveiriivininirnnnnnces 69
4.2.8 Section 8 — Chlorine Dioxide Generator ............c..cc.u....... 71
4.2.9 Section 9 — The Pulp Machine .........cccccceeeemrreeriicececennnnnen. 73
4.2.10 Section 10 — Cogeneration ............ccccceeeerrneeercrnnceenscnnnnen. 74
CHAPTERS
RESULTS
5.1 INrOAUCHION.....ceenmeeiiiiiiciieteeceecere et e e e s 77
5.2 Cumulative Energy Consumption of the ALCELL® Process............. 79
5.3 Cumulative Energy Consumption of the Kraft Process .................... 97
CHAPTER 6
DISCUSSION
6.1 INtrOQUCHION.......eeeeeiieiccet et st abne st na e 102

6.2 Comparison of the Most Probable Operating Strategies of the
ALCELL® and Kraft Processes.............euuuueeeereeeeereeeeeecrnneeecseesnnens 103

6.2.1 Comparison of the Cumulative Energy Inputs for the
ALCELL® and Kraft Processes.........cc.ceeeeeeumreeencresessennnne 104

6.2.2 Comparison of the Cumulative Energy Outputs for the
ALCELL® and Kraft Processes.........c.cccceeveeeersereereerareesenens 107

6.3 Byproduct Combustion Effects on the ALCELL® and Kraft
PrOCESSOS ....ccvviiiiiiiiiiiciiectrecteciettecsesceenesessesse s s esasneses s sennsessaeans 108

Vi



6.4 Energetic Efficiency of Generation of Steam and Electricity for

the ALCELL® and Kraft Processes .........cceecceeeeeeeeerencnresanceruennrnnee 110
6.5 Distribution of Cumulative Energy Amongst the Products of the
ALCELL® and Kraft ProCesses..........ccoeeceeeeuerecereceseescssssssnessesnenens 115
6.6 Alternative Treatment of the ALCELL® Process......cccccceecevveuennnne.. 117
CHAPTER 7
CONCLUSIONS
7.1 CONCIUSIONS ...coccneiiicirienntinrereeceeeereeessneereseessvnanesssnarasnnasessnssnsansns 119
LIST OF REFERENCES ..........o ot crerteeereaeeesseee s e e seessansaesansnnane e 121
APPENDIX A
SAMPLE CALCULATIONS
A.1 Sample Calculation for the most Probable Byproduct
Combustion Strategy of the ALCELL® Process..........ccccceeeeeerrennne 124
A.1.1 Section 1 — The Woodroom.............ccccevvuriviercirirecrncnne 125
A.1.2 Section 2 — Extraction and Flash Evaporation.................. 128
A.1.3 Section 3 — Screening & Oxygen Delignification............... 130
A.1.4 Section 4 — The Bleach Plant...........cccccerveniinininncnnee. 132
A.1.5 Section 5 — The Pulp Machine..........ccccooeevcrriireecrnneennnn. 134
A.1.6 Section 6 — Lignin Recovery.........cccocccevevvcrvcernrirciiceccnnnne 136
A.1.7 Section 7 — Lignin DIyer .........cccccceeeveeeimnmrnnncnnscicnrecnes 138
A.1.8 Section 8 — Alcohol Recovery ........c.cccceeerrecereeecneensreerenen. 140
A.1.9 Section 9 — Mechanical Vapor Recompression
Evaporator ........eeveceeiniimineniiciiinnnnneene e 143
A.1.10 Section 10 — Furfural Reactor.........ccccceeecereecrercnreecnnne. 145

vii



A.1.11 Section 11 — Furfural Recovery..........vevrverreerreneens 146

A.1.12 Section 12 — Finisher Evaporator..............ccceeeeeevernnenee 148
A.1.13 Section 13 — The Chlorine Dioxide Generator................ 150
A.1.14 Section 14 — Cogeneration System..............cccccueeuu...... 152
A.2 Sample Calculation for the most Probable Operating Strategy
of the Kraft Process............ccoeerecnenieivrceenerrnsnnennseeeseeeeeneesnenens 165
A.2.1 Section 1 — The Woodroom...........ccceeeeeirererereerrnereneennns 156
A.2.2 Section 2 — Pulping System ........cccceeviverreceerreereeeeenne 159
A.2.3 Section 3 — Black Liquor Evaporators ...........ccceceeveeenennen. 161
A.2.4 Section 4 — The Recovery Boiler...............cccereuennnnne.. 163
A.2.5 Section 5 — The Causticizing Cycle.........cccouereceeeneenunnennn 165
A.2.6 Section 6 — Oxygen Delignification..........cccceeeeeveeureeneeees 167
A.2.7 Section 7—The Bleach Plant...........ccccccvrrvveiinerererncnnen. 169
A.2.8 Section 8 — The Chlorine Dioxide Generator.................... 171
A.2.9 Section 9 — The Pulp Machine........ceeeeeveeceeeecenenn. 173
A.2.10 Section 10 — Cogeneration System.........c..ccceceverurrennnenn 175
APPENDIX B

CUMULATIVE ENERGY CONSUMPTION of RAW MATERIALS
B.1 Cumulative Energy of the Raw Materials required by the

ALCELL® PrOCESS........cueeteemerrreeertecsssestessessessestessssssesessesseseessenes 179
B.1.1 Cumulative Energy of the LOgs .......cccccceevieueeinneraruacsnrenenne 179
B.1.2 Generation Efficiency and the Cumulative Energy of

the Imported EleCtriCity ......cccceeeveireeeecriireiineeecenereeeeeene 180
B.1.3 Cumulative Energy of the Fresh Water ...............cccoeeeueeenen 181
B.1.4 Cumulative Energy of the Delignification Chemicals ......... 182
B.1.5 Cumulative Energy of the Bleaching Chemicals................. 183

viii



B.1.6 Cumulative Energy of the Chemicals for the Chlorine

Dioxide Generator.......c....cccocccrreeriincurersceseessssnnsssanenceenes 184
B.1.7 Cumulative Energy of the Bunker C Fuel Qil ..................... 185
B.1.8 Cumulative Energy of the Make-up Alcohol Solution ......... 186
B.2 Cumulative Energy of the Raw Materials required by the Kraft
PrOCESS ....oeeeeeecnenrencncertenressessressesssssaeesse s ssascsseesessssnnsssessanes 188
B.2.1 Cumulative Energy ofthe LOgS .-cccc.uuuereeveirivereeeeeeeeeeeeenene. 188
B.2.2 Generation Efficiency and the Cumulative Energy of
the Imported EI@CLHCIY ...cccovvvvueriemiriireiiiciieiricececceeeeencecnns 189
B.2.3 Cumulative Energy of the Fresh Water .............................. 190
B.2.4 Cumulative Energy of the Delignification Chemicals ......... 191
B.2.5 Cumulative Energy of the Bleaching Chemicals................ 192
B.2.6 Cumulative Energy of the Chemicals for the Chlorine
Dioxide Generator........c.eeeeereeiiiieceisiinnecnceeeerensannessesenee 193
B.2.7 Cumulative Energy of the Bunker C Fuel Oil ..................... 194
B.2.8 Cumulative Energy of the Make-up Lime..............ceeecunn.... 195
B.2.9 Cumulative Energy of the Make-up Saltcake ..................... 196



LIST OF TABLES

Table

3.1 — Stream Labels for the ALCELL® ProCess......ccceeeeeereerreerrecreeememeneeereees
4.1 — Stream Labels for the Kraft ProCess........ccceevuimeeeererremecricinnnreeneesnennn.
5.1 — Operating Parameters for the ALCELL® and Kraft Processes...........

5.2 — Combustible Byproduct Combinations ...........ccceeeeeeeeeicccinreiecccceneennns

5.3 — Combustion Strategy #1 # Mass, Energy and Cumulative Energy

Balances for the ALCELL® ProCeSS. .. cu.uuuieeeereeeereeeeerresssssensssesssesessnes

5.4 — Combustion Strategy #2 ¢ Mass, Energy and Cumulative Energy

Balances for the ALCELL® PrOCESS........ccuveeeeercevrrrecreeersnnnesesseeresees

5.5 — Combustion Strategy #3 # Mass, Energy and Cumulative Energy

Balances for the ALCELL® ProCesS.....c.cceeeeeceereeerreeisrencneeereeeemsseesons

5.6 — Combustion Strategy *4 ¢ Mass, Energy and Cumulative Energy

Balances for the ALCELL® ProCESS.......ccoveveeeeeireeeeerseesessneneersecssnserens

5.7 — Combustion Strategy #5 #Mass, Energy and Cumulative Energy

Balances for the ALCELL® ProCesSS......ccceeeveeeereeesneeresreeenseeeesvesseeas

5.8 — Combustion Strategy #6 » Mass, Energy and Cumulative Energy

Balances for the ALCELL® ProCESS. ...c...eeeieeeeeerrentersseeeesereensanssseeeeess

5.9 — Combustion Strategy #7 #Mass, Energy and Cumulative Energy

Balances for the ALCELL® ProCeSS.....c.cieeeeeeeeeeeereeeersenernnessnsessesans

5.10 — Combustion Strategy #8 #Mass, Energy and Cumulative Energy

Balances for the ALCELL® ProCess .......ccccceeeerreemmmmerreeeereeerererssasnsens

5.11 — Combustion Strategy #9 #Mass, Energy and Cumulative Energy

Balances for the ALCELL® PrOCESS «..ccceveeeveeeeeeeeeereerereessnnnneeesssnene

5.12 — Combustion Strategy #10 « Mass, Energy and Cumulative Energy

Balances for the ALCELL® Process ......cceeeueeeeeeemeeeccermmrenrserereeeeerens



5.13 — Combustion Strategy #11 = Mass, Energy and Cumulative Energy
Balances for the ALCELL® PrOCESS ..........ccceereveemeereneeeeneerescesessessenes

5.14 — Combustion Strategy #12 = Mass, Energy and Cumulative Energy
Balances for the ALCELL® ProCess ........cc.eeecoeeeeeeeererensesesseessssseesanes

5.15 — Combustion Strategy #13 = Mass, Energy and Cumulative Energy
Balances for the ALCELL® ProCess ............ceeeveerveemeemvessreeesesensersesoenens

5.16 — Combustion Strategy #14 = Mass, Energy and Cumulative Energy
Balances for the ALCELL® ProCess ........ccccceeeveeeuireceeencseeeeeeeseeseeeenes

5.17 — Specific CEnC of the Products of the ALCELL® Process .....................
5.18 — Energy Efficiency of Generation of Electricity and Steam......................

5.19 — Combustion Strategy A =Mass, Energy and Cumulative Energy
Balances for the Kraft ProCess ...........ccoeeceececmmiiieeincnieecenrecieeeeeenennes

5.20 — Combustion Strategy B =Mass, Energy and Cumulative Energy
Balances for the Kraft Process ........cccvvumeeeecreeeeeeeeeceeecreeecieeve e

5.21 — Combustion Strategy C =Mass, Energy and Cumulative Energy
Balances for the Kraft Process .........ccccceeceevrceevccerreceencecnrsneseenecsnnenn.

5.22 — Specific CEnC for the Products of the Kraft Process ............................
5.23 — Energy Efficiency of Generation of Electricity and Steam......................

6.1 — Energy Efficiency of Generation of Electricity and Steam for the
ALCELL® PIOCESS..c.coucrueeeearenecenesusresessessresssssessssssssssssssasssesssesssessonsossnses

6.2 — Comparison of the Fuel Requirement of the Cogeneration System
forthe ALCELL® ProCeSS.....ccccccouirerrierrenrireeeesreeseesessesssernssessesssssssssnses

6.3 — Energy Efficiency of Generation of Electricity and Steam for the
KPaft PrOCESS.......eeeeeeieirerinteicrtreeetiestneeessaresssessssnsasssssssessssissssesssssresssne

6.4 — Comparison of the Fuel Requirement of the Cogeneration System
for the Kraft ProCess........cceerieienrinirniinsneereisieeesesesnnecsnteesssessesssenssasessnnes

A.1.1 — Mass, Energy and Cumulative Energy Balances for the
Woodroom of the ALCELL® Process ..........cceeeveeveerrerereeeenerresseesesseens

A.1.2 — Mass, Energy and Cumulative Energy Balances for the Extraction
and Flash Evaporation Section of the ALCELL® Process....................

A.1.3 — Mass, Energy and Cumulative Energy Balances for the Screening
& Oxygen Delignification Section of the ALCELL® Process.................

Xi



A.1.4 — Mass, Energy and Cumulative Energy Balances for the Bleach
Plant of the ALCELL® PrOCESS........ueeeeeermereeeeeeeereereesseesessssosssssesssns 132

A.1.5 — Mass, Energy and Cumulative Energy Balances for the Pulp
Machine of the ALCELL® ProCess ......ccccecvreereeeereereeeernriesseessnscssssnsees 134

A.1.6 — Mass, Energy and Cumulative Energy Balances for the Lignin
Recovery Section of the ALCELL® Process.........ccccceeceeeevveccreeerecernnens 136

A.1.7 — Mass, Energy and Cumulative Energy Balances for the Lignin
Dryer of the ALCELL® ProCess ........cccceveeeeeeerececcenerreseessesessesssessssessssens 138

A.1.8 — Mass, Energy and Cumulative Energy Balances for the Alcohol
Recovery Section of the ALCELL® Process........ccccecueeueeeeceeerreeererennes 140

A.1.9 — Mass, Energy and Cumulative Energy Balances for the
Mechanical Vapor Recompression Evaporator of the ALCELL®
PrOCESS....cueiiiiiiiititentiecrtenecsneaenrenrecttecsesser e s sasas s s enenaaee s nsnsnns 143

A.1.10 — Mass, Energy and Cumulative Energy Balances for the Furfural
Reactor of the ALCELL® Process.........ccccceeeeecmernenrrereesenereessesennens 145

A.1.11 — Mass, Energy and Cumulative Energy Balances for the Furfural
Recovery Section of the ALCELL® Process..........cccceevveeeveeueevesnnenane 146

A.1.12 — Mass, Energy and Cumulative Energy Balances for the Finisher
Evaporator of the ALCELL® ProCess.......cccceeceeerueemeeernneessveesverneenes 148

A.1.13 — Mass, Energy and Cumulative Energy Balances for the Chlorine
Dioxide Generator of the ALCELL® Process..........ccceeeeveeeevevveveeennnes 150

A.1.14 — Mass, Energy and Cumulative Energy Balances for the
Cogeneration System of the ALCELL® Process..........cccoeeereeueeeneans 1562

A.2.1 — Mass, Energy and Cumulative Energy Balances for the
Woodroom of the Kraft Process .......cccccooveemeveneerienniiiecciicseeeceeseceene 156

A.2.2 — Mass, Energy and Cumulative Energy Balances for the Pulping
System of the Kraft ProCass........cceeeveremvemmimmmiemeeereeeeeenreeeeensnesnsnnesees 159

A.2.3 — Mass, Energy and Cumulative Energy Balances for the Black
Liquor Evaporators of the Kraft Process .......c.ccccceviiivrrireicsccceececeennns 161

A.2.4 — Mass, Energy and Cumulative Energy Balances for the Recovery
Boiler of the Kraft ProCess..........eeeercveeriiecriecirircrceteieesesereneeeenennes 163

A.2.5 — Mass, Energy and Cumuiative Energy Balances for the
Causticizing Cycle of the Kraft Process ...........ccocceveveecvvenneeneccnnerrenens 165

xii



A.2.6 — Mass, Energy and Cumulative Energy Balances for the Oxygen
Delignification Section of the Kraft Process .......cccccccceveeeccccererenncncenn.

A.2.7 — Mass, Energy and Cumulative Energy Balances for the Bleach
Plant of the Kraft ProCess.....cccccciemeremecirseeiitiiaeeeneecranncreecrannecnsennsnens

A.2.8 — Mass, Energy and Cumulative Energy Balances for the Chiorine
Dioxide Generator of the Kraft Process..........ccccoceovoveencmeenicinccccaneee

A.2.9 — Mass, Energy and Cumulative Energy Balances for the Pulp
Machine of the Kraft ProCess .......ccoieirceiiniccciniinirrreeecceiecssnnneenens

A.2.10 — Mass, Energy and Cumulative Energy Balances for the
Cogeneration System of the Kraft Process.......cccccccevrecceeecereenncnnnen.

Xiii



LIST OF FIGURES

Figure Page
2.1 — Representation of a Process and its Sub-Systems ...........ccccceeceeuurun...... 7
2.2 — Diagram of SeCtion N ..........cooiiiirreeeceeeecreerecreeecceeeere e s e e seeesaneessaesse e 10
2.3 — Diagram of the Cogeneration ProCess ......c.cccceeveeeeceereceerenecceencrscnennennns 12
2.4 — Representation of the Make-up BFW Pre-Heating Train......................... 14
2.5 — Representation of the “Electricity Mixing” Section........ccccccceevveeeuriennnnn.. 17
3.1 — Representation of the ALCELL® Process..........cccceeveeeereceeeeccneerereeenenna 20
3.2 — Diagram of the ALCELL® Wo0odroom.........ccceeeueeereeeereceveneenereseersenanens 23
3.3 — Diagram of the Extraction & Flash Evaporation Section.......................... 25
3.4 — Diagram of the Screening & Oxygen Delignification Area....................... 27
3.5 — Diagram of the Bleach Plant of the ALCELL® Process.......cccccceueennen... 29
3.6 — Diagram of the Pulp Machine & Press..........c.cceccveveeerccecenernnnesneeenn 30
3.7 — Diagram of the Lignin Recovery SecCtion ...........cccceeveeecrciiierinenscennnnnnas 32
3.8 — Diagram of the Lignin DIyer..........ceeccoeeeerreeenrrueereesrscnncneeesssseeesssneneenes 34
3.9 — Diagram of the Alcohol Recovery Section...........cccoeevcniriccieenenenee. 37
3.10 — Diagram of the MVR Evaporator .......c...ccueeeveeeereccrereccerecseeesinesanennns 39
3.11 — Diagram of the Furfural Reactor .......cccccecvveveeeeeecrereeeerccnnenneeereneeressennns 40
3.12 — Diagram of the Furfural Recovery Section ..........ccccceeeeeerrvreeneensrennnnnnns 41
3.13 — Diagram of the Finisher Evaporator ..........cccccceeevvveeecrececrcncrnrneccennene. 43
3.14 — Schematic Diagram of a Chlorine Dioxide Plant..........ccccceeeueecvrenrreneee. 45
3.15 — Steam Production Arrangement for the ALCELL® Process .................. 47
3.16 — Steam Supply System for the ALCELL® Process ........cccceeveeueeveennnnenae. 48

xiv



3.17a — Representation of the Wash Water Heating Train.............ccccccouerrnneene
3.17b — Representation of the Make-up BFW Heating Train ...........................
3.17c — Representation of Caustic Solution Pre-Heating ..............ccccccuuann......
3.17d — Diagram of Chlorine Dioxide Solution Pre-Heating ..........ccccceuuuun......
4.1 — Schematic Representation of the Kraft Process.......ccccecevvvcureercrerennne..
4.2 — Diagram of the Kraft Woodroom..........ccoceeeeeeieeiiieeiecccenrinneeeeercccneeeeeenees
4.3 — Kamyr Two Vessel Vapor/Liquid Phase Continuous Digester.................
4.4 — Sample Multiple-Effect Evaporator Sequence...........ccceeveeccrecrerecnnnene.
4.5 — Diagram of a Kraft Recovery Boiler .........cccccovemriimrecinceeiieriecrreeereee
4.6 — Diagram of the Causticizing CycCle.......ccccevrirnveiiriorirrnciienireceeecreeeceeceeaes
4.7 — Diagram of the Oxygen Delignification Section ..........c.cccceeverrecrerenennnnn.
4.8 — Diagram of the Bleach Plant of the Kraft Process........c.cccccceeveereccnrnnnnce.
4.9 — Schematic Diagram of a Chiorine Dioxide Plant...........cccccocerreereereennnne.e.
4.10 — Diagram of the Pulp Machine & Press........c.cccceoveivcercreccernnneeneaees
4.11 — Steam Production Arrangement for the Kraft Process .............cc...........
4.12 — Steam Supply System for the Kraft Process .........cccccceeeeeeeeceeeeereennees

6.1 — Comparison of the Raw Materials Input as Cumulative Energy for
the ALCELL® and Kraft ProCESSES ........cccoueeierrecreseveneeseaerresseseenensenseens

6.2 — Comparison of the Combustion Energy Input as Cumulative Energy
for the ALCELL® and Kraft Processes ........ccccceeeeeerveenneecnueseneeneesenenanns

6.3 — Comparison of the Cumulative Energy of the Products of the
ALCELL® and Kraft ProCESSES .......c.ceeereerverrerreesrerreenrenreneesernernnnseseenns

6.4 — Comparison of Imported Electricity and Bunker C Fuel Consumption
for Combustion Strategies 7 and 11 of the ALCELL® Process...............

6.5 — Comparison of Imported Electricity and Bunker C Fuel Consumption
for Combustion Strategies “A” and “C” of the Kraft Process ...................

6.6 — Comparison of Cumulative Energy Values of the Products of the
ALCELL® Process for Combustion Strategies “7” and “11" ....................



6.7 — Comparison of Cumulative Energy Values of the Products of the
Kraft Process for Combustion Strategies “A~, “B™ and “C-"............cccu.......

6.8 — Comparison of the Cumulative Energy of the Products of the
“Actual” and “Lumped” ALCELL® Processes.........c...ccoeeeueeerveurecrennerenns



ACKNOWLEDGEMENTS

The author would especially like to thank Dr. D. R. Morris and Dr. F. R.
Steward for their continued support and interest for the duration of this project.
Special thanks are also extended to REPAP Enterprises Incorporated who
provided details of the ALCELL® process without which this project would not
have been possible. Personal communications with Mr. L. Walker of ALCELL®
Technologies Limited, Newcastle, and Dr. R. Thring of the University of New

Brunswick, Frederictori, have been enlightening and informative.

Xvii



NOMENCLATURE

Latin Symbols

C Cumulative Energy, kJ

c Specific cumulative energy, kJ/kg

h, Net combustion enthalpy, kJ/kg

E Energy, kJ

h Specific Enthalpy, kJ/kg

Hppix Heat of Mixing, kd/kmol of solution

AH,y, Enthalpy of Solution, kJ

M Mass, kg

P Production, kg

Greek Symbols

n Generation efficiency based on
cumulative energy consumption, %

Ne Overall energy efficiency for the
production of fuels, % (Boustead &
Hancock)

Operators

A Finite change in a state property

z Cumulative summation operator

xviii



Subscripts

a Away or leaving system section
Cogen Cogeneration Process

Cond Condensate

Elec Electrical

i Species i

J Product j

Make-up Make-up

N Section N

nr Natural resources

ovelec Overall electricity use including imports
Rec Recovered

Steam Steam

u Useful

w Waste

Superscripts

BFW Boiler Feed Water

E Energy supply stream

F Feed stream

imp Imported from outside the system’s boundary
Prod Produced

R Recycle stream

Xix



CHAPTER 1

INTRODUCTION

1.1 General

At the present time the most important process by which pulp is produced
from wood is the Kraft (or sulfate) process. The Kraft process uses a solution of
sodium hydroxide and sodium sulfide to treat the wood so that enough lignin is
removed to form a pulp from the remaining cellulosic fiber. These chemicals can
cause environmental pollution problems, during the recovery part of this process,

unless sufficient emission control systems are instailed.

The emission limits for certain pollutants have been reduced by the
introduction of appropriate legislation. Due to the required reduction in emission
levels, more advanced emission control systems are needed. These control
systems have significantly increased the cost of wood pulp that is produced by
the Kraft process. This increase in pulp production costs has resulted in the
development of alternative pu'ping processes that require fewer control systems

for operation at an acceptable emissions level as dictated by legislation.

An alternative method of producing wood puip, that has been developed
by REPAP Enterprises Incorporated, is known as the ALCELL® process. This
process uses an ethy! alcohol based extraction technique that has significant

advantages relative to the use of inorganic chemicals in the Kraft process.
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The advantages that the ALCELL® process possess in reiation to other

wood pulping techniques include:

® Estimates indicate that a fully commercial ALCELL® mill can be built at
a lower capital cost than an equivalently sized new kraft mill because it

does not require a recovery boiler or a causticizing cycle.

@ The ALCELL® process is able to isolate a valuable byproduct, lignin, in
a “sulfur-free” form. Existing chemical pulping processes, such as the
Kraft and sulfite processes, are unable to do so. This lignin can be sold

on markets where Kraft lignins and lignosulfonates cannot compete.

[11]

® The ALCELL® process is relatively benign environmentally compared
with the Kraft or sulfite processes. There is no odor such as that
associated with Kraft pulping and there is a low volume of effluent per

tonne of pulp relative to the Kraft or sulfite processes. [11]

@® Bleached pulps from the ALCELL® process have been tested as
stronger than both sulfite and TMP (Thermo-Mechanical Pulping) pulps

and compare well with Kraft pulps. [17]

A pilot plant of the ALCELL® process is currently operating at Newcastle,
New Brunswick, Canada. It has operated there since the summer of 1988 with a
daily pulp production capability of 30 air dry metric tonnes (ADMT). Experimental
and operational data obtained from the pilot plant of the ALCELL® process have
resulted in a design for a full scale commercial plant with a daily pulp production

capacity of 450 ADMT.
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The decision to build a full scale plant is presently being considered by
REPAP Enterprises Incorporated. As part of the decision making process,
studies are being performed to evaluate the performance of the ALCELL®
process relative to the Kraft process. A major factor in the economics and
profitability of one process relative to the other is the energy consumption per unit
of product. The Cumulative Energy Consumption analysis of a process presents
a more sophisticated method of determining the energy consumption per unit of
product when more than one product is yielded by a chemical, metallurgical or

even physical process.

Computer spreadsheets that simulate the mass and energy flows of the
Kraft and ALCELL® processes have been developed using the software package
Excell. Cumulative energy values for the process streams are determined and

presented in the form of tabulated summaries.

It is the purpose of this thesis to present the theory of Cumulative Energy
Consumption analysis and to present the results of applying this theory to the

Kraft and ALCELL® processes for comparative purposes.

1 Microsoft Excel Version 4.0



CHAPTER 2

CUMULATIVE ENERGY CONSUMPTION ANALYSIS

2.1 Introduction

Various forms of energy analysis are currently used to evaluate industrial
processes and to determine whether or not certain systems within these

processes may be improved upon.

The field of energy analysis has been expanded due to three main factors.
These factors include; ® environmental considerations due to the release of heat
energy into the atmosphere, @ concerns relating to the fact that there are finite
quantities of conventional fossil fuels available from the earth, and @ the rapidly
increasing cost of energy. Factor ® has provided the major impetus for the
expansion of the energy analysis field because energy costs have increased to
the point where they have become a significant factor in the overall cost

associated with the manufacture of products.

The Cumuiative Energy Consumption (CEnC) analysis is essentially an
accounting procedure in which the cumulative energies associated with all input
streams to a process section are distributed to the useful products. This implies
that the energy associated with a waste product, discharged to the environment

is zero, since this energy is dissipated.

Cumulative Energy Consumption (CEnC) analysis provides a method of

assessing different production methods for similar products. The specific CEnC
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(Sp. CENC or ¢) of the product(s) of a process is a major factor in the economics
and profitability of one process relative to another. Cumulative energy values
assigned to the product(s) of a process express the sum of the energy of natural

resources consumed in all steps of the process.

For the wood pulping processes that were investigated during this study
the Cumulative Energy Consumption (CEnC) analysis was chosen, over the
Cumulative Exergy Consumption (CExC) analysis, because the removal of lignin
from wood is essentially a physical process with little or no change in the

chemical constitution of the materials.

For the wood puiping processes analyzed in this thesis it was decided to

distribute the Cumulative Energy, Cy, entering the Section N to a product in
proportion to the ratio of the mass of that product to the total masses of useful

products.

This procedure was satisfactory for the various processing sections except
for the energy section. The products of this section are process-steam and
electricity, and hence it was necessary to apportion the CEnC input to this
section, to the process-steam and electricity in proportion to the energies of these

output streams.
2.2 Process Analysis

The analysis of a system by the Cumulative Energy Consumption method

is described in the following sections.



Cunulative E C ion Analysi Page §

2.2.1 Definition of the System

A system is only properly defined when the cutputs, inputs and function of
the system are defined. Sufficient information pertaining to the process under
consideration is necessary in order to determine which sub-systems are to be
included within the system’s boundary. Figure 2.1 depicts a scenario where the
system boundary encloses the main process along with three sub-systems. Also
this boundary shows that the energy required to transport the raw materials to the

site of the process is to be considered as part of the analysis.

The goal of the energy analysis may also influence the determination of
the system’s boundary. For instance, it may be necessary to inciude the energy

required to produce and deliver the raw materials and services to the system.

Once the goal of the energy analysis has been determined, the person(s)
performing the analysis can make the choice of which sub-systems must be
included within the system’s boundary. The only limitation on the choice of sub-

systems to be included is the availability of data to describe them.
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Figure 2.1 — Representation of a Process and Its Sub-Systems
2.2.2 Energy Analysis

Once the boundary for the system under consideration has been
determined the process’ flowsheet must be divided into suitable sections so that
they may be analyzed separately. It may also be necessary to divide the sub-
systems, that are contained within the system’s boundary, into sections for
individual analysis. Processes and sub-systems can be divided into as many
sections as is desired, however, sections usually represent a unit operation of the
process that represents a specific function such as a set of washers or an entire

bleach plant, as was done in this paper.

The first stages of the analysis of the sections comprising the process and
sub-systems in question invoives the construction of conventional material and

energy balances. These balances are based on the Law of Conservation of Mass
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and on the First Law of Thermodynamics respectively. Upon completion of these
balances the Cumulative Energy Consumption balance equations may be

constructed.

2.2.3 Cumuiative Energy Consumption Balance Equations

Figure 2.2 depicts a typical section of the system that is under

consideration. Possible cumulative energy inputs to this section are as foilows:

® Feed Streams — CEnC values associated with the intermediate
products coming from other sections in the system reflect the amount
of energy delivered to the system in all steps prior to this section. In the
event that raw materials are fed directly to this section then the energy
associated with the processing and transportation of these materials
will be reflected in the cumulative energy values of these streams. In
the following balance equations, the CEnC values of feed species i

entering a section will be represented as Cf .

@ Energy Supply Streams - Energy requirements of the section under
consideration are supplied by electricity, steam (both injection and
indirect heating) and energy, usually in the form of heat, that is
recovered from other sections of the process. The cumulative energy
values associated with the energy supply streams of species i are

represented and calculated by Equations 2.1 to 2.3.

E N
Clloci = (2.1)
nowlac
E .
Chteam; = —222L (2.2)
nsream

Checi = Eneci (2.3)
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The efficiency of electricity and steam generation (7),uwec @Nd Ngmam
respectively) are determined by Equations 2.25 and 2.22. These
efficiencies are calculated on a cumulative energy basis, not on the

conventional thermal energy basis.

@ Recycle Streams — Materials output from one part of a production
process that are fed back to some earlier part of the same sequence
are known as recycle streams. These streams are recycled for a
variety of reasons, however, the cumulative energy values associated
with these streams is set equal to their physical energy values as
shown in Equation 2.4.

Cf =E; (2.4)

The reason for setting the cumulative energy value of the
recycle stream equal to its physical energy value is a logical decision.
As will be seen later in this Section, cumulative energy values are
distributed amongst the useful streams of a section in proportion to
their mass. Since recycle streams, such as recirculated wash water,
often have larger mass flows than the intermediate products of the
same section, more cumulative energy would be apportioned to the
recycle stream than to the intermediate products. Also recycle streams
are often only used as a method of utilizing their physical energy.
Therefore a recycle stream should not have a cumuiative energy value

greater than its physical energy.
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Figure 2.2 — Diagram of Section N

The total cumulative energy entering section N, C,,, is equal to the sum of
the cumulative energy delivered to the section with the feed, energy supply and
recycle streams. Equation 2.5 represents the total cumulative energy entering
section N:

q r 5 t u
Cy= 2;,0,- = ?:}cf +;c§w +’_2=‘{cgm,. +?:‘;c§m i+ ;cﬁ (2.5)

-

St ~ e
Feed Energy Supply Recycle

The cumulative energy input to Section N is distributed amongst the
section’s useful products. The useful streams leaving Section N are denoted by

the letter j and they include:

@ Recycle and Recovered Energy Streams — these streams are
assigned cumulative energy values equal to the physical energy of the

streams, as shown in Equations 2.6 and 2.7.
AR _
C;' =E; (2.6)
Chec,j = Eroc, (2.7)
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where;

Page 11

If indirect heating steam is used in section N then the steam
condensate is assigned a cumulative energy value according to
Equation 2.8.

E. ..
Clona,j = —222 (2.8)

Nsteam

Product Streams — The remainder of the cumulative energy input is
apportioned to the useful products of the section in proportion to the
mass of the useful products. For each of the product streams, of

Section N, equations similar to Equation 2.9a are constructed.

\
M,,
Cy= x| Cy— ZCm, chm, Zc" (2.9a)
Mun J=1 =t )
4 3\
M
C,o= M"zx Cy— ZCR“, Zcm,—ZC” (2.9b)
uN j=1 j=1 y,
] y
M A
Cuk = 7% 0~ chx, Zcm,—zc (2.9K)
uN =1 =
k
MuN=zMuj

=1

For a system involving multiple products from different plant sections and

multiple recycle streams, cumulative energy balance equations are written for

each section.

The specific cumulative energy consumption for product j, ¢; is defined as;
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2.2.3.1 CEnC Balance Equations for a Cogeneration System

A cogeneration process can be included within a system’s boundary
whenever the production process requires the simultaneous generation of
thermal (e.g., process-steam) energy and electrical energy. Cogeneration
processes for the Kraft and ALCELL® wood pulping processes are shown in
Figures 3.13 and 4.11. Figure 2.3 represents a cogeneration system in block

formation. Possible cumulative energy inputs to the cogeneration process

include:
Fuel Qil —ﬁ
By-Product Fuel ———§» — Process Steam
Steam ————pp Cog?::erz:gon — Electricity
Condensate BFW ———p» — Waste
Make-up BFW —*

Figure 2.3 — Diagram of the Cogeneration Process

@® Fuel — Fuel used by the cogeneration process may include byproducts
from the production process that is under consideration. The
cumulative energy vaiue associated with the combustible byproducts,
which are also known as “Hog Fuel”, is equal to the amount of
cumulative energy normally apportioned to this byproduct by mass,
Cprrocess: Plus the byproducts combustion energy, M,_,ogFue,-hc, as
shown in Equation 2.11.

CHog Fusl = Cprocess + MHog Fuel * P (2.11)

Fuels used by the cogeneration process that do not come from the

production process, e.g. Bunker C Fuel Oil, have a cumulative energy
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value associated with them according to their energetic production
efficiency, ng. Boustead & Hancock [1] define the overall energy

efficiency, 71g, for the production of a fuel as;

- Total delivered energy available to the consumer 2.12)
Total input energy ]

E

The “Total input energy” term of Equation 2.12 includes the energy
content of the fuel as well as the energy consumption associated with
production of the fuels and materials used throughout the processing
sequence from extraction of the fuel from the ground and delivery to
the consumer.

From Equation 2.12, the cumuiative energy of the fuel is:
E,

Crue =2 (2.13)

Ne
The “Total delivered energy available to the consumer’ term of
Equation 2.12 is equivalent to the fuel's thermal energy which is the
sum of the fuel's chemical energy, E, and its physical energy, £E,, as

shown in Equation 2.14.

Therefore, the cumulative energy value of the fuels used in the process
being analyzed is equal to the “Total input energy” term of Equation
2.12.

@ Steam — The Kraft process presents an interesting case where high
pressure (=8.72 MPa or 1250 psig) steam is generated in the recovery
boiler, which is an integral part of the chemical recovery process. This

steam is sent to the cogeneration system for electrical and thermal
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energy production and distribution. As discussed in section 4.2.4, the
steam is produced by the combustion of organics in the process’ black
liquor. The cumulative energy value associated with the steam from the
recovery boiler is determined by considering it a useful product of the
recovery boiler section and by apportioning a cumulative energy value
to it in proportion to its mass relative to the other useful products of the
recovery boiler. For equations relating to the cogeneration process, the
cumulative energy of the steam entering this section will be

represented as C%,,,,-.

® Make-up Boiler Feed Water — Losses of the working fluid (i.e.,
water/steam) from the cogeneration process and steam supply system
are replenished by make-up boiler feed water (BFW). Figure 2.4
illustrates a possible pre-heating arrangement for the make-up boiler

feed water.

'R’ - Recovered Energy Streams

Pre-heated
‘l;lresh > Boiler Feed
ater Water

Figure 2.4 — Representation of the Make-up BFW Pre-Heating Train

The fresh water entering the heating train has a cumulative energy
value, Crsnwamrs that is equal to its physical energy value and the
energy required for pumping and purification of the water. Therefore,
the cumulative energy value of the preheated boiler feed water may be

represented by Equation 2.15 as:
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Chitaio—up = ici’i:ec,i + Crrosh Water (2.15)
® Condensate Boiler Feed Water — The steam supply system for a
production process is designed to provide steam at various pressures.
Figures 3.14 and 4.12 show the steam supply systems for the
ALCELL® and Kraft wood pulping processes respectively.
Application of the Cumulative Energy Consumption (CEnC)
analysis to a steam supply system assigns CEnC values to all steam

streams according to Equation 2.16.

=ESr_earn (2.16)

C
Steam Nsweam

In order to satisfy the CEnC balance on the steam supply
system, the cumulative energy values of the steam condensate
streams returning to, or leaving, the steam supply system are
evaluated in the same manner as the process-steam streams. See

Equation 2.17.

Econg (2.17)

Ceond =
" nSteam

Therefore, the condensate boiler feed water entering the

cogeneration process will have a CEnC value according to Equation

2.18.
EBFW
Ccond = Cond (2.1 8)
Nseam

The total cumulative energy entering the cogeneration process, Ccyge, iS

distributed amongst the useful products, electricity and process-steam, of the
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cogeneration process. Since mass is not a meaningful concept for electricity, the
cumulative energy is distributed between the electricity and process-steam in
proportion to their energy as opposed to their masses as was done for other

sections of the system.

The total cumulative energy entering the cogeneration section, for a case
where there are multiple Hog Fuel streams, is represented by Equation 2.19,
while the cumulative energy is apportioned to the electricity and process-steam
according to Equations 2.20 and 2.21.

H
Coogon = X, Coii = 2 Criog Fust * Cruai o +CGng +Chtate-vp +Chroam  (2.19)
i i=1

Prod
CErod —LEec yC on (2.20)
> Ecogen ¥
Prod
CEod =SB0 Cre (2.21)
zEcogan
where; Y Ecogen = Edroa, + EERY

The efficiency of steam production is determined from Equation 2.22.

EPI’Od
Nstwam = —F-—CS',:’S,’" (2.22)
Steam

The overall efficiency of electricity generation is determined by considering
an “electricity mixing” section as shown in Figure 2.5. This section mixes
electricity that is produced in the cogeneration section with electricity that is
imported from the grid. Equations 2.23 to 2.25 are the balance equations for the

“electricity mixing” section.
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Efd clod —
_.Eovalac lCoveIec

Ebe cle —®

Figure 2.5 — Representation of the “Electricity Mixing” Section

Eoveioc = Efioc +Efe (2.23)

Coveloc = Ctis +Chie (2.24)
Elmp
where; Coe, = —52=
Nesee

The overall electricity generation efficiency is given as:

E
Novelec = Covelec (2.25)
ovelec

Once all of the cumulative energy equations have been constructed for
each plant section it should be found that there are an equal number of
unknowns and equations. A solution for these equations may be determined by a

suitable method that will solve simultaneous linear equations.



CHAPTER 3

THE ALCELL® PROCESS

3.1 Introduction

The ALCELL® process provides a method of producing wood pulp that is
more environmentally friendly than the Kraft (or sulfate) process [17]. While both
processes are essentially a physical separation of cellulosic fiber and lignin, the
ALCELL® process accomplishes this by using an ethyl alcohol based extraction
technique; whereas the Kraft process uses an aqueous solution of sodium
hydroxide (NaOH) and sodium sulfide (Na,S). Since the ALCELL® pulping
process uses an alcohol based liquor to dissolve the lignin, any losses of the
liquor are relatively benign to the environment compared to the emissions from

the recovery boiler (see Section 4.2.4) of the Kraft process.

The possibility of delignifying wood using alcohol based extraction agents
has been known for some time (Katzen et al, 1980 [6]; Williamson, 1987 [17]).
However, the commercial development of this technique has only recently been
realized in the construction of a 30 tonne per day commercial scale
demonstration plant. This plant was constructed by REPAP Enterprises
Iincorporated at Newcastle, New Brunswick Canada. It has operated there since

the summer of 1988.

The purpose of this ALCELL® demonstration plant has been to verify that
the ALCELL® technology is viable. Also, it has provided a site where the

18
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recoverability of the byproducts of the process may be explored and tested.
Experimental and operational data obtained from this plant have resulted in a
design for a commercial scale plant that will produce an average of 450 ADMT of

pulp each day.

The design for this proposed plant has been used to construct a computer
spreadsheet program that simulates the mass and energy flows associated with
this plant. This spreadsheet has been used to determine the specific Cumulative
Energy Consumption (CEnC) for each of the products that are available from the

ALCELL® process.

3.2 Process Description

The description of the ALCELL® process is based on the design that was
being used at the time of the publication of this thesis. The design for the
ALCELL® process has not yet been finalized; however, it is not likely that the
design of any major sections of the plant's flowsheet will change enough to affect

the results of this study significantly.

In order to perform this study on the ALCELL® process it was necessary to
divide the flowsheet of the process into a number of sections. Therefore, it is by
these sections that the process wiil be described in the following pages. Due to
the fact that the ALCELL® process has only recently been patented, details of
certain sections of the plant, such as the furfural reactor, are not available at this

time.

The stream labels that will be referred to in the following descriptions of

the various sections of the ALCELL® process may be found in Figure 3.1 and on
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the individual schematics that have been included with all sections of the

following description of the plant.
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Figure 3.1 — Representation of the ALCELL® Process

Table 3.1 — Stream Labels for the ALCELL® Process

Stream 1 = Logs

Stream 2 = Low Pressure Injection Steam

Stream 3 = Redcirculated Wash Water

Stream 5 = Sewer Water

Stream 6 = Hog Fuel (Bark & Fines)

Stream 45 = High Pressure Ejector Steam

Stream 46 = Low Pressure Recirculation
Heater Steam

Stream 47 = Low Pressure MVR Purge
Steam

Stream 48 = High Pressure Ejector Steam

Stream 84 = Saltcake (Sodium Sesquisulfate)

Stream 801 = Sulfuric Acid Solution

Stream 803 = Low Pressure Indirect Heating
Steam

Stream 807 = Methanol & Sodium Chiorate
Solution

Stream 816 = Chilled Water

Stream 818 = High Pressure Ejector Steam

Stream AN = Pre-Heated Wash Water

Stream AO = Washed Pulp

Stream AY = Medium Pressure indirect
Heating Steam

Stream AZS1 = Medium Pressure Indirect
Heating Steam

Stream BB = High Pressure Flash Vapor

Stream BC = Medium Pressure Flash Vapor
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The ALCELL® Process

Stream BD = Low Pressure Flash Vapor

Stream BF = Fiashed Black Liquor

Stream BG = Recirculated Stillage

Stream BL — Filtrate/Tower Feed

Stream BR = Recirculated Wash Water

Stream BT = Wet Lignin Cake

Stream BV = Dry Lignin Product

Stream BW = Scrubber Condensate

Stream BXS3 = Medium Pressure Indirect
Heating Steam

Stream BXS4 = High Pressure Indirect
Heating Steam

Stream C = Wood Chips

Stream CH = Decanted Furfural

Stream CK = MVR Evaporator Feed

Stream CM = MVR Turbine [nlet Steam

Stream CO = Furfural Reactor Steam

Stream CP = Reacted Furfural

Stream CT = Recovered Alcohol

Stream CW = Finisher Evaporator Feed

Stream D =» Low Pressure Heating Steam for
the Chip Bin

Stream DB = Furfural Product

Stream DC = Furfural Heavy Residue

Stream DD = Sewer Water

Stream DES2 — Medium Pressure Indirect
Heating Steam

Stream DF = Concentrated Syrups

Stream DI = Sewer Water

Stream DJ = Make-up Alcohol

Stream DK = Fresh Liquor

Stream EA = Aqueous Layer

Stream EB = Tar Layer

Stream ER = Screen Rejects

Stream EU = Oxygen & Magnesium Sulfate

Stream EV = Sodium Hydroxide Solution

Stream EW = Medium Pressure Injection
Steam

Stream EX = High Prassure Injection Steam

Stream F = Medium Pressure Steam for the
Steaming Vessel

Stream FA = Pre-Heated Wash Water

Stream FC = Oxygen Delignified Pulp

Stream FG = Sewer Water

Stream FP = Chlorine Dioxide Solution

Stream FQ = Sodium Hydroxide Soiution

Stream FR = Medium Pressure Injection
Steam

Stream FY = Sewer Water

Stream GE = Sodium Hydroxide Solution

Stream GF = Medium Pressure Injection
Steam

Stream GH = Pre-Heated Wash Water

Stream GS => Chlorine Dioxide Solution

Stream GT = Sodium Hydroxide Solution

Stream GU = Medium Pressure Injection
Steam

Stream H = Steaming Vessel Purge

Stream HG = Bleached Pulp

Stream HH = Low Pressure Injection Steam

Stream HK = Screen Rejects to Sewer

Stream HT = Pre-Heated Wash Water

Stream HU = Pressed Pulp to Pulp Dryer

Stream HX = Recirculated Wash Water

Stream | = Metering Screw Purge

Stream W = High Pressure Indirect Heating
Steam

Stream Sparge = Medium Pressure Injection
Steam
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3.2.1 Section 1 — The Woodroom

The purpose of the woodroom is to produce wood chips, that are free of
“fines” (small wood chips) and bark, from tree length logs. A schematic diagram

of the woodroom may be seen in Figure 3.2.

The bark is removed from the logs (Stream 1) in the debarking drum.
During the winter months, low pressure injection steam (Stream 2) is used to

thaw the logs that enter the debarking drums.

The cleaned logs are passed on to a chipper where they are reduced to
wood chips (Stream C). While the logs are being reduced to chips, wood fines or
pin chips are also produced. These pin chips are not desirable from an
operations perspective in the extraction vessel so they are removed at this stage

by a set of screens.

The bark that is removed from the logs in the debarking drums is
combined with the “fines” (small wood chips) produced in the chipper. This
combined stream is referred to as “Hog fuel” (Stream 6). The “Hog fuel” stream is
sent to the “Hog pile” where it is stored until it is burnt in the “Hog boiler” that
produces steam for the process. Details about the “Hog boiler” will be discussed

in Section 14 of this chapter.

During the debarking and chipping procedure, water for washing and
sluicing is often required. This water is available as recycled white water (Stream
3) that comes from the bleach plant (Section 4). However, recent developments
in woodroom technology have led to what is known as ‘dry’ woodrooms where

very little, if any, water is required for washing or sluicing. For the purpose of this
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study, effluent from the woodroom was assumed to be made up entirely of water.

Howaever, in reality there is a small amount of wood fiber and bark in this stream.

The wood chips that are produced by the chipper (Stream C) are fed to the

extraction vessel located in Section 2.

5 6
i ,
DEBARKING
1 ——>" s [——>] CHIPPER |——-C
N ]
: I
3

Stream 1 = Logs

Stream 2 = Low Pressure Injection Steam

Stream 3 = Recirculated Wash Water from the Bleach Plant
Stream 5 = Sewer Water

Stream 6 = Hog Fuel (Bark & Fines)

Stream C = Wood Chips

Figure 3.2 — Diagram of the ALCELL® Woodroom
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3.2.2 Section 2 — Extraction & Flash Evaporation

A schematic diagram of the Extraction and Flash Evaporation section is
shown in Figure 3.3. Wood chips are introduced to this section by successively
passing them through a chip pre-steaming bin and a steaming vessel. The chips
are heated with low pressure! steam (Stream D) while they are in the chip pre-
steaming bin and with medium pressure2? steam (Stream F) while they are in the
steaming vessel. Purge streams, that are located after both the chip bin and the
steaming vessel (Streams | & H respectively), vent condensate and low pressure

vapors to the atmosphere.

From here the chips are sent to a mixing tank where they are combined
with fresh liquor before being sent to the extraction vessel. The liquor used in the
extraction vessel, which is similar to a continuous Kamyr digester, is a solution of
ethyl alcohol and water. The pulp mixture is allowed to cook in the extraction
vessel at a high temperature, 204°C (400°F) and pressure, 3.55 MPa (500 psig)
so that the lignin and cellulosic fibers may be separated from each other. Heat is
supplied to the extraction vessel by using high pressure? indirect heating steam

(Stream W),

The wood pulp leaving the extraction vessel is washed with a portion of
the recovered alcohol! (Stream DK) and with some fresh pre-heated wash water
(Stream AN) so that any loosely bound lignin and any residual alcohol may be
recovered. The washed wood pulp (Stream AQO) is then sent to Section 3

(Screening & Oxygen Delignification).

1 Low Pressure equates to 377 kPa (40 psig) throughout Chapter 3 when referring to steam.
2 Medium Pressure equates to 584 kPa (70 psig) throughout Chapter 3 when referring to steam.
3 High Pressure equates to 2515 kPa (350 psig) throughout Chapter 3 when referring to steam.
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Black liquor that is removed from the digester is concentrated by sending it

through a 3 stage flash tank arrangement. The flash vapors4 (Streams BB, BC &

BD) produced by these tanks are condensed in two other sections of the plant so

that their heats of condensation may be used instead of using steam or some

other source of heat. The flash vapor condensates are then recovered in Section

8 (Alcohol Recovery).

The concentrated black liquor (Stream BF) is sent to a mix tank in Section

6 for lignin recovery.

c )l EXTRACTOR
> r-==->BB
CHIP !
Y — ﬂ? W__
| <€{ METERING SCREW |
F --------------
| STEAMING VESSEL < 5
H LIGNIN
' REMOVAL (€&—————— DK
H<-~----- - WASHER
ALCOHOL
RECOVERY {€~——————— AN
WASHER
l AO
Stream C = Wood Chips Stream AN = Pre-Heated Wash Water

Stream D = Low Pressure Injection Steam

Stream F = Medium Pressure Injection Steam

Stream H = Steaming Vessel Purge

Stream | = Metering Screw Purge

Stream W = High Pressure Indirect Heating
Steam

Stream AO = Washed Pulp

Stream BB = High Pressure Flash Vapor
Stream BC = Medium Pressure Flash Vapor
Stream BD = Low Pressure Flash Vapor
Stream BF = Flashed Black Liquor

Stream DK = Recovered Liquor

Figure 3.3 — Diagram of the Extraction & Flash Evaporation Section

4 The Flash Vapors are produced at the following pressures: High Pressure = 997.6 kPa (130.0
psig), Intermediate Pressure = 280.6 kPa (26.0 psig) and Low Pressure = 103.4 kPa (0.3 psig).
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3.2.3 Section 3 — Screening and Oxygen Delignification

A schematic diagram of the Screening and Oxygen Delignification section
is shown in Figure 3.4. The pulp entering the Screening and Oxygen
Delignification section is initially deknotted and refined so that any rejects
(Stream ER) may be sent to the sewer or used as a fuel in the “Hog boiler”, which

is located in Section 14.

After the pulp stream has been screened it enters the Oxygen
Delignification section where it is mixed with sodium hydroxide (Stream EV),
magnesium sulfate (MgS0O,) and oxygen (Stream EU), medium pressure steam
(Stream EW) and high pressure steam (Stream EX) before it enters the oxygen
reactor. After leaving the reactor the pulp stream (Stream FC) is washed and

stored as a high density mixture before being sent to the bleachery (Section 4).

The effluent stream leaving the Oxygen Delignification area is directed to
the sewer after heat is removed from it. This heat (Streams M11 & M17) is used
to pre-heat the wash water supply in an arrangement that is described in Section

15 of this chapter.

The screening and oxygen delignification section is expected to reduce the
Kappa number (which is a measure of the lignin content) of the pulp from
approximately 30 to 16.5. This translates into a 45% lignin content reduction. An
approximate relation between the Kappa number and the lignin content [7] of
wood puip is shown in Equation 3.1. The Kappa number of a pulp suspension is
determined by reacting a known amount of Potassium permanganate (KMnO,)
with the lignin in a pulp suspension, the amount consumed by reaction with the

lignin is then determined by back titration.
Kappa Number x 0.15 = Lignin Content (%) (3.1)
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Stream AQ = Washed Pulp Stream FA = Pre-heated Wash Water
Stream ER = Screen Rejects Stream FC = Oxygen Delignified Pulp
Stream EU = Oxygen & Magnesium Sulfate Stream FG = Sewer Water
Solution Stream M11 = Recovered Heat to Wash
Stream EV = Sodium Hydroxide Solution Water
Stream EW = Medium Pressure Injection Stream M17 = Recovered Heat to Wash
Steam Water

Stream EX = High Pressure Injection Steam
Figure 3.4 — Diagram of the Screening & Oxygen Delignification Area
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3.2.4 Section 4 — The Bleach Plant

A schematic diagram of the bleach plant is shown in Figure 3.5. The
bleach plant for the proposed ALCELL® process has been designed to bleach
hardwood pulp. Presently, hardwood pulp is bleached by using a three stage
bleaching sequence as opposed to a four stage sequence that is used for

bleaching softwood pulp.

The first stage that the pulp suspension (Stream FC), leaving Section 3,
encounters is known as the D1 stage where chlorine dioxide (Stream FP) is
added to the pulp along with sodium hydroxide (Stream FQ) and medium
pressure steam (Stream FR). After the pulp has been retained in the D¢ tower for
the required amount of time it is washed with the filtrate from the D, washer
(Stream FT) before it is passed on to the second stage of the bleachery, which is
known as the E stage or extraction stage. In the E stage, sodium hydroxide
(Stream GE) and medium pressure steam (Stream GF) are mixed with the pulp
stream before it enters the E stage retention tower. When the pulp stream leaves
this tower it is washed, by using part of the recycled water (Stream HX) that
comes from the pulp machine (Section 5), before it is sent to the final bleaching
stage. The final bleaching stage is known as the Dj stage where chlorine dioxide
(Stream GS), sodium hydroxide (Stream GT) and medium pressure steam
(Stream GU) are again added to the pulp stream before it enters the D2 retention
tower. The pulp stream leaving this retention tower is then washed with the
remainder of the recycled water from the pulp machine (Stream HX) and fresh
pre-heated water (Stream GH). The washed pulp (Stream HG) is now passed on

to the pulp machine (Section 5).
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Effluent from the bleachery is split into two streams after heat is recovered
from it. This heat (Stream M16) is used to pre-heat the wash water that is used in
the ALCELL® process. Part of the effluent stream is used for washing and

sluicing in the woodroom (Section 1), while the remainder is sent to the sewer.

HX
*FT GE C'-iF GH
' | E
E
! Y
WASHER WASHER
T HG
Stream 3 — Redirculated Wash Water to the Stream GH = Pre-Heated Wash Water
Woodroom Stream GS => Chlorine Dioxide solution
Stream FC = Oxygen Delignified Puip Stream GT = Sodium Hydroxide solution
Stream FP = Chilorine Dioxide solution Stream GU = Medium Pressure Injection
Stream FQ = Sodium Hydroxide solution Steam
Stream FR = Medium Pressure Injection Stream HG = Bleached Pulp
Steam Stream HX = Redirculated Wash Water from
Stream FT = Recycled Fiitrate the Pulp Machine
Stream FY = Sewer Water Stream M16 = Recovered Heat to Wash
Stream GE = Sodium Hydroxide Solution Water
Stream GF = Medium Pressure Injection
Steam

Figure 3.5 — Diagram of the Bleach Plant of the ALCELL® Process
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3.2.5 Section 5 — The Pulp Machine

A schematic diagram of the pulp machine section is shown in Figure 3.6.
The pulp (Stream HG) that enters the pulp machine section is at a consistency of
approximately 12%. The consistency of wood fiber suspensions is defined as the
mass percentage of oven dry wood fiber in a pulp suspension. Initially the pulp
machine’'s screens separate any rejected material from the pulp stream and
sends these rejects (Stream HK) to the sewer. The remainder of the pulp stream
then passes to a press that squeezes the pulp until its consistency reaches
approximately 50%. The water that is displaced by the press is recycled and
used as wash water (Stream HX) in the bleachery (Section 4). The pulp of 50%

consistency (Stream HU) is considered to be the primary product of the

ALCELL® process.
HH PULP HT
' SCREENS DECKER MACHINE I PRESS
HG pre——t — HU
: ] .
Y
HK HX

Stream HG = Bleached Pulp

Stream HH = Low Pressure Injection Steam
Stream HK = Screen Rejects to Sewer
Stream HT = Pre-Heated Wash Water
Stream HU = Pressed Pulp to Pulp Dryer
Stream HX = Recirculated Wash Water

Figure 3.6 — Diagram of the Pulp Machine & Press




The ALCELL® Process Page 31

3.2.6 Section 6 — Lignin Recovery

A schematic diagram of the Lignin Recovery section is shown in Figure
3.7. The flashed black liquor (Stream BF) from Section 2 enters the section
where it is added to a mix tank. While in the mix tank the black liquor is combined
with the stillage (Stream BG) that comes from the pressure and vacuum towers
located in Section 8 (Alcohol Recovery). Sulfuric acid is also added to the mix
tank in small amounts to encourage precipitation of the lignin that is present.
From the mix tank the mixture is fed to the lignin concentration sub-section. A
filter is used to concentrate the lignin mixture until the lignin concentration
reaches 50%. The filtrate (Stream BL) from this filter is sent to the Alcohol
Recovery section of the plant where it is fed to the feed tank of the pressure and

vacuum distillation towers.

The concentrated lignin stream is now passed on to a second fiiter where
it is washed with condensate (Stream BR) that comes from the mechanical vapor
recompression evaporator (Section 9). The filtrate from this filter is fed to the
lignin recovery mix tank. The lignin concentrate (Stream BT) from this filter is sent

to the lignin dryer (Section 7) at a lignin concentration of approximately 50%.

Excess heat (Stream M21) is removed from the mix tank area of Section 6

and it is used to aid in the pre-heating of the wash water supply.
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Stream BF = Flashed Black Liquor

Stream BG = Recirculated Stillage from Aicohol Recovery
Stream BL = Filtrate/Tower Feed

Stream BR = Recirculated Wash Water

Stream BT = Wet Lignin Cake

Stream M2t = Recovered Heat to Wash Water

Figure 3.7 — Diagram of the Lignin Recovery Section
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3.2.7 Section 7 — Lignin Dryer

A schematic diagram of the lignin dryer is provided in Figure 3.8. The wet
lignin cake (Stream BT) from Section 6 enters the lignin dryer's drying chamber
where it is dried by using hot, 204°C (400°F) nitrogen gas. The nitrogen carries
the dried lignin to a baghouse where the lignin (Stream BV) is recovered. The
moisture that was present in the wet lignin cake (Stream BT) is carried through
the bag house by the nitrogen gas and fed to a scrubber. The scrubber removes
any moisture and alcohot from the nitrogen and then sends it to the sewer as
scrubber condensate (Stream BW). The nitrogen gas that passes through the
scrubber is then heated before it reenters the drying chamber of the lignin dryer.
By following the preceding steps it may be deduced that the nitrogen gas is
contained in a closed loop from which there are minimal losses. These losses are
accounted for by having a make-up nitrogen stream. For the purpose of this
study it was assumed that these losses were negligible. However, if make-up
nitrogen is required in a plant then it would be added immediately before the

loop's heating system.

Heat is supplied to the nitrogen loop by three individual sources. The first
source of heat is supplied by recovering heat from the mechanical vapor
recompression evaporator's condensate (Stream M4). The nitrogen gas is raised
to its required temperature by two indirect contact heat exchangers. These heat
exchangers use medium pressure steam (Stream BXS3) and high pressure

steam (Stream BXS4) as their heat supplies.
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Stream BT = Wet Lignin Cake
Stream BV = Dry Lignin Product

Stream BW = Scrubber Condensate

Stream BXS3 = Medium Pressure Indirect Heating Steam

Stream BXS4 = High Pressure Indirect Heating Steam

Stream M4 = Recovered Heat from the MVR Evaporator's Condensate

Figure 3.8 — Diagram of the Lignin Dryer
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3.2.8 Section 8 — Alcohol Recovery

The alcohol recovered in this section is fed to the fresh liquor tank; which,
as the name implies, supplies fresh liquor (Stream DK) to the extraction vessel
that is located in Section 2. A schematic diagram of the Alcohol Recovery section

is shown in Figure 3.9.

The supply liquor for the fresh liquor tank comes from the following
sources:

® Distillate (Stream CT) from the furfural recovery area (Section 11).

@ Intermediate pressure flash vapor (Stream BC) condensate from the
finisher evaporator (Section 12).

@ High and low pressure flash vapor (Streams BB & BD) condensates
from feed pre-heaters for the distillation towers and from the reboilers
of the distillation towers in the alcohol recovery area (Section 8).

@ Make-up alcohol (Stream DJ) for the replenishment of any losses
throughout the ALCELL® pulping system.

® Distillate from the pressure and vacuum towers in the alcohol recovery

area (Section 8).

During the alcohol recovery process, furfural may be recovered by
removing it from certain stages of the distiliation columns. The furfural solution
that is drawn off these towers is fed to a decanter where it is aliowed to settle so
that a furfural rich layer (Stream CH) may be tapped and sent directly to Section
11 (Furfural Recovery).

Heat is removed from the pressure distillation tower's stiliage before it is

combined with the stillage from the vacuum distillation tower. This heat (Stream
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M2) is used to pre-heat the make-up boiler feed water, see Figure 3.17b, that

enters the cogeneration area (Section 14).

The combined stillage is now divided into two streams. One of these
streams (Stream BG) is fed to the mix tank located in Section 6 (Lignin
Recovery). The other part of this stillage stream (Stream CK) is sent to Section 9

as the feed for the mechanical vapor recompression (MVR) evaporator.

Before the stillage (Stream BG) enters the mix tank in Section 6, heat is
removed from it. This heat (Stream M14) is used to pre-heat wash water that is

used in the ALCELL® process.

Heat is supplied to the alcohol recovery section (Section 8) by; condensing
the low and high pressure flash vapors, recovering heat (Stream M6) from the
finisher evaporator, and supplying heat by using medium pressure steam
(Stream AZS1).
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Stream AZS1 = Medium Pressure Steam Stream DK = Fresh Liquor
Stream BB = High Pressure Flash Vapor Stream M6 = Recovered Heat form Finisher
Stream BC = MP Flash Condensate Evaporator
Stream BD = Low Pressure Flash Vapor Stream M14 = Recovered Heat to Wash Water
Stream BG = Recirculated Stillage Stream a = Heat Transferred from Pressure
Stream BL = Filtrate/Tower Feed Tower Condenser fo Vacuum
Stream CH = Decanted Furfural Tower Reboiler
Stream CK = MVR Evaporator Feed Stream B = Heat Transferred from Vacuum
Stream CT = Recovered Alcohol Tower Condenser to Feed
Stream DJ = Make-up Alcohol Preheater

Figure 3.9 — Diagram of the Alcohol Recovery Section
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3.2.9 Section 9 — Mechanical Vapor Recompression Evaporator

Stillage (Stream CK) from Section 8 is fed to the Mechanical Vapor
Recompression (MVR) evaporator section of the plant. A schematic diagram of

the MVR evaporator is shown in Figure 3.10.

Upon entering Section 9 the stillage is immediately combined with some
recycled flash condensate. This mixture is heated with flash vapors that have
been compressed by a steam turbine compressor. For the case that has been
studied for this thesis, a steam driven compressor was considered. However,

there is a possibility that the compressor could be driven by electricity.

The steam (Stream CM) that drives the turbine for the MVR evaporator
has an inlet pressure of 4.24 MPa (600 psig). The steam is then expanded and
exhausted as high pressure steam that can be used elsewhere in the plant. At
this pressure the exhaust steam reenters the steam supply system as shown in
Figure 3.16. The inlet and outlet conditions (i.e., temperature, enthalpy and
entropy) are subject to the isentropic expansion efficiencies of the main steam

turbine and the MVR evaporator turbine.

After heating, the mixture of stillage and recycled flash condensate is sent
to a flash tank. The flash vapors produced in this tank are sent to the steam
turbine compressor after which they are used to heat more incoming mixture. The
flash condensate, some of which is recycled for mixing, is sent to a tar decanter
where it is allowed to separate into two layers. One of these layers is referred to

as a tar layer (Stream EB) and the other is called the aqueous layer (Stream EA).

The tar layer is sent to Section 14 where it is used as a fuel for generating

steam. The aqueous layer is sent to the furfural reactor located in Section 10.
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While heating the feed mixture for the flash tank, the compressed flash
vapors are condensed. This condensate is now split into two streams. One of
these streams is used as wash water (Stream BR) in the lignin recovery area
(Section 6). Before this stream enters the lignin recovery area, heat is recovered
from it so that the heat can be used in other sections of the plant. Recovered
heat from this stream is used for two purposes; the first purpose is to provide
heat (Stream M4) to the nitrogen loop in Section 7, the other purpose is to

provide heat (Stream M20) for pre-heating the wash water supply.

The other condensate stream (Stream DI) is sent directly to the sewer
after some heat is recovered from it. The recovered energy streams are used to
pre-heat the caustic solution supply (Stream M12) and to pre-heat the chiorine

dioxide solution supply (Stream M13).
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Stream 47 = Low Pressure MVR Purge Stream EA = Aqueous Layer
Steam Stream EB = Tar Layer
Stream 48 = High Pressure Vacuum Ejector Stream M4 = Recovered Heat to Lignin Dryer
Steam Stream M12 = Recovered Heat to Sodium
Stream BR = Recycled Wash Water to Lignin Hydroxide
Recovery Stream M13 = Recovered Heat to Chlorine
Stream CK = Evaporator Feed from Alcohol Dioxide
Recovery Stream M20 = Recovered Heat to Wash
Stream CM = Turbine Inlet Steam Water

Stream DI = Sewer Water
Figure 3.10 — Diagram of the MVR Evaporator
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3.2.10 Section 10 — Furfural Reactor

The aqueous layer (Stream EA) that was taken from the tar decanter

located in Section 9 is fed to the furfural reactor, as shown in Figure 3.11.

Before the aqueous layer is fed to the furfural reactor it is mixed with 4.24
MPa (600 psig) steam. Once the mixture is in the furfural reactor, some of the
syrups that are present are converted to furfural. When the reacted furfural
stream (Stream CP) leaves the furfural reactor it is sent directly to Section 11

where the furfural can be recovered.

F—_ﬂ-ﬁ CcP
 \ FURFURAL
' REACTOR
co

Stream CO = Furfural Reactor Steam
Stream CP = Reacted Furfural
Stream EA = Aqueous Layer from MVR Evaporator

Figure 3.11 — Diagram of the Furfural Reactor
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3.2.11 Section 11 — Furfural Recovery

The reacted furfural stream (Stream CP) entering the furfural recovery
area (Section 11) is combined with the decanted furfural stream (Stream CH)
from Section 8. This mixture is then fed to the first distillation tower that is located
in Section 11. A schematic diagram of the Furfural Recovery section is shown in

Figure 3.12.

Any alcohol that is present in the first tower's feed is recovered as distillate
(Stream CT) and sent to the fresh liquor tank that is located in Section 8. The
stillage leaving the first tower is sent on to more towers where any syrups that

are present are removed and sent to the finishing evaporator (Section 12).

The remainder of the stream that was fed to the furfural recovery area is
separated into a light furfural fraction and a heavy furfural fraction. The light
fraction is a salable product (Stream DB) while the heavy fraction (Stream DC) is

used as a fuel for the steam generation in Section 14.
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TOWNER DECANTER
STEAM
DC
Stream CH = Decanted Furfural Stream CW = Finisher Evaporator Feed
Stream CP = Reacted Furfural Stream DB = Furfural Product
Stream CT = Recovered Alcohol Stream DC = Furfural Heavy Residue

Figure 3.12 — Diagram of the Furfural Recovery Section
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3.2.12 Section 12 — Finisher Evaporator

The syrups recovered from Section 11 (Stream CW) are sent to the
finisher evaporator located in Section 12. A schematic diagram of the finisher

evaporator is shown in Figure 3.13.

The intermediate pressure flash vapor (Stream BC), that is produced in
Section 2, is condensed in the finisher evaporator so that the energy released
during condensation may be used to reduce the steam requirement of the
evaporator. The flash vapor condensate is then sent to the fresh liquor tank

located in Section 8.

The evaporator requires more heat than is available from the flash vapor.

This additional heat is supplied by medium pressure steam (Stream DES2).

The concentrated syrups (Stream DF) are removed from the evaporator
once the desired concentration is reached. These syrups can either be sold as a

by-product or used as a fuel for generating steam in section 14.

Condensate (Stream DD) that is produced while concentrating the syrups
is sent to the sewer after some useful heat is recovered from it. Recovered
energy from the condensate is used for two purposes. One of the energy streams
(Stream M18) is used to pre-heat make-up boiler feed water while the other
stream (Stream M6) is used in the reboiler of the pressure alcohol recovery

distillation tower that is located in Section 8.



DF DD

Stream BC = Medium Pressure Flash Vapor for Indirect Heating
Stream CW = Finisher Evaporator Feed from Furfural Recovery
Stream DD = Sewer Water

Stream DES2 = Medium Pressure Indirect Heating Steam
Stream DF = Concentrated Syrups

Stream M6 = Recovered Heat to Alcohol Recovery

Stream M18 = Recovered Heat to Make-up Boiler Feed Water

Figure 3.13 — Diagram of the Finisher Evaporator
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3.2.13 Section 13 — Chlorine Dioxide Generator

The chlorine dioxide generator design [14] that has been adopted for this
study is the Albright & Wilson (ERCO) R8 model chlorine dioxide generator.
This type of generator was chosen because it has advantages over other chiorine
dioxide generators that are available at the present time. Some of these
advantages are; higher C£O, plant generating capacity, faster C£O, generation
response, higher monthly efficiency in converting sodium chlorate to C¢0O,, and
the elimination of C£, by-product handling. These advantages have been
noticed by bleached pulp producers throughout the world with the result being
that more than 50% of the world's requirement of chiorine dioxide in now

produced by the R8 process.

The Albright & Wilson (ERCO) R8 chlorine dioxide generator is classified
as a non-integrated methanol-based chlorine dioxide plant. A flow diagram of this

plant is given in Figure 3.14.

The generating system is fed by sodium chiorate & methanol (Stream
807), and sulfuric acid (Stream 801), with sodium sesqui sulfate (Stream 84)
being formed as a byproduct. Chlorine dioxide is produced according to the

following overall reaction:

9NaCl0; + 2CH;0H + 6 H,50, = 9CLO, + 3Na;H(SO,),+.5CO, + L SHCOOH +7H,0  (3.4)

The methanol and sodium chiorate are added to the generator's liquor
prior to the reboiler where it is heated with indirect low pressure steam (Stream
803). The generator liquor is circulated between the generator and reboiler by
using a pump. After the liquor passes through the reboiler sulfuric acid is added.

The mixture of liquor and sulfuric acid is now fed to the generator where the
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above reaction is allowed to proceed. The chlorine dioxide gas mixture leaving
the generator enters an indirect contact cooler where the water vapor that is
present condenses. The chlorine dioxide gas stream now passes on to an
absorption tower, where chilled water (Stream 816) absorbs the chlorine dioxide.
This chiorine dioxide solution (Streams FP & GS) then passes on to a chlorine
dioxide solution tank where it is kept until it is required in the bleach plant

(Section 4).

The sodium sesqui-sulfate {NasH(SO,,)z} slurry (Stream 84) produced in

the generator is filtered before it is relegated to a waste storage facility.
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Stream 84 = Saltcake (Sodium Sesquisulfate) Stream 816 = Chilled Water
Stream 801 =» Sulfuric Acid Solution Stream 818 = High Pressure Vacuum Ejector
Stream 803 = Low Pressure Indirect Heating Steam
Steam Stream FP = Chlorine Dioxide Solution
Stream 807 = Methanol & Sodium Chlorate Stream GS = Chilorine Dioxide Solution
Solution

Figure 3.14 — Schematic Diagram of a Chlorine Dioxide Plant
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3.2.14 Section 14 — Cogeneration

Cogeneration is defined as being “an energy production process involving
the simultaneous generation of thermal (e.g., process-steam) and electric energy

by using a single primary heat source.” [10]

Schematic diagrams of the steam production arrangement and the steam
supply system are shown in Figures 3.15 & 3.16. A cogeneration system has
been incomporated into the design of the ALCELL® process in order to take
advantage of the possibility that burning some, or all, of the byproducts from the
process in a boiler will result in the production of steam that will be used
elsewhere in the process. The byproducts that can be used to raise steam in a
boiler are as follows: Hog fuel (Stream 6), Wet Lignin Cake (Stream BT), Finisher
Evaporator Feed (Stream CW), Furfural Product (Stream DB), Furfural Heavy
Residue (Stream DC), Hot Decanter Tar (Stream EB), and the Brownstock
Screen Rejects (Stream ER). It is possible to burn any combination of these
streams, however, the most probable combination includes streams; 6, DC, EB,

and ER.

The “Hog” and “Power” boilers produce steam at high temperature, 510°C
(950°F) and pressure, 8.72 MPa (1250 psig) so that it can be expanded through a
steam turbine to produce electricity. This electricity will be used to offset the

imported electricity requirement of the ALCELL® process.

For the purpose of this study, the cogeneration system has been sized to
meet the process steam requirement of the ALCELL® process. Additional
electrical energy requirements are purchased from an electric utility. The
process-heat requirement of this plant was determined by using the steam supply

system that is shown in Figure 3.16. In the event that there is not enough steam
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generated by the combustion of the available by-products then the shortfall is
generated by burning Bunker C fuel oil in the “Power” boiler. The steam supply
system design for the ALCELL® process has not yet been finalized, however, the
system shown in Figure 3.16 should closely represent the design that will be

constructed if this size plant is built.

906 907
AT [ A F A
5 '
]
STEAM
TURBINE [ D >
Electricity
905
: —
Stream 6 = Hog Fuel from the Woodroom Stream 907 = Main Turbine Exhaust Steam
Stream 901 = Make-up Boiler Feed Water Stream BT = Wet Lignin Cake
Stream 802 = Condensate Boiler Feed Water Stream CW = Finisher Evaporator Feed
Stream 903 = Feed Water to Power Boiler Stream DB = Product Furfural (Light Qil)
Stream 904 = Feed Water to Hog Boiler Stream DC = Furfural Heavy Residue
Stream 805 = Bunker C Fuel Qil Stream EB = Tar Layer from MVR Evaporator
Stream 906 = Main Turbine Inlet Steam Stream ER = Screen Rejects

Figure 3.15 — Steam Production Arrangement for the ALCELL® Process
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Stream 2 = Low Pressure Steam to
Woodroom

Stream 45 = High Pressure Vacuum Ejector
Steam to Alcohol Recovery

Stream 46 = Low Pressure Steam to Fresh
Liquor Recirculation Heater

Stream 47 = Low Pressure MVR Purge
Steam

Stream 48 = High Pressure MVR Vacuum
Ejector Steam

Stream 803 = Medium Pressure Steam to the
C£0, Plant’s Reboiler

Stream 818 = High Pressure Vacuum Ejector
Steam to C£O, Plant

Stream 902 = Low Pressure Condensate
Stream 907 = Main Turbine Exhaust Steam
Stream 908 = Main Turbine Exhaust Steam
Stream 909 = Medium Pressure Steam
Stream 910 = Low Pressure Steam

Stream 911 = High Pressure Steam
Stream 912 = Low Pressure Condensate
Stream 913 = Medium Pressure Steam
Stream 914 = Main Turbine Exhaust Steam
Stream 915 = Low Pressure Condensate
Stream 916 = Medium Pressure Steam
Stream 917 = Cooling Water

Stream AY = Medium Pressure Steam 10 the
Furfurai Tower Reboiler

Stream AZS1 = Medium Pressure Steam to
the Pressure Tower Reboiler

Stream BXS3 = Medium Pressure Steam to
the Lignin Dryer

Stream BXS4 = High Pressure Steam to the
Lignin Dryer

Stream CM = MVR Turbine Inlet Steam

Stream CO = Furfural Reactor Steam

Stream D = Low Pressure Steam to Chip Bin

Stream DES2 = Medium Pressure Steam to
the Finisher Evaporator

Stream EW = Medium Pressure Steam to
Oxygen Delignification

Stream EX = High Pressure Steam to Oxygen
Delignification

Stream F = Medium Pressure Steam to the
Steaming Vessel

Stream FR = Medium Pressure Steam to the
Bleach Plant

Stream HH = Low Pressure Steam to the
Pulp Machine

Stream W => High Pressure Steam to Digester

Stream Sparge = Medium Pressure Injection
Steam for C£02 Solution and

Wash Water Pre-Heating

Figure 3.16 — Steam Supply System for the ALCELL® Process
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3.2.15 Section 15 — Water Preheating

The ability to pre-heat wash water, make-up boiler feed water (BFW), the

caustic supply and the chlorine dioxide solution supply has been incorporated

into the design for the ALCELL® process.

Heat is recovered from several locations throughout the plant and it is

added to the make-up wash water and the boiler feed water as shown in Figure

3.17a and in Figure 3.17b. The wash water's temperature is timmed by using

medium pressure sparge steam as shown in Figure 3.17a.
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Stream AN = Wash Water for Section 2
Stream FA = Wash Water for Section 3
Stream GH = Wash Water for Section 4
Stream HT = Wash Water for Section 5

Stream M11 = Recovered Heat from Section 3
Figure 3.17a — Representation of the Wash Water Heating Train

Stream M14 = Recovered Heat from Section 8
Streaim M16 = Recovered Heat from Section 4
Stream M17 = Recovered Heat from Section 3
Stream M20 = Recovered Heat from Section 9
Stream M21 = Recovered Heat from Section 6

MAKE-UP
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Stream 901 = Make-up Boiler Feed Water
Stream M2 = Recovered Heat from Section 8
Stream M18 = Recovered Heat from Section 12

Figure 3.17b — Representation of the Make-up BFW Heating Train
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Heat recovered from the MVR’s condensate stream (Streams M12 & M13)

is used to pre-heat the caustic supply and the chiorine dioxide supply (see

Figures 3.17c & 3.17d). Additional heat required for the chlorine dioxide solution

is supplied by medium pressure sparge steam as shown in Figure 3.17d.

M12
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Stream EV = Sodium Hydroxide Solution
Stream FQ = Sodium Hydroxide Solution
Stream GE = Sodium Hydroxide Solution
Stream GT = Sodium Hydroxide Solution

Stream M12 = Recovered Heat from Section 9
Figure 3.17c — Representation of Caustic Solution Pre-Heating
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Stream FP = Chlorine Dioxide Solution
Stream GS = Chlorine Dioxide Solution

Stream M13 = Recovered Heat from Section 9
Stream Sparge = Medium Pressure Injection Steam

Figure 3.17d — Diagram of Chlorine Dioxide Solution Pre-Heating



CHAPTER 4

THE KRAFT PROCESS

4.1 Introduction

The Kraft process was discovered by chance due to an error that occurred
while cooking chips to produce pulp at the Munksjo mill in J6nkdping, Sweden.
These chips were blown prematurely and instead of being dumped into the river
they were further processed with the intention of making inferior paper. The
result, however, was the production of a paper that, although darker in color,
surpassed the strength of any previously made paper. Undercooking of the chips
became the regular practice for the production of wrapping paper. This wrapping
paper was so much stronger than other wrapping papers that it adopted the
name “kraft”, which means “strong” in both the Swedish and German languages.
A man by the name of C.F. Dahl of Danzig, Germany, is usually credited with the

development of the Kraft, or sulfate, process in 1879. [7]

The Kraft process, which uses a mixture of sodium sulfide (Na,S) and
sodium hydroxide (NaOH) to pulp wood, was first introduced to North America
by the Brompton Pulp and Paper Company at East Angus, Quebec, Canada. The
Kraft process uses sodium sulfate (Na,SO,) as a makeup to replenish any
chemical losses from the process. For this reason, this method of producing
wood pulp came to be called the “sulfate” process. The sodium sulfate is fed to

the recovery boiler where it is reduced to sodium sulfide.

51
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The Kratft process is considered to be a universal pulping process because
it can pulp almost any wood species. This provides the Kraft process with a
significant advantage over the ALCELL® process because at the present time the

ALCELL® process is capable of pulping only certain species of hardwood.

In order to compare the Kraft process to the ALCELL® process certain

criteria must be established. These include:

® The pulp produced by each of these mills must be made from the same
type of wood. This is necessary due to the wide range of component
compositions for different wood species. For this study, hardwood is
the only acceptable choice because the ALCELL® process is unable to

pulp softwood at the present time.

@ When considering the design for each of these processes, present day
technology must be applied so that the comparison is valid for the time

frame that coincides with the publication date of this thesis.

@ Areas of the two processes that are not directly involved with the
cooking/extraction and recovery sections of the plant are considered to
be identical to each other. Therefore, the following sections of the two
processes are considered to be identical: the Woodroom, Bleach Plant,

Pulp Machine and Chlorine Dioxide Plant.

Once a design for the Kraft mill was determined, using the above criteria,
a spreadsheet program was constructed so that the mass and energy flows
associated with this design could be simulated. The value(s) of the products
leaving this plant were then determined from a Cumulative Energy Consumption

perspective.
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4.2 Process Description

The design of the Kraft mill has been based on a state-of-the-art Kraft mill

that is currently under construction in Athabasca, Alberta, Canada.

In order to perform this study on the Kraft process it was necessary to
divide the flowsheet of the process into a number of smaller sections. Therefore,

it is by these sections that the process will be described in the following pages.

The stream labels that will be referred to in the following descriptions of
the various sections of the Kraft process may be found in Figure 4.1 and on the
individual schematics that have been included with certain sections of the

following description of the plant.
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Figure 4.1 — Schematic Representation of the Kraft Process
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Table 4.1 — Stream Labels for the Kraft Process

Stream 12 = Wood Chips

Stream 23 = Weak Black Liquor

Stream 26 = Screened Pulp

Stream 34 = Strong Black Liquor

Stream 36 = Evaporator Condensate

Stream 45 = Smelt

Stream 52 = White Liquor

Stream 56 = White Liquor

Stream 62 = Pre-Oxygen Washer Filtrate

Stream 67 = Oxygen Delignified Pulp

Stream 79 — Bleached Pulp

Stream 84 = Saitcake (Sodium Sesquisulfate)

Stream 87 = Chiorine Dioxide Solution

Stream 97 = Recirculated Wash Water

Stream 101 => Logs

Stream 102 = Recirculated Wash Water

Stream 103 = Low Pressure Injection Steam

Stream 104 = Hog Fuel (Bark & Fines)

Stream 105 — Sewer Water

Stream 201 = Steaming Vessel Purge

Stream 204 = Low Pressure Injection Steam

Stream 211 = High Pressure Indirect Heating
Steam

Stream 213 = High Pressure Injection Steam

Stream 219 = Low Pressure Indirect Heating
Steam

Stream 301 = Low Pressure Indirect Heating
Steam

Stream 304 = Cooling Water

Stream 401 = Saltcake (Sodiutn Sulfate)

Stream 402 = High Pressure Injection Steam

Stream 407 => Combustion Air

Stream 408 = Low Pressure Indirect Heating
Steam

Stream 410 = Steam Drum Blowdown

Stream 412 = Boiler Feedwater

Stream 413 = Main Steam

Stream 415 = Stack Gas

Stream 504 = Wash Water

Stream 505 — Dregs

Stream 507 = Makeup Lime

Stream 508 = Grits

Stream 509 = Evaporated Water

Stream 513 = Wash Water

Stream 518 = Dilution Water

Stream 520 = Bunker C Fuel Oil

Stream 521 = Combustion Air

Stream 523 = Wash Water

Stream 524 = Scrubbed Flue Gas

Stream 600 = Low Pressure Injection Steam

Stream 602 = High Pressure Injection Steam

Stream 603 = Oxygen & Magnesium Sulfate

Stream 605 = Wash Water

Stream 610 = Low Pressure Indirect Heating
Steam

Stream 701 = Caustic Solution & Chemicals

Stream 702A = Eo Stage Low Pressure
Indirect Heating Steam

Stream 703A = D2 Stage Low Pressure
Indirect Heating Steam

Stream 715 = Sewer Water

Stream 723 = Pre-Heated Wash Water

Stream 724 = Low Pressure Injection Steam

Stream 725 = Sodium Hydroxide Solution

Stream 801 = Suflfuric Acid Solution

Stream 803 = Low Pressure Indirect Heating
Steam

Stream 807 = Methanol & Sodium Chiorate

Stream 816 = Chilled Water

Stream 818 = High Pressure Ejector Steam

Stream 900 = Pressed Pulp to Pulp Dryer

Stream 901 = Low Pressure Injection Steam

Stream 902 = Wash Water

Stream 903 = Screen Rejects to Sewer
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4.2.1 Section 1 — The Woodroom

The purpose of the woodroom is to produce wood chips, that are free of
“fines” (small wood chips) and bark, from tree length logs. A schematic diagram

of the woodroom may be seen in Figure 4.2.

The bark is removed from the logs (Stream 101) in the debarking drum.
During the winter months, low pressure injection steam (Stream 103) is used to

thaw the logs that are entering the debarking drums.

Upon leaving the debarking drums, the cleaned logs are passed on to a
chipper where they are reduced to wood chips (Stream 12). While the logs are
being reduced to chips, wood fines or pin chips are also produced. These pin
chips are not desirable from an operations perspective in the extraction vessel so

they are removed at this stage by a set of screens.

The bark that is removed from the logs in the debarking drums is
combined with the pin chips produced in the chipper. This combined stream is
referred to as “Hog fuel” (Stream 104). The “Hog fuel” stream is sent to the “Hog
pile” where it is stored until it is burnt in a boiler that produces steam for the
process. The boiler that the bark and pin chips are burnt in is called the “Hog
boiler”. Details about the “Hog boiler” will be discussed in Section 10 of this

chapter.

During the debarking and chipping procedure, water for washing and
sluicing is often required. This water is available as recycled white water (Stream
102) that comes from the bleach plant (Section 7). However, recent
developments in woodroom technology has led to what is known as ‘dry’

woodrooms where very little, if any, water is required for washing or sluicing.
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Used wash and sluicing water (Stream 105) leaving the woodroom is sent to the

sewer.

The wood chips that are produced by the chipper (Stream 12) are now fed

to the extraction vessel located in Section 2.

105 104
101—>DEmNG———> CHIPPER —— > 12
| |

‘

[ ]

103 T
102

Stream 101 = Logs

Stream 102 = Recirculated Wash Water from the Bleach Plant
Stream 103 = Low Pressure Injection Steam

Stream 104 = Hog Fuel (Bark & Fines)

Stream 105 = Sewer Water

Stream 12 = Wood Chips

Figure 4.2 — Diagram of the Kraft Woodroom
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4.2.2 Section 2 — Pulping System

The pulping system for the proposed “modern day” Kraft mill is shown in

Figure 4.3. The main unit of the pulping system is known as a Kamyr high-

pressure two-vessel vapor/liquid phase continuous digester. This type of digester

was determined to be the most likely candidate for the following reasons:

@

@

The two-vessel digester system is able to handle lower quality wood
finishes than the hydraulic digester.

The separate impregnation vessel of the two-vessel digester system
allows increased flexibility in process conditions and improved control
over the impregnation and cooking stages than the vapor/liquid phase
digester without the impregnation vessel.

The high pressure version of the two-vessel vapor/liquid digester
provides better impregnation of the chips than the low pressure
version.

The high pressure two-vessel digester has a higher cooking efficiency
(acceptable pulp/pulp produced) for a given effective alkali charge than
other continuous digester systems such as: (1) standard hydraulic
system; (2) low pressure impregnation plus vapor/liquid phase; and (3)

vapor/liquid without impregnation.

Wood chips (Stream 12), upon entering Section 2, are fed to the chip bin

where they are heated with steam from the second black liquor flash tank. The

chips remain in the chip bin for approximately 10 minutes before they are passed

on to the steaming vessel where they are held for 1-2 minutes. While the chips

are in the steaming vessel they are heated with steam from the first black liquor

flash tank. Additional heat is supplied by low pressure! steam (Stream 204). After

1 Low Pressure equates to 515 kPa (60 psig) throughout Chapter 4 when referring to steam.
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heating is completed the chips are mixed with white liquor before being pumped
into the impregnation vessel. The impregnation vessel’'s operating conditions
1140 kPa (150.65 psig) and 110°C (230°F) provide very good impregnation of the
chips. The impregnated chips are fed to the digester where they are cooked to a
pulp. Heat is supplied to the digester by high pressure? injection steam (Stream
213) and by using high and low pressure steam in the heaters shown in Figure
4.3. The pulp leaving the digester is passed through an atmospheric diffusion
washer before being sent to a set of knotters and screens. The knotters and
screens remove any unacceptable material from the pulp stream so that they can
be conveyed back to the chip bin for further cooking. The remainder of the pulp

stream (Stream 26) is passed on to the Oxygen Delignification section.

Black liquor is extracted from the digester through screens to prevent the
pulp from leaving with it. Upon extraction the black liquor is concentrated by
passing it through two flash tanks. The flashed black liquor (Stream 23) is sent to

the evaporators (Section 3) where further concentration will be achieved.

2 High Pressure equates to 1204.5 kPa (160 psig) throughout Chapter 4 when referting to steam.
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Figure 4.3 — Kamyr Two Vessel Vapor/Liquid Phase Continuous Digester
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4.2.3 Section 3 — Black Liquor Evaporators

Flashed black liquor from the digester is fed to a muitiple-effect evaporator
train as shown in Figure 4.4. The black liquor collected from the pulp washing
system is normally in the range of 13% to 17% solids and is referred to as weak
black liquor. This must be concentrated to about 65% solids for firing in the
recovery boiler. Currently there are three approaches used by the pulp and paper
industry to raise the black liquor's concentration to the level required for burning
in the recovery boiler.

@ Concentrate the liquor to about 50% solids in a multiple-effect

evaporator train and then bring it to firing strength in a concentrator.

@ Concentrate the liquor to 65% solids in a multiple-effect train, as shown
in Figure 4.4, using evaporators that are not very sensitive to viscosity
and fouling problems. Fouling of evaporators occurs readily at
concentrations above 50%.

® Concentrate the liquor to about 50% solids in a multiple-effect
evaporator train and then bring it to firing strength in a direct contact

evaporator.

For the purpose of this study it was assumed that the biack liquor was
brought to its firing conditions by a multiple-effect evaporator train with a given
steam economy. Steam economy is defined as the mass ratio of water
evaporated to steam used. Heat is supplied to the evaporator train by low

pressure indirect heating steam (Stream 301).

The multiple-effect evaporator's condenser uses cooling water to remove
heat. The return cooling water (Stream 305) is used elsewhere in the plant for the

following purposes:
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® Make-up feedwater for the steam generation cycle.

@ Shower water for the washing stages in the Oxygen Delignification
area (Section 6).

@ Shower water for the washing stages in the Bleach Plant (Section 7).

@ Shower water for the washers and filters in the recausticizing cycle

(Section 5).

The water evaporated from the weak liquor stream is condensed and
combined so that it can be used as shower water in the Oxygen Delignification

section (Section 6).

The concentrated black liquor produced by the evaporators is known as
strong black liquor (Stream 34). The strong black liquor is fed to the recovery

boiler (Section 4) where the chemical recovery process begins.

Stream 23 = Weak Black Liquor (13-17% solids)
Stream 34 = Strong Black Liquor(=65% solids)
Stream 36 = Condensate

Stream 301 = Low Pressure Indirect Heating Steam
Stream 302 = Low Pressure Steam Condensate
Stream 304 = Cooling Water

Figure 4.4 — Sample Multiple-Effect Evaporator Sequence
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4.2.4 Section 4 — Recovery Boiler

A general schematic diagram of a Kraft recovery boiler is shown in Figure
4.5. Many of the features of the Kraft recovery boiler are similar to other boiler
types. These features include the superheater, boiler bank, economizer,
electrostatic precipitator and the induced draft (ID) and forced draft (FD) fans.
The differences between this recovery boiler and other boiler types are apparant
in the lower section of the furnace. The strong black liquor (Stream 34) that is
used as fuel is first mixed with make-up chemicals, usually saltcake (Na,SO,)
and with the dust recycle from the electrostatic precipitator. Part of the make-up
saltcake requirement is provided by the chlorine dioxide generator's byproduct
stream (Stream 84). The remainder of the saltcake requirement is provided by a
fresh supply of saltcake (Stream 401). Make-up saltcake is required due to
losses of sodium (or sodium compounds) in; (1) recovery boiler emissions
(Stream 415); (2) lime kiln emissions (Stream 524) and (3) the washed pulp
stream (Stream 26) entering the Oxygen Delignification unit (Section 3). The
mixed liquor is then heated with direct contact steam before it is sprayed into the

boiler by nozzles that are known as liquor guns.

Pre-heated combustion air is introduced by a series of ports located at
several elevations in the furnace. Within the boiler an important step in the
chemical recovery process is accomplished. The sodium sulfate (Na,SO,) is
reduced to sodium sulfide (Na,S) which is the main component of the smelt
leaving the boiler. The effectiveness with which a boiler accomplishes this step is
known as the boiler's reduction efficiency. A typical value for a boiler's reduction
efficiency is 90%.

[Na,S]

[NaZS]+[Na2.SO4]X1OO% (4.1)

Reduction Efficiency =
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The brackets in Equation 4.1 indicate concentrations of the chemicals that are
found in the smelt leaving the recovery boiler and they are expressed on an

equivalent sodium oxide ( Na,O) basis.

The smelt (Stream 45) leaving the recovery boiler is fed to the dissolving

tank that is located in Section 5.

The steam produced (Stream 413) from the combustion of black liquor is
used to generate electricity by passing it through a turbine located in the

cogeneration area (Section 10).
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Stream 34 = Strong Black Liquor

Stream 45 = Smelt

Stream 84 = Saltcake from ClO2 Generator (Sodium Sesquisulfate)
Stream 401 = Fresh Make-up Saltcake (Sodium Sulfate)
Stream 402 = High Pressure Injection Steam

Stream 407 = Combustion Air

Stream 408 => Low Pressure Indirect Heating Steam
Stream 410 = Blowdown

Stream 412 = Boiler Feedwater

Stream 413 = Main Steam

Stream 415 — Stack Gas

Figure 4.5 — Diagram of a Kraft Recovery Boiler
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4.2.5 Section 5 — Causticizing Cycle

A schematic diagram of the causticizing cycle is shown in Figure 4.6. The
purpose of the recausticizing cycle is to produce acceptable white liquor for the
cooking (Stream 52) of wood chips and for chemical addition (Stream 56) to the

oxygen delignification section.

The composition of the desired white liquor product is determined by
values for the white liquor's sulfidity, total titratable alkali (TTA), active alkali (AA),

and by the reduction efficiency of the recovery boiler (Section 4).

. [Na,S] . ~ [Na,S]
Sulfidty = TNz7ST+ [NaOH] " S0meimes r ST+ [N=OH] +[Naco5]*2
TTA =[NaOH)+[Na,S]+[Na,CO; ]+ 1/2[Na,SO;] (4.3)
AA =[NaOH|]+[Na,S] (4.4)

The brackets in Equations 4.2 to 4.4 indicate concentrations which are
expressed on an equivalent sodium oxide (Na,O) basis. These concentrations
are usually expressed in terms of g —Na,O/¢ or Ib—Na,O/ft®. The advantage of

the Na,O convention is that the total titratable alkali (TTA) remains constant

through the causticizing process.

The first step in producing the white liquor is accomplished in the recovery

boiler where sodium sulfate (Na,SO,) is reduced to sodium sulfide (Na,S). The

sodium sulfide leaves the recovery boiler, along with sodium carbonate
(Na,CO;) and small amounts of sodium hydroxide (NaOH) and “dregs”, in a

molten stream known as “smelt” (Stream 45). “Dregs” arise from unburnt carbon,

iron salts and other miscellaneous substances that are produced in the recovery

boiler.
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The “smelt” is fed to the smelt dissolving tank where it is combined with
weak wash from the dregs filter and the lime mud washer. This combined stream
is then fed to the green liquor clarifier where the dregs are removed and sent to
the dregs filter before they are discarded. The overflow is known as clarified
green liquor and is fed to the slaker where it is combined with reburned lime
(Stream 510) and make-up lime (Stream 507). The reaction of lime (CaO) and
water to produce calcium hydroxide (slaked lime) in the slaker is known as the
slaking reaction, hence the roots for the name of the slaker is obvious. The

slaking reaction is as follows:

CaO +H,0 = Ca(OH), (4.5)

Undesirable materials such as overburned and/or unburned lime, sand,
and other clinkerous materials are known as “grits”. These “grits” (Stream 508)
are removed from the slaker and discarded. The causticized slurry is passed on

to the first of a set of three causticizers.

The causticizers provide the retention time and the agitation that is
required for the causticizing reaction, which starts in the slaker, to proceed to

completion. The causticizing reaction produces sodium hydroxide (NaOH) and
calcium carbonate (CaCQO;) according to the following reaction equation.

Ca(OH), +Na,CO; => 2-NaOH + CaCO; (4.6)

At this point the two main cooking components of the white liquor have
been produced, namely sodium hydroxide (NaOH ) and sodium sulfide (Na,S).

The slurry leaving the causticizers is fed to the white liquor clarifier. The
clarifier allows the solids (calcium carbonate) to settle so that they can be

removed from the white liquor. White liquor (Stream 50) leaves the clarifier and is
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sent to the digester (located in Section 2 as Stream 52) and to the Oxygen
Delignification area (Section 6 as Stream 56). The solids that are removed from
the white liquor clarifier are known as “lime mud” and they are sent to a lime mud
washing and filtering system. After the lime mud is washed and filtered it is fed to

a rotary lime kiln where the calcining reaction is allowed to proceed.

CaCO,; = Ca0O+CO, (4.7)

The calcium oxide (CaO) produced by the lime kiln is reused in the slaker
so that more sodium carbonate (Na,CO;) can be regenerated to sodium

hydroxide (NaCH ).

The calciner's flue gas is fed to a wet flue gas scrubber where any
entrained solids are removed before the gases are exhausted to the atmosphere

(Stream 524).

518 524 45
| 1‘ » SMELT
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513 ﬁ 5§23 = TANK
CALCINER
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WHITE beoa o 504
LIQUOR ~ S5
CLARAFIER I sLAkeR ¥ 908 DREGS
FILTER
50 507
CAUSTICIZERS
Stream 45 = Smelt Stream 513 = Wash Water
Stream 50 = White Liquor Stream 518 = Dilution Water
Stream 504 — Wash Water Stream 520 = Bunker C Fuel Qil
Stream 505 = Dregs Stream 521 = Combustion Air
Stream 507 = Makeup Lime Stream 523 = Wash Water
Stream 508 = Giits Stream 524 = Scrubbed Flue Gas

Stream 509 = Evaporated Water
Figure 4.6 — Diagram of the Causticizing Cycle
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4.2.6 Section 6 — Oxygen Delignification

A schematic diagram of the Oxygen Delignification area is shown in Figure
4.7. The pulp stream (Stream 26) entering Section 6 is washed by a pressure
washer that uses fiitrate from a set of washers located immediately after the
oxygen reactor system. The fiitrate from the pressure washer (Stream 62) is used

as wash water for the pressure screens located in Section 2.

The washed pulp is passed on to a medium consistency mixer where the
following streams are added to it: white liquor (Stream 56), magnesium sulfate
(MgSO,) (Stream 603), low pressure steam (Stream 600) and high pressure
steam (Stream 602). Oxygen (Stream 603) is added to the pulp stream as it

enters the oxygen reactor.

The delignification reactions proceed while the pulp mixture is in the
oxygen reactor. Upon leaving the reactor, the pulp is washed by a set of washers
that use fresh pre-heated water (Stream 605) and condensate (Stream 36), from
the black liquor evaporators, as wash water. The washed pulp is stored as a high

density mixture before being sent to the bleach plant (Section 7).

The Oxygen Delignification section is expected to reduce the Kappa
number (which is a measure of the lignin content) of the pulp from approximately
12 to 8. The relation between the Kappa number and the lignin content [7] of

wood pulp is defined as:
Kappa Number x0.15 = Lignin Content (%) (4.8)



The Kraft Process
610
:
36 & 605
*606
26 > 6 7
< OXYGEN —»-"606
62 PRE-OXYGEN REACTOR POST OXYGEN
WASHER —> MIXER WASHERS
L
56 : :
603 600 602 603

Stream 26 = Screened Puip

Stream 36 = Evaporator Condensate
Stream 56 = White Liquor

Stream 62 = Pre-Oxygen Washer Filtrate
Stream 67 = Oxygen Delignified Pulp
Stream 600 = Low Pressure Injection Steam

Stream 602 = High Pressure Injection Steam
Stream 603 = Oxygen & Magnesium Suifate

Stream 605 = Pre-Heated Wash Water

Stream 606 = Post Oxygen Washer Filtrate
Stream 610 = Low Pressure Indirect Heating

Steam

Figure 4.7 — Diagram of the Oxygen Delignification Section
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4.2.7 Section 7 — The Bleach Plant

A schematic diagram of the bleach plant used with the Kraft process is
shown in Figure 4.8. For this analysis, both the Kraft and ALCELL® processes
are pulping hardwood chips. Therefore, the design of the bleach plants used with
these processes are identical. Presently, hardwood pulp is bleached using a
three stage bleaching sequence as opposed to a four stage sequence that is

used for bleaching softwood pulp.

The first stage that the pulp suspension (Stream 67), leaving Section 6,
encounters is known as the Dy stage where chlorine dioxide (Stream 87) is
added to the pulp along with socdium hydroxide (Stream 725) and low pressure
steam (Stream 724). After the pulp has been retained in the Dy tower for the
required amount of time it is washed, with filtrate from the D, stage washer,
before being passed on to the second stage of the bleachery, which is known as
the E stage or extraction stage. In the E stage sodium hydroxide (Stream 725)
and low pressure steam (Stream 724) are mixed with the pulp stream before it
enters the E stage retention tower. When the pulp stream leaves this tower it is
washed, with part of the recycled water from the pulp machine (Stream 97), and
sent to the final bleaching stage. The final bleaching stage is known as the D>
stage where chlorine dioxide (Stream 87), sodium hydroxide (Stream 725) and
low pressure steam (Stream 724) are again added to the pulp stream before it
enters the D2 retention tower. The pulp stream leaving this retention tower is then
washed with the remaining portion of the water recycled from the pulp machine
(Stream 97) and with fresh pre-heated water (Stream 723). The washed pulp

(Stream 79) is now passed on to the pulp machine (Section 9).
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Effluent from the bleachery is divided into two streams. One of these
streams (Stream 102) is used as wash and sluicing water in the woodroom

(Section 1) while the other stream (Stream 715) is sent to the sewer.

97
87
*726 725 724 725 724 723
] L
' E ¢ |D2
: :
: Y E Y
WASHER WASHER WASHER
67 l y l y [
715<€ *726 79
102
Stream 67 = Oxygen Delignified Pulp Stream 715 = Sewer Water
Stream 87 = Chlorine Dioxide Solution Stream 723 = Pre-Heated Wash Water
Stream 79 = Bleached Pulp Stream 724 = Low Pressure Injection Steam
Stream 97 = Recirculated Wash Water from Stream 725 = Sodium Hydroxide Solution
Pulp Machine Stream 726 = D2 Stage Washer Filtrate
Stream 102 = Recirculated Wash Water to

Woodroom
Figure 4.8 — Diagram of the Bleach Plant of the Kraft Process
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4.2.8 Section 8 — Chlorine Dioxide Generator

The chlorine dioxide generator design [14] that has been adopted for this
study is the Albright & Wilson (ERCO) R8 model chlorine dioxide generator.
This type of generator was chosen because it has advantages over other chlorine
dioxide generators that are available at the present time. Some of these
advantages are; higher C£0, plant generating capacity, faster C£0, generation
response, higher monthly efficiency in converting sodium chlorate to C£0,, and
the elimination of CZ¢, by-product handling. These advantages have been noticed
by bleached pulp producers throughout the world with the result being that more
than 50% of the world's requirement of chlorine dioxide in now produced by the

R8 process.

The Albright & Wilson (ERCO) R8 chlorine dioxide generator is classified
as a non-integrated methanol-based chiorine dioxide plant. A flow diagram of this

plant is given in Figure 4.9.

The generating system is fed by sodium chlorate & methanol (Stream
807), and sulfuric acid (Stream 801), with sodium sesqui sulfate (Stream 84)
being formed as a byproduct. Chlorine dioxide is produced according to the

following overall reaction:

9NaCt0; + 2CH,;0H + 6 H,S0, = 9CLO, + 3Na;H(S0,),+.5C0, + LSHCOOH +7H,0  (4.9)

The methanol and sodium chiorate are added to the generator's liquor
prior to the reboiler where it is heated with indirect low pressure steam (Stream
803). The generator liquor is circulated between the generator and reboiler by
using a pump. After the liquor passes through the reboiler sulfuric acid is added.

The mixture of liquor and sulfuric acid is now fed to the generator where the
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above reaction is allowed to proceed. The chlorine dioxide gas mixture leaving
the generator enters an indirect contact cooler where the water vapor that is
present condenses. The chlorine dioxide gas stream now passes on to an
absorption tower, where chilled water (Stream 816) absorbs the chlorine dioxide.
This chlorine dioxide solution (Streams 87) then passes on to a chlorine dioxide

solution tank where it is kept until it is required in the bleach plant (Section 4).

The sodium sesqui sulfate {NasH(SO4)2} slurry produced in the

generator is filtered before it is used as make-up saltcake (Stream 84) in the

recovery boiler.
5 ;{-;—-— Cooling Water
GENERATOR CONTACT
COOLER
801 = —
T 816 818
‘1 :
‘
803 ---»f Warm '
Water
VACUUM
<] REBOILER HIECTOR
S
ABSORPTION
TOWER
SEPARATOR 7
TANK | J
807
GENERATOR | | CHLORINE
FILTER ) DIOXIDE 87
DUMP e
O —ﬂ Tang || SOLUTON
84 ] TANK

Stream 84 = Saltcake (Sodium Sesquisulfate)  Stream 807 = Methanol & Sodium Chlorate

Stream 87 = Chilorine Dioxide Solution Solution

Stream 801 = Sulfuric Acid Solution Stream 816 = Chilled Water

Stream 803 = Low Pressure Indirect Heating Stream 818 = High Pressure Vacuum Ejector
Steam Steam

Figure 4.9 — Schematic Diagram of a Chlorine Dioxide Plant
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4.2.9 Section 9 — The Pulp Machine

The pulp (Stream 79) that enters the pulp machine area is at a
consistency of approximately 12%. Initially the pulp machine's screens separate
any rejected material from the pulp stream and sends these rejects (Stream 903)
to the sewer. The remainder of the pulp stream then passes on to a press that
squeezes the pulp until its consistency reaches approximately 50%. The water
that is displaced by the press is recycled and used as wash water (Stream 97) in

the bleachery (Section 7). It is the 50% consistency pulp (Stream 900) that is

considered to be the primary product of the Kraft process.

79

901

SCREENS DECKER
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3> 300
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Stream 79 = Bleached Puip

Stream 97 = Recirculated Wash Water
Stream 900 = Pressed Pulp to Pulp Dryer
Stream 901 = Low Pressure Injection Steam
Stream 902 = Pre-Heated Wash Water
Stream 903 = Screen Rejects to Sewer

Figure 4.10 — Diagram of the Pulp Machine & Press
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4.2.10 Section 10 — Cogeneration

Cogeneration is defined as being “an energy production process involving
the simultaneous generation of thermal (e.g., process-steam) and electric energy

by using a single primary heat source.” [10]

Schematic diagrams of the steam production arrangement and the steam
supply system are shown in Figures 4.11 & 4.12. A cogeneration system has
been incorporated into the design of the Kraft process in order to take advantage
of the possibility that buming some, or all, of the “Hog Fuel” from the process in a
boiler will result in the production of steam that will be used eisewhere in the

process.

The “Hog", “Power” and “Recovery” boilers produce steam at high
temperature, 510°C (950°F) and pressure, 8.72 MPa (1250 psig) so that it can be
expanded through a steam turbine to produce electricity. This electricity will be

used to offset the imported electricity requirement of the Kraft process.

For the purpose of this study, the cogeneration system has been sized to
meet the process steam requirement of the Kraft process. Additional electrical
energy requirements are purchased from an electric utility. The process-heat
requirement of this plant was determined by using the steam supply system that
is shown in Figure 4.12. In the event that there is not enough steam generated by
the combustion of the available “Hog Fuel” then the shortfall is generated by
burning Bunker C fuel oil in the “Power” boiler. The steam supply system design
for the Kraft may be different than the one shown in Figure 4.12, however it
should closely represent the design that will be constructed if this size plant is
built.
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Stream 104 = Hog Fuel Stream 419 = Steam from Power Boiler
Stream 412 = Feedwater to Recovery Stream 420 = Required Steam to Process
Boiler Stream 421 = Surplus Steam
Stream 413 = Steam from Recovery Boiler Stream 1000 = Boiler Feed Water
Stream 416 = Feedwater to Hog Boiler Stream 1001 = Make-up Boiler Feed Water
Stream 417 = Steam from Hog Boiler Stream 1005 = Bunker C Fuel Oil

Stream 418 = Feedwater to Power Boiler
Figure 4.11 — Steam Production Arrangement for the Kraft Process
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Stream 103 = Low Pressure Steam to Stream 602 —» High Pressure Steam to
Woodroom Oxygen Delignification
Stream 204 = Low Prassure Steam to the Stream 610 => Low Pressure Steam {o
Steaming Vessel Oxygen Delignification
Stream 211 = High Pressure Steam to the Stream 702A = Low Pressure Steam to the
Digester Bleach Piant
Stream 213 = High Pressure Steam to the Stream 703A = Low Pressure Steam to the
Digester Bleach Plant
Stream 219 = Low Pressure Steam to the Stream 724 = Low Pressure Steam to the
Digester Bleach Plant
Stream 301 = Low Pressure Steam to the Stream 803 = Low Pressure Steam to the
Black Liquor Evaporators C£02 Plant’s Reboiler

Stream 402 = High Pressure Steam to the
Recovery Boiler

Stream 408 = Low Pressure Steam to the
Recovery Boiler

Stream 420 = Main Turbine Exhaust Steam

Stream 600 = Low Pressure Steam to
Oxygen Delignification

Stream 818 = High Pressure Vacuum Ejector
Steam to C£O2 Plant

Stream 901 = Low Pressure Steam to the
Pulp Machine

Stream 1000 = Low Pressure Condensate

Stream 1002 = High Pressure Steam

Stream 1003 = Low Pressure Condensate

Stream 1004 = Low Pressure Steam

Figure 4.12 — Steam Supply System for the Kraft Process



CHAPTER 5

RESULTS

5.1 Introduction

The Cumulative Energy Consumption analysis results were determined by
using computer spreadsheet! models that were developed for the ALCELL® and
Kraft processes individually. These models simulate mass and energy balances
around each of the plant sections that are described in Chapters 3 and 4 of this
thesis. From the resuits of the mass and energy balances the Cumuiative Energy

values of the products of the ALCELL® and Kraft processes were determined.

The Cumulative Energy Consumption analysis resuits that are presented
on the following pages are based on sets of operating parameters that are
considered to be representative of the actual plant operating parameters. Some
of the operating parameters for the ALCELL® and Kraft processes are listed in
Table 5.1. The resuits of the Cumulative Energy Consumption analysis are

presented in Sections 5.2 and 5.3.

1 Microsoft Excel Version 4.0

77
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Table 5.1 — Operating Parameters for the ALCELL® and Kraft Processes
ALCELL® Process Kraft Process

Time of Year Summer Summer
Bark Content on Logs (%) 16.0 16.0
Wood Compaosition (%)
Wood Fiber 77.70 77.70
Lignin 22.00 22.00
Ash 030 0.30
Sectional Yields (%)
Debarking Drum Fines Loss 20 2.0
Chipper Fines Loss 40 40
Digester Yield 520 54.0
Brownstock Screen Yield 99.0 99.01
Oxygen Delignification Yield 94.0 98.0
Bleach Plant Yield 98.0 96.0
Pulp Machine Yield 99.5 99.5
Kappa® Leaving the Digester 30.0 12.0
Kappa* Leaving Oxygen Delignification 16.5 8.0
Kappa* Leaving Bleach Plant 15 L5
Chemical Addition (% on OD Pulp)
Oxygen Delignification
Sodium Hydroxide 4.00 1.50
Oxygen 1.00 120
Magnesium Sulfate 0.50 0.00
Bleach Plant
Chlorine Dioxide 1.60 0.82
Sodium Hydroxide 1.74 125
Oxygen 044 0.35
Sulfuric Acid 0.56 0.60
Sulfur Dioxide 022 0.22
Boiler Efficiencies (%)
Recovery — 65.0
Power 85.0 85.0
Hog 65.0 65.0
Heating Value (kJ/kg)
Woodroom Chip Screen Rejects 19775.0 19775.0
Brownstock Screen Rejects 19775.0 —
Dry Lignin 27900.0 —
Furfural Product 24400.0 —
Furfural Heavy Residue 24400.0 _—
Hot Decanter Tar Layer 21400.0 —
Finisher Evaporator Syrups 13960.0 —
Ethyl Alcohol 29850.0 —
Black Liquor Solids — 15130.0
Bunker C Fuel Qil 43000.0 43000.0

1 — Brownstock Screen Rejects are returned to the Chip Bin for further cooking (See Figure 4.3).



5.2 Cumulative Energy Consumption of the ALCELL® Process

The ALCELL® process has been designed to produce quality hardwood
pulp as well as a variety of useful byproducts. These byproducts are listed as

follows and may be found in Figure 3.1 & Table 3.1:

Woodroom “Chip Screen” Rejects (Stream 6)
Brownstock Screen Rejects (Stream ER)

Tar Layer from the Hot Decanter (Stream EB)
Dry Lignin Cake (Stream BV)

Concentrated Syrups (Stream DF)

Furfural Product (light oil) (Stream DB)
Furfural Residue (heavy oil) (Stream DC)

Oee®e Mo

All of the byproducts that have been listed here are able to be used as fuel

in the cogeneration process to reduce or eliminate the requirement of Bunker C

fuel oil.

If the concentrated syrups and/or the lignin cake are used as fuel in the
cogeneration process then it is actually the finisher evaporator feed (Stream CW)
and the lignin dryer feed (Stream BT) that are used as the fuels while the steam
and electricity consumption of the Finisher Evaporator (Section 12) and Lignin

Dryer (Section 7) are set to zero.

Some of the byproducts, such as the Dry Lignin Cake, the Furfural Product
(light oil) and the Concentrated Syrups have the potential of becoming salable
byproducts of the ALCELL® process. However, the remaining four byproducts
have little if any development potential. Therefore, the most probable operating
strategy for the ALCELL® process would invoive the production of the Dry Lignin

Cake, Concentrated Syrups and the Furfural Product while the remaining
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byproducts are burnt in the cogeneration process. This combustion strategy is

presented as “Combustion Strategy #7” and may be found in Table 5.9.

The computer spreadsheet program that was developed for the ALCELL®
process has the capability to determine the CEnC values of the products of the

process for any combination of byproduct combustion.

The numerical results which comprise this portion of the analysis are
characterized in Table 5.2. This table represents the byproduct combustion
strategies that are most likely to be employed at a commercial ALCELL® mill. A
detailed set of calculations for “Combustion Strategy #7" (i.e., the most probable

operating strategy) is given in Appendix A (pp. 123 to 154).

Table 5.2 — Combustible Byproduct Combinations
Byproduct Combustion Strategies

Combustible Byproducts _ JWWLLE“M
Wet Lignin Cake (BT)* o
Finish Evap. Feed (CW)#
Furfural Product (DB)*
Furfural Residue (DC)¥
Hot Decanter Tar (EB)¥
Brownstock Rejects (ER)¥

Woodroom Rejects (6)%

v —indicates combustion of bypmduct.
1 — refers to the stream label used in the computer program.

Tables 5.3 to 5.16 present the overall mass, energy, and Cumulative
Energy Consumption balances for the different byproduct combustion strategies

that have been considered for this process.
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Table 5.3 — Combustion Strategy #1 - Mass, Energy and Cumulative Energy
Balances for the ALCELL® Process

Combustion Strategy ¥1 Mass ___ Energy (Basis =0'C) _ Cumulative Energy _
Balance Items (Basis = 1 ADMT of Pulp?) kg MJ % M %
Influents/Stream
Logs/1 4022.53 000 000 60338 172

Imported Electricity — 2160.26 1022 8331145 2372
Fresh Water/AN FA,GH.HT 816 & 901 1979835 828.36 3.92 828.36% 2.36
Make-up Alcohol/DJ 96.87 454 0.02  1619.04% 4.61
Delignification Chemicals/EU & EV 41135 14.82 0.07 1167.04% 3.32
Bleaching Chemicals/FQ,GE & GT 167.12 0.00 0.00 516.92% 1.47
CIO2 Generator Chemicals/801 & 807 275.60 23.06 0.11 153.25¢% 044
Combustion Energy
Byproducts (See Table 5.2) — 0.00 0.00 0.00 0.00
Bunker C Fuel Oil — 1811243 85.66 21901371 6236
Sum 2477182 2114347 100.00 3512050 100.00
Useful Effluents/Stream
Wood Pulpf/HU 1800.00 355.11 1.68 2134455 60.77
Hog Fuel/6 843.64 0.00 0.00 409.25 1.16
Dry Lignin/BV 364.13 85.06 040  2649.16 7.54
Furfural Product/DB 62.68 0.00 0.00 451.69 1.29
Heavy Residue (Furfural)/DC 6.71 0.00 0.00 4833 0.14
Concentrated Syrups/DF 411.02 146.58 069 9777.86 27.84
Hot Decanter Tar/EB 5122 14.15 0.07 37428 1.07
Brownstock Rejects/ER 24.80 4.81 0.02 65.38 0.19
Losses
Sewer Water/BW.DD,DIFGFY &5 2047692 455396 21.55 — —
Purge Streams/H,] & 47cond 219.36 300.88 142 — —
Rejected Materials/HK ,84 & 817 511.34 6792 0.32 — —
Byproducts Burnt for Cogeneration 0.00 — — — —

Heat Rejected to the Environment :

Section 14 — Cogeneration 356565  16.86

Section 1 - Woodroom — 911.80 4.31 — —
Section 2 — Extractor — 0.09 0.00 — —
Section 3 — Delignification — 1585.46 7.51 —_ —_
Section 4 — Bleachery — 901.62 4.26 — —
Section 5 — Pulp Machine — 339.16 1.60 — —
Section 6 — Lignin Recovery —_ 0.00 0.00 — —_
Section 7 — Lignin Drier — 0.74 0.00 — —
Section 8 — Alcohol Recovery —_ 0.01 0.00 — —
Section 9 — MVR Evaporator - 76.04 0.36 — —
Section 10 — Furfural Reactor — 66.90 0.32 — —_
Section 11 ~ Furfural Refining —_ 0.59 0.00 — —
Section 12 — Finisher Evaporator —_ 0.50 0.00 — —
Section 13 — ClO2 Generator —_ 040 0.00 — —

Cooling Water Enthalpy Increase 8145.70 38.53
Losses in Electricity Production 20.34 0.10
Sum 24771.82 2114347  100.00  35120.50  100.00

+ — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
i — Refer to Appendix B for Sample Calculation.

§ — Mimp,clec = 25.93%. See Appendix B.

{ — NBunkerc = 82.7%, Boustead & Hancock[1].
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Table 5.4 — Combustion Strategy #2 - Mass, Energy and Cumulative Energy
Balances for the ALCELL® Process

Combustion Strategy #2 Mass____ Energy (Basis=0'C) _ Cumulative Energy
Balance Items (Basis = 1 ADMT of Pulp?) kg MJ % MJ %
Influents/Stream
Logs/1 4022.53 0.00 0.00 603.38% 1.72
Imported Electricity — 216026 1020 8331.14% 2372
Fresh Water/AN,FA,GH HT 816 & 901 1979835 82836 3.91 82836+ 236
Make-up Alcohol/DJ 96.87 454 0.02  1619.04% 461
Delignification Chemicals/EU & EV 41135 14.82 0.07 1167.04% 3.32
Bleaching Chemicals/FQ,GE & GT 167.12 0.00 0.00 516.92% 1.47
ClO2 Generator Chemicals/801 & 807 275.60 23.06 0.11 153.25¢% 0.44
Combustion Energy
Byproducts (See Table 5.2) —_ 162.58 0.77 162.58 046
Bunker C Fuel Oil — 1798245  84.92 21744.19Y  61.90
Sum 2477182 2117607 100.00 3512590 100.00
Useful Effluents/Stream
Wood Pulpt/HU 1800.00 355.11 1.68 21376.80 60.86
Hog Fuel/6 843.64 0.00 0.00 409.34 1.16
Dry Lignin/BV 364.13 85.06 040 265422 7.56
Furfural Product/DB 62.68 0.00 0.00 453.02 1.29
Heavy Residue (Furfural)/DC 6.71 0.00 0.00 4847 0.14
Concentrated Syrups/DF 411.02 146.58 0.69  9808.67 27.92
Hot Decanter Tar/EB 5122 14.15 0.07 37538 1.07
Brownstock Rejects/ER 0.00 0.00 0.00 0.00 0.00
Losses
Sewer Water/BW,DD,DLFGFY & 5 20476.92 4553.96 21.50 — —
Purge Streams/H,I & 47cond 219.36 300.88 1.42 —_ —
Rejected Materials/HK,84 & 817 51134 67.92 0.32 — —
Byproducts Burnt for Cogeneration 24.80 — — — —_

Heat Rejected to the Environment :

Section 1 - Woodroom - 911.80 431 — —
Section 2 — Extractor —_ 0.09 0.00 —_ —_
Section 3 — Delignification — 158547 7.49 — —
Section 4 — Bleachery —_ 901.62 4.26 — —
Section 5 - Pulp Machine —_ 339.16 1.60 —_ —_
Section 6 - Lignin Recovery — 0.00 0.00 — —
Section 7 - Lignin Drier — 0.74 0.00 —_ —
Section 8 — Alcohol Recovery — 0.01 0.00 —_ —
Section 9 - MVR Evaporator — 76.04 0.36 —_ —
Section 10 — Furfural Reactor — 66.90 0.32 — —
Section 11 — Furfural Refining —_ 0.59 0.00 — —_
Section 12 - Finisher Evaporator — 0.50 0.00 — —
Section 13 — ClO2 Generator —_ 040 0.00 — —
Section 14 — Cogeneration — 3603.06 17.01 — —
Cooling Water Enthalpy Increase - 8145.69 38.47 — —
Losses in Electricity Production — 20.34 0.10 —_ —
Sum 24771.82 2117607  100.00 3512590  100.00

1 — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
i —~ Refer to Appendix B for Sample Calculation.

§ — Nimp,elec = 25.93%. See Appendix B.

{ — M"Bunker ¢ = 82.7%, Boustead & Hancock[1].
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Table 5.5 — Combustion Strategy #3 - Mass, Energy and Cumuiative Energy
Balances for the ALCELL® Process

Combustion Strategy #3 Mass __ Energy (Basis=0°C) __ Cumulative Energy _
Balance Items (Basis = 1 ADMT of Pulph) kg MJ % MJ %
Influents/Stream
Logs/1 4022.53 0.00 0.00 603.38% 1.69
Imported Electricity —_ 2160.26 927 8331.14% 2326
Fresh Water/AN,FA,GH,HT 816 & 901 19798.35 82836 3.55 828.36% 231
Make-up Alcohol/DJ 96.87 4.54 0.02 1619.04% 452
Delignification Chemicals/EU & EV 41135 14.82 006 1167.04% 326
Bleaching Chemicals/FQ,GE & GT 167.12 0.00 0.00 516.92% 144
ClO2 Generator Chemicals/801 & 807 275.60 23.06 0.10 153.25¢% 043
Combustion Energy
Byproducts (See Table 5.2) — 9248.79 39.66 9248.79 25.82
Bunker C Fuel Oil —_ 11039.83 4734 13349251 37.27
Sum 24771.82 23319.66 100.00 35817.17 100.00
Useful Effluents/Stream
Wood Pulp/HU 1800.00 355.11 1.52 2184830 61.00
Hog Fuel/6 0.00 0.00 0.00 0.00 0.00
Dry Lignin/BV 364.13 85.06 0.37 2728.14 7.62
Furfural Product/DB 62.68 0.00 0.00 472.57 132
Heavy Residue (Furfural)/DC 6.71 0.00 0.00 50.57 0.14
Concentrated Syrups/DF 411.02 146.58 0.63 10259.08 28.64
Hot Decanter Tar/EB 5122 14.15 0.06 391.52 1.09
Brownstock Rejects/ER 24.80 4.81 0.02 66.99 0.19
Losses
Sewer Water/BW DD DIFGFY & § 20476.92 4553.96 19.53 — —
Purge Streams/H,I & 47cond 219.36 300.88 1.29 —_ —
Rejected Materials/HK,84 & 817 51134 67.92 0.29 —_ —
Byproducts Burnt for Cogeneration 843.64 — _ — —
Heat Rejected to the Environment :
Section 1 — Woodroom —_ 911.80 3.91 —_ —_
Section 2 — Extractor — 0.09 0.00 — —
Section 3 — Delignification — 158547 6.80 —_ —
Section 4 — Bleachery —_ 901.62 3.87 —_ —_
Section 5 — Pulp Machine — 339.16 1.45 — —
Section 6 — Lignin Recovery — 0.00 0.00 — —_
Section 7 —Lignin Drier — 0.74 0.00 — —
Section 8 — Alcohol Recovery — 0.01 0.00 — —
Section 9 — MVR Evaporator — 76.04 0.33 — —
Section 10 — Furfural Reactor — 66.90 0.29 — —_
Section 11 - Furfural Refining — 0.59 0.00 — —
Section 12 — Finisher Evaporator — 0.50 0.00 — —
Section 13 — CIO2 Generator — 0.40 0.00 — —
Section 14 - Cogeneration — 5741.84 24.62 — —
Cooling Water Enthalpy Increase — 8145.69 3493 — —
Losses in Electricity Production — 20.34 0.09 — —
Sum 24771.82 23319.66  100.00  35817.17  100.00

t — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
- Refer to Appendix B for Sample Calculation.

§ - Nimp,elec = 25.93%. See Appendix B.

{ — NBunkerc = 82.7%, Boustead & Hancock[1].
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Table 5.6 — Combustion Strategy #4 - Mass, Energy and Cumulative Energy
Balances for the ALCELL® Process

Combustion Strategy ¥4 Mass _ Energy (Basis =0°C) _ Cumulative Energy
Balance Items (Basis = 1 ADMT of Pulp?) kg MJ % MJ %
Influents/Stream
Logs/1 4022.53 0.00 0.00 603.38+ L.68

Imported Electricity —_ 216026 9.25  8331.14% 2326
Fresh Water/AN FA,GHHT,816 & 901 1979835 828.36 3.55 828.36% 231
Make-up Alcohol/DJ 96.87 454 0.02 1619.04+ 4.52
Delignification Chemicals/EU & EV 41135 14.82 0.06 1167.04% 3.26
Bleaching Chemicals/FQ,GE & GT 167.12 0.00 0.00 516.92% 1.44
Cl0O2 Generator Chemicals/801 & 807 27560 23.06 0.10 153.25¢ 043
Combustion Energy
Byproducts (See Table 5.2) —_ 9411.37 4030 9411.37 26.27
Bunker C Fuel Oil —_— 10909.84 4672 13192.06'  36.83
Sum 2477182 2335225 100.00 35822.56 100.00
Useful Effluents/Stream
Wood Pulpf/HU 1800.00 355.11 1.52 2188132  61.08
Hog Fuel/6 0.00 0.00 0.00 0.00 0.00
Dry Lignin/BV 364.13 85.06 036  2733.32 7.63
Furfural Product/DB 62.68 0.00 0.00 47394 1.32
Heavy Residue (Furfural)/DC 6.71 0.00 0.00 50.71 0.14
Concentrated Syrups/DF 411.02 146.58 0.63 10290.62 28.73
Hot Decanter Tar/EB 5122 14.15 0.06 392.65 110
Brownstock Rejects/ER 0.00 0.00 0.00 0.00 0.00
Losses
Sewer Water/BW DD DLFGFY & 5 20476.92 4553.96 19.50 — —
Purge Streams/H, & 47cond 219.36 300.88 1.29 — —
Rejected Materials/HK,84 & 817 511.34 67.92 0.29 — -—
Byproducts Burnt for Cogeneration 868.44 — — — —

Heat Rejected to the Environment :

Section 14 — Cogeneration 577924 24:75

Section 1 - Woodroom — 911.80 391 — —
Section 2 - Extractor — 0.09 0.00 —_ —
Section 3 - Delignification —_ 158547 6.79 — —
Section 4 — Bleachery — 901.62 3.86 — —
Section 5 — Pulp Machine — 339.16 1.45 — —
Section 6 ~ Lignin Recovery — 0.00 0.00 — —
Section 7 - Lignin Drier —_ 0.74 0.00 — —
Section 8 — Alcohol Recovery — 0.01 0.00 — —
Section 9 - MVR Evaporator — 76.04 0.33 — —
Section 10 — Furfural Reactor — 66.90 0.29 — —
Section 11 - Furfural Refining — 0.59 0.00 — —
Section 12 - Finisher Evaporator — 0.50 0.00 — —
Section 13 — ClO2 Generator — 040 0.00 — —

Cooling Water Enthalpy Increase 8145.69 34.88
Losses in Electricity Production 20.34 0.09
Sum 24771.82 2335225 100.00 35822.56  100.00

T —Pulp is leaving the Pulp Machine Press at a consistency of 50%.
i —Refer to Appendix B for Sample Calculation.

§ — Nimp,clec = 25.93%. See Appendix B.

1 — MBunkerc = 82.7%, Boustead & Hancock[1].
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Table 5.7 — Combustion Strategy #5 - Mass, Energy and Cumulative Energy
Balances for the ALCELL® Process

Combustion Strategy #5 Mass Energy (Basis = 0°C) _ Cumulative Energy
Balmce[tems@asis:lADMToth kg MJ % MJ %
Influents/Stream
Logs/1 4022.53 0.00 0.00 603.38% 1.69

Imported Electricity — 216026 9.25 8331.14% 2328
Fresh Water/AN FA,GH HT,816 &£ 901 19798.35 828.36 3.55 82836+ 231
Make-up Alcohol/DJ 96.87 454 0.02 1619.04% 4.52
Delignification Chemicals/EU & EV 41135 14.82 006  1167.04% 3.26
Bleaching Chemicals/FQ,GE & GT 167.12 0.00 0.00 516.92¢ 1.44
CIO2 Generator Chemicals/801 & 807 275.60 23.06 0.10 153.25¢% 0.43
Combustion Energy
Byproducts (See Table 5.2) —_ 9575.01 41.00 9575.01 26.76
Bunker C Fuel Oil — 1074621  46.02 12994201 36.31
Sum 2477182 2335226 100.00 3578834  100.00
Useful Effluents/Stream
Wood Pulpt/HU 1800.00 355.11 1.52 21888.85 61.16
Hog Fuel/6 0.00 0.00 0.00 0.00 0.00
Dry Lignin/BV 364.13 85.06 0.36 2734.50 7.64
Furfural Product/DB 62.68 0.00 0.00 47426 1.33
Heavy Residue (Furfural)/DC 0.00 0.00 0.00 0.00 0.00
Concentrated Syrups/DF 411.02 146.58 063 10297.82 28.77
Hot Decanter Tar/EB 5122 14.15 0.06 39291 1.10
Brownstock Rejects/ER 0.00 0.00 0.00 0.00 0.00
Losses
Sewer Water/BW DD DLFGFY & 5 20476.92 4553.96 19.50 —_ —
Purge Streams/H,I & 47cond 219.36 300.88 1.29 —_ —
Rejected Materials/HK,84 & 817 51134 6792 0.29 — —
Byproducts Burnt for Cogeneration 875.15 — — — —_

Heat Rejected to the Environment :

Section 14 — Cogeneration 577925  24.75

Section 1 — Woodroom — 911.80 3.91 — —_
Section 2 — Extractor — 0.09 0.00 — —_
Section 3 — Delignification —_ 158547 6.79 —_ —
Section 4 — Bleachery — 901.62 3.86 — —_
Section 5 — Pulp Machine — 339.16 1.45 — —_
Section 6 — Lignin Recovery — 0.00 0.00 — —
Section 7 — Lignin Drier — 0.74 0.00 — —_
Section 8 — Alcohol Recovery —_ 0.01 0.00 — —_
Section 9 — MVR Evaporator — 76.04 0.33 — —
Section 10 — Furfural Reactor — 66.90 0.29 — —
Section 11 — Furfural Refining — 0.59 0.00 — —
Section 12 - Finisher Evaporator —_— 0.50 0.00 —_ —
Section 13 - C102 Generator — 040 0.00 — —

Cooling Water Enthalpy Increase 8145.69 34.88
Losses in Electricity Production 20.34 0.09
Sum 24771.82 2335226 100.00 3578834  100.00

T — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
} —Refer to Appendix B for Sample Calculation.

§ = Nimp,clec = 25.93%. See Appendix B.

{ — NBunkerc = 82.7%, Boustead & Hancock[1].
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Table 5.8 — Combustion Strategy #6 - Mass, Energy and Cumulative Energy
Balances for the ALCELL® Process

Section 14 — Cogeneration 5995.59 25.46

Combustion Strategy #6 Mass _ Energy (Basis =0°C) _ Cumulative Energy _
Balance Items (Basis = 1 ADMT of Pulp?) kg MJ % MJ %
Inflaents/Stream
Logs/1 4022.53 0.00 0.00 603.38% 1.68
Imported Electricity — 216026 9.17 8331.14% 2323
Fresh Water/AN FA,GHHT 816 & 901 19798.35 828.36 3.52 828.36% 231
Make-up Alcohol/DJ 96.87 454 0.02 1619.04% 451
Delignification Chemicals/EU & EV 41135 14.82 0.06 1167.04% 3.25
Bleaching Chemicals/FQ,GE & GT 167.12 0.00 0.00 516.92% 144
ClO2 Generator Chemicals/801 & 807 27560 23.06 0.10 153.25% 043
Combustion Energy
Byproducts (See Table 5.2) —_ 10341.43 4390 1034143 28.83
Bunker C Fuel Oil — 10181.98 4323 12311931 3432
Sum 2477182 2355445 100.00 3587249  100.00
Useful Effluents/Stream
Wood Pulpf/HU 1800.00 355.11 151 2208641 61.57
Hog Fuel/6 0.00 0.00 0.00 0.00 0.00
Dry Lignin/BV 364.13 85.06 036 276547 7.71
Furfural Product/DB 62.68 0.00 0.00 48245 1.35
Heavy Residue (Furfural)/DC 6.71 0.00 0.00 51.62 0.14
Concentrated Syrups/DF 411.02 146.58 0.62 10486.54 29.23
Hot Decanter Tar/EB 0.00 0.00 0.00 0.00 0.00
Brownstock Rejects/ER 0.00 0.00 0.00 0.00 0.00
Losses
Sewer Water/BW DD, DLFGFY & 5 20476.92 455396 19.34 —_ —
Purge Streams/H,I & 47cond 219.36 300.88 1.28 — —_
Rejected Materials/HK,84 & 817 511.35 67.92 0.29 —_ —
Byproducts Burnt for Cogeneration 919.65 — — — —_
Heat Rejected to the Environment :
Section 1 - Woodroom — 911.80 3.87 —_ —
Section 2 — Extractor — 0.09 0.00 — —
Section 3 — Delignification — 158547 6.73 — —_
Section 4 — Bleachery — 901.62 3.83 — —
Section 5 — Pulp Machine — 339.16 1.44 — _
Section 6 — Lignin Recovery — 0.00 0.00 — —
Section 7 — Lignin Drier — 0.74 0.00 — —
Section 8 — Alcohol Recovery —_ 0.01 0.00 — —_
Section 9 — MVR Evaporator —_ 76.04 0.32 — —
Section 10 - Furfural Reactor — 66.90 0.28 — —
Section 11 — Furfural Refining — 0.59 0.00 —_ —
Section 12 - Finisher Evaporator — 0.50 0.00 — —
Section 13 - C102 Generator — 040 0.00 — —

Cooling Water Enthalpy Increase 8145.69 34.58
Losses in Electricity Production 2034 0.09
—Sum 2477182  23554.45  100.00 3587249  100.00

1 — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
$ - Refer to Appendix B for Sample Calculation.

§ — Nimp,clec = 25.93%. See Appendix B.

{ — NBunkerCc = 82.7%, Boustead & Hancock[1].
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Table 5.9 — Combustion Strategy #7 - Mass, Energy and Cumulative Energy
Balances for the ALCELL® Process

Combustion Strategy #7 Mass _ Energy (Basis =0°C) _Cumulative Energy

Balance Items (Basis = 1 ADMT of Pulph) kg MJ % MJ %
Influents/Stream
Logs/1 4022.53 0.00 0.00 603.38% 1.68
Imported Electricity — 2160.26 9.17 8331.14% 2325
Fresh Water/AN,FA,GH,HT 816 & 901 1979835 828.36 3.52 828.36% 231
Make-up Alcohol/DJ 96.87 454 0.02 1619.04+ 452
Delignification Chemicals/EU & EV 41135 14.82 0.06 1167.04% 3.26
Bleaching Chemicals/FQ,GE & GT 167.12 0.00 0.00 516.92% 1.44
ClO2 Generator Chemicals/801 & 807 275.60 23.06 0.10 153.25% 043
Combustion Energy
Byproducts (See Table 5.2) — 10505.06 4460 10505.06 29.31
Bunker C Fuel Oil — 1001834 4253 12114081 33.80
Sum 2477182 2355444 100.00 3583827 100.00
Useful Effluents/Stream
Wood Pulpt/HU 1800.00 355.11 1.51 22094.49 61.65
Hog Fuel/6 0.00 0.00 0.00 0.00 0.00
Dry Lignin/BV 364.13 85.06 036 2766.74 1.72
Furfural Product/DB 62.68 0.00 0.00 482.78 1.35
Heavy Residue (Furfural)/DC 0.00 0.00 0.00 0.00 0.00
Concentrated Syrups/DF 411.02 146.58 062 1049426 29.28
Hot Decanter Tar/EB 0.00 0.00 0.00 0.00 0.00
Brownstock Rejects/ER 0.00 0.00 0.00 0.00 0.00
Lasses
Sewer Water/BW, DD DLFGFY & § 20476.92 4553.96 19.34 — —
Purge Streams/H,I & 47cond 219.36 300.88 1.28 — —_
Rejected Materials/HK 84 & 817 511.36 6792 0.29 — —
Byproducts Burnt for Cogeneration 926.35 — — — —

Heat Rejected to the Environment :

Section 14 — Cogeneration 5995.58 2546

Section 1 - Woodroom — 911.80 3.87 — —
Section 2 — Extractor — 0.09 0.00 — —
Section 3 — Delignification — 1585.47 6.73 — —_
Section 4 — Bleachery —_ 901.62 3.83 — —
Section 5 — Pulp Machine — 339.16 1.44 —_ —_
Section 6 — Lignin Recovery — 0.00 0.00 — —
Section 7 — Lignin Drier — 0.74 0.00 — —
Section 8 — Alcohol Recovery — 0.01 0.00 — —
Section 9 — MVR Evaporator — 76.04 0.32 —_
Section 10 ~ Furfural Reactor — 66.90 0.28 —_
Section 11 — Furfural Refining — 0.59 0.00 —
Section 12 — Finisher Evaporator — 0.50 0.00 —
Section 13 — C102 Generator — 0.40 0.00 —

Cooling Water Enthalpy Increase 8145.69 34.58
Losses in Electricity Production 20.34 0.09
Sum 24771.82  23554.44  100.00  35838.27  100.00

1 — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
1 - Refer to Appendix B for Sample Calculation.

§ —Nimp,elec = 25.93%. See Appendix B.

{ — NBunker c = 82.7%, Boustead & Hancock{1].
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Table 5.10 — Combustion Strategy #8 - Mass, Energy and Cumulative
Energy Balances for the ALCELL® Process

Combustion Strategy *8 Mass __ Energy (Basis=0°C) _Cumulative Energy
Balance Items (Basis = 1 ADMT of Pulp®) kg MJ % MJ %

Influents/Stream
Logs/1 4022.53 0.00 0.00 603.38% 1.70

Imported Electricity —_ 216026 9.17 8331.14% 2346
Fresh Water/AN,FA,GH.HT 816 & 901 1979835 828.36 3.52 828.36% 2.33
Make-up Alcohol/DJ 96.87 454 0.02  1619.04% 4.56
Delignification Chemicals/EU & EV 41135 14.82 0.06 1167.04% 3.29
Bleaching Chemicals/FQ,GE & GT 167.12 0.00 0.00 516.92¢ 145
Cl102 Generator Chemicals/801 & 807 275.60 23.06 0.10 153.254% 043
Combustion Energy
Byproducts (See Table 5.2) —_ 12032.67 51.08 1203267 33.88
Bunker C Fuel Oil — 8490.74 3605 10266901 2890
Sum 2477182 2355445 100.00 3551870  100.00
Useful EMMuents/Stream
Wood Pulpt/HU 1800.00 355.11 1.51 22171.77 62.42
Hog Fuel/6 0.00 0.00 0.00 0.00 0.00
Dry Lignin/BV 364.13 85.06 036 277885 7.82
Furfural Product/DB 0.00 0.00 0.00 0.00 0.00
Heavy Residue (Furfural)/DC 0.00 0.00 0.00 0.00 0.00
Concentrated Syrups/DF 411.02 146.58 0.62 10568.08 29.76
Hot Decanter Tar/EB 0.00 0.00 0.00 0.00 0.00
Brownstock Rejects/ER 0.00 0.00 0.00 0.00 0.00
Losses
Sewer Water/BW.DDDLFGFY &5 2047692 455396 19.34 — —
Purge Streams/H,I & 47cond 219.36 300.88 1.28 — —
Rejected Materials/HK,84 & 817 511.36 67.92 0.29 — —
Byproducts Burnt for Cogeneration 989.03 — — —_ —

Heat Rejected to the Environment :

Section 14 — Cogeneration 5995.59 2545

Section 1 - Woodroom — 911.80 3.87 — —
Section 2 — Extractor — 0.09 0.00 — —
Section 3 — Delignification — 158547 6.73 — —
Section 4 - Bleachery - 901.62 3.83 —_ —_
Section 5 — Pulp Machine — 339.16 144 —_ —
Section 6 ~ Lignin Recovery — 0.00 0.00 — —
Section 7 — Lignin Drier — 0.74 0.00 — —
Section 8 — Alcohol Recovery - 0.01 0.00 —_ —_
Section 9 — MVR Evaporator — 76.04 0.32 — —
Section 10 - Furfural Reactor —_ 66.90 0.28 —_ —
Section 11 - Furfural Refining — 0.59 0.00 — —
Section 12 - Finisher Evaporator — 0.50 0.00 — —
Section 13 — C1O2 Generator —_ 0.40 0.00 — —_

Cooling Water Enthalpy Increase 8145.69 34.59
Losses in Electricity Production 2034 0.09
Sum 24771.82  23554.45  100.00  35518.70  100.00

T — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
} - Refer o Appendix B for Sample Calculation.

§ — Nimp,clec = 25.93%. See Appendix B.

1 — NBunkerC = 82.7%, Boustead & Hancock(1].
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Table 5.11 — Combustion Strategy #9 - Mass, Energy and Cumulative
Energy Balances for the ALCELL® Process

Combustion Strategy ¥9 Mass En asis = 0" Cumulative Ene:
Balance Items (Basis = 1 ADMT of Pulp?) kg MJ % MI %
Influents/Stream
Logs/1 4022.53 0.00 0.00 603.38+ 175
Imported Electricity —_ 2036.89 8.26 7855368 22.70
Fresh Water/AN,FA,GH.HT,816 £ 901 1979835 828.36 3.36 828.36+% 2.39
Make-up Alcohol/DJ 96.87 454 0.02 1619.04% 468
Delignification Chemicals/EU & EV 41135 14.82 0.06 1167.04% 337
Bleaching Chemicals/FQ,GE & GT 167.12 0.00 0.00 516.92% 149
Cl02 Generator Chemicals/801 & 807 275.60 23.06 0.09 153.25% 044
Combustion Energy
Byproducts (See Table 5.2) — 21266.32 86.22 2126632 61.46
Bunker C Fuel Qil — 491.46 1.99 594.261 1.72
Sum 2477182 2466545 100.00 34603.93 100.00
Useful Effluents/Stream
Wood Pulpt/HU 1800.00 355.11 144 2294935 66.32
Hog Fuel/6 0.00 0.00 0.00 0.00 0.00
Dry Lignin/BV 0.00 0.00 0.00 0.00 0.00
Furfural Product/DB 0.00 0.00 0.00 0.00 0.00
Heavy Residue (Furfural)/DC 0.00 0.00 0.00 0.00 0.00
Concentrated Syrups/DF 411.02 146.58 059 11654.58 33.68
Hot Decanter Tar/EB 0.00 0.00 0.00 0.00 0.00
Brownstock Rejects/ER 0.00 0.00 0.00 0.00 0.00
Losses
Sewer Water/BW , DD DLFGFY & 5 20216.83 4520.06 18.33 —_ —_
Purge Streams/H,I & 47cond 219.36 300.88 1.2 — —
Rejected Materials/HK,84 & 817 511.36 67.92 0.27 —_ —
Byproducts Burnt for Cogeneration 1613.25 — — — —

Heat Rejected to the Environment :

Section 1 — Woodroom — 911.80 3.70 —_ —
Section 2 — Extractor — 0.09 0.00 — —
Section 3 — Delignification —_ 1585.47 6.43 — —
Section 4 — Bleachery — 901.62 3.66 —_ —
Section 5 — Pulp Machine — 339.16 1.38 -— —
Section 6 - Lignin Recovery —_ 0.00 0.00 — —
Section 7 ~ Lignin Drier — 0.00 0.00 — —
Section 8 — Alcohol Recovery —_ 0.01 0.00 — _—
Section 9 — MVR Evaporator —_— 44983 1.82 — —
Section 10 — Furfural Reactor S 66.90 0.27 — —_
Section 11 — Furfural Refining — 0.59 0.00 — —
Section 12 — Finisher Evaporator — 0.50 0.00 — —
Section 13 — Cl1O2 Generator — 040 0.00 — —
Section 14 — Cogeneration — 8029.48 32,55 — —
Cooling Water Enthalpy Increase — 6969.69 28.26 — —
Losses in Electricity Production —_ 19.36 0.08 — —
Sum 2477182 2466545  100.00 3460393  100.00

1 — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
} —Refer to Appendix B for Sample Calculation.

§ —Timp,elec = 25.93%. See Appendix B.

1 — NBunkerc = 82.7%, Boustead & Hancock(1).
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Table 5.12 — Combustion Strategy #10 - Mass, Energy and Cumulative
Energy Balances for the ALCELL® Process

Combustion Strategy #10 Mass __ Energy (Basis=0'C) _Cumulative Energy
Balance Items (Basis = 1 ADMT of Pulp?) kg MJ % MJ %
Influents/Stream
Logs/1 4022.53 0.00 0.00 603.38+% 1.73

Imported Electricity — 2036.89 8.26 7855.36% 2249
Fresh Water/AN,FA,GHHT,816 & 901  19798.35 828.36 3.36 828.36% 237
Make-up Alcohol/DJ 96.87 454 0.02 1619.04% 4,64
Delignification Chemicals/EU & EV 411.35 14.82 0.06 1167.04% 334
Bleaching Chemicals/FQ,GE & GT 167.12 0.00 0.00 516.92% 1.48
ClO2 Generator Chemicals/801 & 807 275.60 23.06 0.09 153.254% 0.44
Combustion Energy
Byproducts (See Table 5.2) —_ 19738.71 80.03 19738.71 56.52
Bunker C Fuel Oil — 2019.07 8.18 2441441 6.99
Sum 2477182 2466545 100.00 3492350 100.00
Useful Effluents/Stream
Wood Pulpt/HU 1800.00 355.11 1.44 2284150 65.40
Hog Fuel/6 0.00 0.00 0.00 0.00 0.00
Dry Lignin/BV 0.00 0.00 0.00 0.00 0.00
Furfural Product/DB 62.68 0.00 0.00 530.40 1.52
Heavy Residue (Furfural)/DC 0.00 0.00 0.00 0.00 0.00
Concentrated Syrups/DF 411.02 146.58 0.59 11551.60 33.08
Hot Decanter Tar/EB 0.00 0.00 0.00 0.00 0.00
Brownstock Rejects/ER 0.00 0.00 0.00 0.00 0.00
Losses
Sewer Water/BW,DD.DILFGFY & 5 20216.83 4520.06 18.33 — —
Purge Streams/H,I & 47cond 219.36 300.88 1.22 — —_
Rejected Materials/HK,84 & 817 511.36 67.92 0.28 — —_
Byproducts Burnt for Cogeneration 1550.57 — — — —

Heat Rejected to the Environment :

Section 1 — Woodroom — 911.80 3.70 — —
Section 2 — Extractor — 0.09 0.00 — —
Section 3 - Delignification — 158547 6.43 — —
Section 4 — Bleachery — 901.62 3.66 — —
Section 5 — Pulp Machine — 339.16 1.38 — —
Section 6 — Lignin Recovery — 0.00 0.00 — —
Section 7 —Lignin Drier — 0.00 0.00 — —
Section 8 — Alcohol Recovery — 0.01 0.00 — —
Section 9 - MVR Evaporator — 449.83 1.82 — —
Section 10 - Furfural Reactor — 66.90 0.27 — —
Section 11 — Furfural Refining — 0.59 0.00 — —
Section 12 - Finisher Evaporator — 0.50 0.00 — —
Section 13 - C102 Generator — 040 0.00 — —
Section 14 - Cogeneration —_ 8029.48 32.55 — —
Cooling Water Enthalpy Increase — 6969.69 28.26 — —
Losses in Electricity Production —_ 19.36 0.08 — —
Sum 24771.82 2466545  100.00 34923.50  100.00

+ — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
1 —Refer to Appendix B for Sample Calculation.

§ ~ Nimp,elec = 25.93%. See Appendix B.

1 — NBunkerC = 82.7%, Boustead & Hancock[1].
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Table 5.13 — Combustion Strategy *11 - Mass, Energy and Cumulative
Energy Balances for the ALCELL® Process

Combustion Strategy #11 Mass ___ Energy (Basis =0°C) _ Cumulative Energy
Balance Items (Basis = 1 ADMT of Pulp?) kg MJ % MJ %
Influents/Stream
Logs/1 4022.53 0.00 0.00 603.38+ 1.67
Imported Electricity — 2086.33 8.67 804599% 22.28
Fresh Water/ANFA,GH.HT, 816 & 901 19798.35 828.36 344 828.36% 230
Make-up Alcohol/DJ 96.87 4.54 0.02 1619.04% 4.49
Delignification Chemicals/EU & EV 41135 14.82 0.06 1167.04%¥ 323
Bleaching Chemicals/FQ,GE & GT 167.12 0.00 0.00 51692¢ 143
Cl02 Generator Chemicals/801 & 807 275.60 23.06 0.10 153.25¢% 042
Combustion Energy
Byproducts (See Table 5.2) — 11222.69 46.63 1122269 31.08
Bunker C Fuel Qil — 9886.22 41.08 11954311 33.10
Sum 2477182 24066.02 100.00 3611098 100.00
Useful Effluents/Stream
Wood Pulpf/HU 1800.00 355.11 1.48 3101846 85.90
Hog Fuel/6 0.00 0.00 0.00 0.00 0.00
Dry Lignin/BV 364.13 85.06 0.35  4157.76 11.51
Furfural Product/DB 62.68 0.00 0.00 934.76 2.59
Heavy Residue (Furfural)/DC 0.00 0.00 0.00 0.00 0.00
Concentrated Syrups/DF 0.00 0.00 0.00 0.00 0.00
Hot Decanter Tar/EB 0.00 0.00 0.00 0.00 0.00
Brownstock Rejects/ER 0.00 0.00 0.00 0.00 0.00
Losses
Sewer Water/BW,DD,DIFGFY & 5 19596.81 4364.62 18.14 — —
Purge Streams/H,I & 47cond 219.36 300.88 1.25 — —_
Rejected Materials/HK 84 & 817 51135 6792 0.28 — —_
Byproducts Burnt for Cogeneration 221749 — — _ —

Heat Rejected to the Environment :

Section 1 - Woodroom — 911.80 3.79 — -
Section 2 - Extractor — 1583.24 6.58 — —
Section 3 - Delignification — 158547 6.59 — —_
Section 4 — Bleachery — 901.62 3.75 — —
Section 5 - Pulp Machine —_ 339.16 141 —_ —
Section 6 — Lignin Recovery — 0.00 0.00 — —
Section 7 - Lignin Drier — 0.74 0.00 — —
Section 8 — Alcohol Recovery — 0.01 0.00 — —
Section 9 - MVR Evaporator — 76.04 0.31 — —
Section 10 - Furfural Reactor —_ 66.90 0.28 — —
Section 11 - Furfural Refining — 0.59 0.00 — —
Section 12 — Finisher Evaporator — 0.00 0.00 — —
Section 13 — C102 Generator — 040 0.00 — —
Section 14 - Cogeneration — 5449.64 22.64 — —
Cooling Water Enthalpy Increase — 795535 33.06 —_ —
Losses in Electricity Production — 2147 0.09 — —
Sum 2477182  24066.02  100.00 36110.98  100.00

1 — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
} — Refer to Appendix B for Sample Calculation.

§ — Nimp,elec = 25.93%. See Appendix B.

{ — NBunker ¢ = 82.7%, Boustead & Hancock(1].
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Table 5.14 — Combustion Strategy #12 - Mass, Energy and Cumulative
Energy Balances for the ALCELL® Process

Combustion Strategy #12 Mass  Energy (Basis=0'C) Cumulative Energy
Balance Items (Basis = 1 ADMT of Pulp!) kg MJ % MJ %
Influents/Stream
Logs/1 4022.53 0.00 0.00 603.38+% 1.69
Imported Electricity —_ 2086.33 8.67 804599¢ 2248
Fresh Water/AN FA,GHHT 816 & 901  19798.35 828.36 3.4 828.36% 231
Make-up Alcohol/DJ 96.87 454 0.02 1619.04% 452
Delignification Chemicals/EU & EV 41135 14.82 0.06 1167.04% 3.26
Bleaching Chemicals/FQ,GE & GT 167.12 0.00 0.00 51692% 144
ClO2 Generator Chemicals/801 & 807 275.60 23.06 0.10 153244 043
Combustion Energy
Byproducts (See Table 5.2) —_ 12750.29 5298 1275029 35.62
Bunker C Fuel Oil — 8358.61 34.73 10107.16'  28.24
Sum 2477182 2406601 100.00 3579142 100.00
Useful Effluents/Stream
Wood Pulp/HU 1800.00 355.11 148 31550.56 88.15
Hog Fuel/6 0.00 0.00 0.00 0.00 0.00
Dry Lignin/BV 364.13 85.06 035 424086 11.85
Furfural Product/DB 0.00 0.00 0.00 0.00 0.00
Heavy Residue (Furfural)/DC 0.00 0.00 0.00 0.00 0.00
Conceatrated Syrups/DF 0.00 0.00 0.00 0.00 0.00
Hot Decanter Tar/EB 0.00 0.00 0.00 0.00 0.00
Brownstock Rejects/ER 0.00 0.00 0.00 0.00 0.00
Losses
Sewer Water/BW,DD,DIFGFY & 5 19596.81 4364.62 18.14 —_ —_
Purge Streams/H,I & 47cond 219.36 300.88 1.25 — —_
Rejected Materials/HK ,84 & 817 511.36 67.92 0.28 — —
Byproducts Bumnt for Cogeneration 2280.16 — — — —
Heat Rejected to the Environment :
Section 1 — Woodroom — 911.80 3.79 — —
Section 2 ~ Extractor — 158324 6.58 — —
Section 3 — Delignification — 158547 6.59 — —
Section 4 — Bleachery — 901.62 3.75 — —_
Section 5 — Pulp Machine — 339.16 1.41 —_ —_
Section 6 — Lignin Recovery —_ 0.00 0.00 — —
Section 7 — Lignin Drier — 0.74 0.00 — —_
Section 8 — Alcohol Recovery —_ 0.01 0.00 — —
Section 9 — MVR Evaporator — 76.04 0.31 —_ —
Section 10 — Furfural Reactor — 66.90 0.28 — —
Section 11 — Furfural Refining — 0.59 0.00 —_ —
Section 12 — Finisher Evaporator — 0.00 0.00 — —
Section 13 - C102 Generator —_ 0.40 0.00 — —
Section 14 — Cogeneration — 5449.64 22.64 - —
Cooling Water Enthalpy Increase — 7955.34 33.06 — —
Losses in Electricity Production — 2147 0.09 — —_
Sum 2477182  24066.01  100.00 3579142  100.00

T — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
¥ — Refer to Appendix B for Sample Calculation.

§ — Nimp,clec = 25.93%. See Appendix B.

{ — MBunkerc = 82.7%, Boustead & Hancock(1].
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Table 5.15 — Combustion Strategy #13 - Mass, Energy and Cumulative
Energy Balances for the ALCELL® Process

Combustion Strategy #13 Mass ___ Energy (Basis =0°C) _ Cumulative Energy _
Balance Items (Basis = 1 ADMT of Pulph) kg MJ % MJ %
Influents/Stream
Logs/1 4022.53 0.00 0.00 603.38% 1.71
Imported Electricity — 1962.96 780  757021%  21.51
Fresh Water/AN,FA,GHHT,816 & 901 19798.35 828.36 329 828.36% 235
Make-up Alcohol/DJ 96.87 454 0.02 1619.04*% 4.60
Delignification Chemicals/EU & EV 41135 14.82 0.06 1167.04% 332
Bleaching Chemicals/FQ,GE & GT 167.12 0.00 0.00 516.92% 1.47
Cl102 Generator Chemicals/801 & 807 275.60 23.06 0.09 153.24¢% 04
Combustion Energy
Byproducts (See Table 5.2) —_ 20456.33 81.25 20456.33 58.12
Bunker C Fuel Oil — 1886.94 749  2281.681 6.48
Sum 2477182 2517701 100.00 3519620 100.00
Useful Effluents/Stream
Wood Pulp’/HU 1800.00 355.11 141 34105.52 96.90
Hog Fuel/6 0.00 0.00 0.00 0.00 0.00
Dry Lignin/BV 0.00 0.00 0.00 0.00 0.00
Furfural Product/DB 62.68 0.00 0.00 1090.68 3.10
Heavy Residue (Furfural)/DC 0.00 0.00 0.00 0.00 0.00
Concentrated Syrups/DF 0.00 0.00 0.00 0.00 0.00
Hot Decanter Tar/EB 0.00 0.00 0.00 0.00 0.00
Brownstock Rejects/ER 0.00 0.00 0.00 0.00 0.00
Losses
Sewer Water/BW DD DLFGFY & 5 19336.72 4330.72 17.20 — —
Purge Streams/H,I & 47cond 219.36 300.88 .19 —_ —
Rejected Materials/HK 84 & 817 511.36 67.92 0.27 — —
Byproducts Burnt for Cogeneration 2841.70 — —_ — —

Heat Rejected to the Environment :

Section 14 — Cogeneration 7483.54 29.72

Section 1 - Woodroom — 911.80 3.62 — —
Section 2 — Extractor — 1583.24 6.29 — —
Section 3 — Delignification — 158547 6.30 — —
Section 4 — Bleachery — 901.62 3.58 — —
Section S — Pulp Machine — 339.16 1.35 — —
Section 6 — Lignin Recovery — 0.00 0.00 — —_
Section 7 — Lignin Drier —_ 0.00 0.00 — —
Section 8 — Alcohol Recovery —_ 0.01 0.00 — —
Section 9 — MVR Evaporator — 449.83 1.79 — —
Section 10 - Furfural Reactor — 66.90 0.27 — —
Section 11 — Furfural Refining —_ 0.59 0.00 — —
Section 12 — Finisher Evaporator — 0.00 0.00 — —
Section 13 — Cl1O2 Generator — 0.40 0.00 — —

Cooling Water Enthalpy Increase 6779.34 26.93
Losses in Electricity Production 2048 0.08
Sum 24771.82 2517701  100.00 3519620  100.00

T — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
{ — Refer to Appendix B for Sample Calculation.

§ = Nimp,clec = 25.93%. See Appendix B.

1 — NBunker ¢ = 82.7%, Boustead & Hancock{1].
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Table 5.16 — Combustion Strategy #14 - Mass, Energy and Cumulative
Energy Balances for the ALCELL® Process

Combustion Strategy ¥14 Mass ___ Energy (Basis=0°C) Cumulative Energy
Balance Items (Basis = lADMI‘ofE_ﬂBQ kg MJ % MJ %
Influents/Stream
Logs/1 4022.53 0.00 0.00 603.38% 1.73
Imported Electricity —_ 1962.96 7.80 757021% 21.71
Fresh Water/AN FA,GHHT 816 & 901 19798.35 82836 329 828.36% 237
Make-up Alcohol/DJ 96.87 454 0.02 1619.04% 464
Delignification Chemicals/EU & EV 41135 14.82 0.06 1167.04% 3.35
Bleaching Chemicals/FQ,GE & GT 167.12 0.00 0.00 516.92¢% 148
ClO2 Generator Chemicals/801 & 807 275.60 23.06 0.09 153.24% 044
Combustion Energy
Byproducts (See Table 5.2) —_ 21983.94 87.32 21983.94 63.03
Bunker C Fuel Oil — 359.34 1.42 434 511 125
Sum 477182 25177.02 100.00 34876.64 100.00
Useful Effluents/Stream
Wood Pulp!/HU 1800.00 355.11 141 34876.64 100.00
Hog Fuel/6 0.00 0.00 0.00 0.00 0.00
Dry Lignin/BV 0.00 0.00 0.00 0.00 0.00
Furfural Product/DB 0.00 0.00 0.00 0.00 0.00
Heavy Residue (Furfural)/DC 0.00 0.00 0.00 0.00 0.00
Concentrated Syrups/DF 0.00 0.00 0.00 0.00 0.00
Hot Decanter Tar/EB 0.00 0.00 0.00 0.00 0.00
Brownstock Rejects/ER 0.00 0.00 0.00 0.00 0.00
Losses
Sewer Water/BW,DD.DLFGFY & 5 19336.72 4330.72 17.20 — —
Purge Streams/H,] & 47cond 219.36 300.88 1.19 — —
Rejected Materials/HK,84 & 817 511.36 67.92 0.27 — —
Byproducts Bumnt for Cogeneration 290438 — — — —
Heat Rejected to the Environment :
Section 1 — Woodroom — 911.80 3.62 — —_
Section 2 — Extractor — 1583.24 6.29 — —
Section 3 — Delignification —_ 1585.47 6.30 — —
Section 4 — Bleachery — 901.62 3.58 — —
Section 5 — Pulp Machine — 339.16 1.35 — —
Section 6 — Lignin Recovery — 0.00 0.00 — —
Section 7 - Lignin Drier —_ 0.00 0.00 — —
Section 8 — Alcohol Recovery —_ 0.01 0.00 — —
Section 9 — MVR Evaporator —_ 449.83 1.79 — —
Section 10 — Furfural Reactor — 66.90 0.27 — —
Section 11 — Furfural Refining — 0.59 0.00 — —
Section 12 — Finisher Evaporator - 0.00 0.00 — —
Section 13 — C1O2 Generator — 040 0.00 — —
Section 14 — Cogeneration — 7483.54 29.72 — —
Cooling Water Enthalpy Increase _ 6779.35 26.93 — —_—
Losses in Electricity Production — 2048 0.08 — —
Sum 2477182 25177.02 100.00 34876.64  100.00

t — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
1 — Refer to Appendix B for Sample Calculation.

§ ~Timp,clec = 25-93%. See Appendix B.

{ - NBunker C = 82.7%, Boustead & Hancock[1].
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The cumulative energy consumption of the products of the ALCELL®
process are of particular interest. Table 5.17 provides the specific cumulative
enargy consumption of these products.

Table 5.17 — Specific CEnC of the Products of the ALCELL® Process

Specific Cumulative Energy Consumption (MJ/kg?)

Combustion Pressed Furfural Dry Wood Furfural Tar BSW Hog
Strate, Pul Product Lignin S Residue Layer Rejects  Fuel

1 11.858 7207 7275 23.789 7207 7.308 2.637 0.485
2 11.876 7.228 7.289 23.864 7228 71.329 4 0.485
3 12.138 7.540 7492 24960 7540 7.645 2.702 7
4 12.156 7.562 7506 25.037 7562 7.667 7 4
5 12.160 7.567 7510 25.054 4 7.672 4 4
6 12.270 7.698 7595 25514 7.698 7/ 4 7
7 12.275 7.703 7.598 25532 4 7 7 4
8 12.318 7 7.632 25712 7 4 4 7
9 12.750 4 4 28.355 4 4 7/ 4
10 12.690 8.463 4 28.105 /7 7 4 4
11 17232 14914 11418 v/ 4 7/ 4 7
12 17.528 4 11.647 4 4 7/ 4 4
13 18.948 17.402 4 4 4 4 4 v
14 19.376 v 7 7/ v v/ A v/

T —Refers to the total mass flow of the stream being considered.
v — Indicates combustion of byproduct.

The efficiencies of steam and electricity generation are based on the
cumulative energy consumption concept, as described in Chapter 2. Therefore,
these efficiencies are affected by burning different combinations of the
byproducts of the ALCELL® process. The efficiencies of steam and electricity

generation are shown in Table 5.18 for each of the combustion scenarios.
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Table 5.18 — Energy Efficiency of Generation of Electricity and Steam

Generation Efficiency (%)

Combustion Electricity Steam
Strategy T (Moveled Macam)
1 33.60 64.39
2 33.58 64.20
3 33.28 61.48
4 3326 61.30
5 3326 61.26
6 33.14 60.19
7 33.13 60.15
8 33.08 59.74
9 32.66 55.90
10 32.72 56.40
11 29.11 35.55
12 28.86 34.65
13 27.74 30.88
14 2741 29.90

T — See Table 5.2 for Combustion Strategies.

The method of calculating these efficiencies for “Combustion Strategy #7”

is shown in Appendix A, Equations A.60 to A.66.
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5.3 Cumulative Energy Consumption of the Kraft Process

Unlike the ALCELL® process, the Kraft process has only one byproduct
that is available as a fuel for the cogeneration process. This byproduct is the
woodroom rejects (also known as “Hog Fuel”). Three combustion strategies for
this byproduct were considered and they are as follows:

Strategy A None of the woodroom rejects are burnt for steam
generation.

Strategy B Only the required amount of woodroom rejects are burnt to
satisfy the steam shortfall and to eliminate the need for

Bunker C fuel ail.

Strategy C All of the woodroom rejects are burnt. Excess steam is
expanded through a turbine to produce electricity. Additional
electricity is supplied from the grid or exported.

Tables 5.19 to 5.21 present summarized mass, energy, and cumulative
energy consumption balances for the three byproduct combustion strategies that

were considered for this process.
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Table 5.19 — Combustion Strategy A . Mass, Energy and Cumulative
Energy Balances for the Kraft Process

Strategy A Mass __ Energy (Basis=0°C) __ Cumulative Energy
Balance Items (Basis = 1 ADMT of Pulph) kg MJ % MJ %
Influents/Stream
Logs/101 3769.57 0.00 0.00 565.44+% 2.54
Imported Electricity —_ 1427.11 8.77 5503.718§  24.69
Fresh Water! 7656.28 3452 0.21 34.52¢ 0.15
Make-up Saltcake/401 32.58 0.00 0.00 152.81% 0.68
Make-up Lime/507 14.06 0.00 0.00 139.85¢ 0.63
Lime Kiln Fuel Qil/520 34.13 146740 9.01 1774.37° 7.96
Delignification Chemicals/603 11.14 0.00 0.00 103.89% 047
Bleaching Chemicals/701 137.95 0.00 0.00 397.50% 1.78
ClO2 Generator Chemicals/801 & 807 148.32 1241 0.08 82.48% 0.37
Combastion Air/407 & 521 7682.89 0.00 0.00 0.00 0.00
Combustion Energy (Boilers Only)
Hog Fuel — 0.00 0.00 0.00 0.00
Black Liquor Solids — 12391.01 76.10 12391.01 55.58
Bunker C Fuel Oil — 949.63 5.83 1148.27° 5.15
Sum 1948692 16282.08 100.00 2229385 100.00
Useful Effluents/Stream
Wood Pulpf/900 1800.00 355.11 2.18 2186942  98.01
Hog Fuel/104 802.16 0.00 0.00 424 43 1.99
Losses
Sewer Water/105 & 715 6401.93 1185.74 7.28 — —
Blowdown from Recovery Boiler/410 35134 48494 298 — —
Stack Gases/415 & 524 9219.01 1890.90 11.61 — -
Purge Streams/ 201 & 509 594 .45 55822 3.43 — —
Rejected Materials/505,508,817 & 903 318.03 59.89 0.37 — —
Hog Fuel Burnt in the Hog Boiler 0.00 — — — —

Heat Rejected to the Environment :

Section 1 - Woodroom 88945 5.46
Section 2 — Digester 844 14 5.18
Section 3 — Evaporators 36.28 0.22
Section 4 — Recovery Boiler 1499.29 9.21

1784.12 10.96
1361.10 8.36
1048.24 6.44

Section 5 — Recausticizing
Section 6 - Delignification
Section 7 — Bleachery

I I I
Pt
I I I A A

Section 8 — ClO2 Generator 12.56 0.08
Section 9 — Pulp Machine 40329 248
Section 10 - Cogeneration 184.70 1.13
Cooling Water Enthalpy Increase — 3665.97 2.52 — —
Losses in Electricity Production — 18.14 0.11 — —
Sum 1948692  16282.08 100.00 22293.85  100.00

1 — Pulp is leaving the Pulp Machine Press at a consisteacy of 50%.

1 — Refer to Appendix B for Sample Calculation.

$§ — Nimp.clec = 25.93%. See Appendix B.

{ — Fresh Water Streams Include - 504,513,518,523,605,723,816,902 & 1001
& - NBunker C = 82.7%, Boustead & Hancock[1].



Results Page 99

Table 5.20 — Combustion Strategy B  Mass, Energy and Cumulative
Energy Balances for the Kraft Process

Strategy B Mass ___Energy (Basis=0'C) _ Cumulative Energy
Balance Items (Basis = 1 ADMT of Pulpt) kg MJ % MJ %
Influents/Stream
Logs/101 3769.57 0.00 0.00 565.44% 2.53
Imported Electricity — 1427.11 8.61  5503.70% 24.58
Fresh Water! 7656.28 3452 021 34.52% 0.15
Make-up Saltcake/401 32.58 0.00 0.00 152.81% 0.68
Make-up Lime/507 14.06 0.00 0.00 139.85% 0.62
Lime Kiln Fuel Qil/520 34.13 1467.40 8.85 1774370 7.93
Delignification Chemicals/603 11.14 0.00 0.00 103.89+ 0.46
Bleaching Chemicals/701 137.95 0.00 0.00 397.50% 1.78
Cl02 Generator Chemicals/801 & 807 148.32 1241 0.08 82.48% 0.37
Combustion Air[407 & 521 7682.89 0.00 0.00 0.00 0.00
Combustion Energy (Boilers Only)
Hog Fuel — 1241.82 7.49 1241.82 5.55
Black Liquor Solids —_ 12391.01 74.76 1239101 55.35
Bunker C Fuel Oil — 0.00 0.00 0.00° 0.00
Sum 1948692 1657427 100.00 2238739 100.00
Useful Effluents/Stream
Wood Pulpt/900 1800.00 355.11 214 2202228 98.37
Hog Fuel/104 688.89 0.00 0.00 365.11 1.63
Losses
Sewer Water/105 & 715 6401.93 1185.74 7.15 — —_
Blowdown from Recovery Boiler/410 35134 48494 2.93 — —_
Stack Gases/415 & 524 9219.01 1890.90 1141 — —
Purge Streams/ 201 & 509 594.45 55822 3.37 — —
Rejected Materials/505,508,817 & 903 318.03 59.89 0.36 — —
Hog Fuel Burnt in the Hog Boiler 11327 — — —_ —_

Heat Rejected to the Environment :

Section 1 — Woodroom 889.45 5.37
Section 2 - Digester 844.14 5.09
Section 3 — Evaporators 36.28 022

149929 9.05
1784.12 10.76
1361.10 8.21
104824 6.325

Section 4 - Recovery Boiler
Section 5 — Recausticizing
Section 6 — Delignification
Section 7 — Bleachery

RN
NN,

FEEErrrrd

Section 8 — ClO2 Generator 12.56 0.08
Section 9 — Pulp Machine 40329 243
Section 10 — Cogeneration 476.90 2.88

Cooling Water Enthalpy Increase — 3665.96 22.12 —
Losses in Electricity Production —_ 18.14 0.11 — —
Sum 1948692 1657427 100.00 2238739  100.00

T —Pulp is leaving the Pulp Machine Press at a consistency of 50%.

} —Refer to Appendix B for Sample Calculation.

§ —Nimp,clec = 25.93%. See Appendix B.

{ — Fresh Water Streams Include - 504,513,518,523,605,723,816,902 & 1001
O NBunker ¢ = 82.7%, Boustead & Hancock[1].
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Table 5.21 — Combustion Strategy C « Mass, Energy and Cumulative
Energy Balances for the Kraft Process
Strategy C Mass _ Energy (Basis=0'C) _ Cumulative Energy

Balance Items (Basis = 1 ADMT of Pulph) kg MJ % MJ] %
Influents/Stream

Logs/101 3769.57 0.00 0.00 565.44% 2.16
Imported Electricity —_— 44591 1.93 1719.67% 6.58
Fresh Water! 7656.28 3452 0.15 3452+ 013
Make-up Saltcake/401 3258 0.00 0.00 152.81% 0.58
Make-up Lime/507 14.06 0.00 0.00 139.85% 0.54
Lime Kiln Fuel Oil/520 34.13 1467.40 634 1774379 6.78
Delignification Chemicals/603 11.14 0.00 0.00 103.89% 0.40
Bleaching Chemicals/701 137.95 0.00 0.00 397.50+ 1.52
ClO2 Generator Chemicals/801 & 807 148.32 1241 0.05 82.48+ 0.32
Combustion Air/407 & 521 7682.89 0.00 0.00 0.00 0.00
Combustion Energy (Boilers Only)
Hog Fuel —_ 8794.13 3799 8794.13 33.62
Black Liquor Solids — 12391.01 53.54 12391.01 47.37
Bunker C Fuel Oil — 0.00 0.00 0.00° 0.00
Sum 1948692 2314538 100.00 2615567 100.00
Useful Effluents/Stream
Wood Pulp/900 1800.00 355.11 1.53 26155.67 100.00
Hog Fuel/104 0.00 0.00 0.00 0.00 0.00
Losses
Sewer Water/105 & 715 6401.93 1185.74 5.12 —_ —_
Blowdown from Recovery Boiler/410 351.34 48494 2.10 — —
Stack Gases/415 & 524 9219.01 1890.90 8.17 — -
Purge Streams/ 201 & 509 59445 55822 241 —_ —
Rejected Materials/505,508,817 & 903 318.03 59.89 0.26 — —_
Hog Fuel Burnt in the Hog Boiler 802.16 — —_ — —

Heat Rejected to the Environment :

Section 1 - Woodroom — 889.45 3.84 — —
Section 2 - Digester — 844.14 3.65 —_ —
Section 3 — Evaporators _ 36.28 0.16 —
Section 4 — Recovery Boiler —_ 1499.29 6.48 —_ —
Section 5 — Recausticizing — 1784.12 7.7 — —
Section 6 - Delignification — 1361.10 5.88 — —
Section 7 — Bleachery — 104824 4.53 —_ —_
Section 8 — C102 Generator — 12.56 0.05 — -—
Section 9 — Pulp Machine — 40329 1.74 —_ —
Section 10 — Cogeneration — 3106.95 13.42 — —
Cooling Water Enthalpy Increase — 7592.08 3281 — —
Losses in Electricity Production — 33.08 0.14 _ —_
—Sum 1948692 2314538  100.00 26155.67  100.00

1 — Pulp is leaving the Pulp Machine Press at a consistency of 50%.

1 — Refer to Appendix B for Sample Calculation.

§ — Nimp,elec = 25.93%. See Appendix B.

{ — Fresh Water Streams Include - 504,513,518,523,605,723,816,902 & 1001
& — NBunker ¢ = 82.7%, Boustead & Hancock(1].
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The specific cumulative energy consumption values for the wood pulp and
hog fuel are presented in Table 5.22 for each of the combustion strategies.

Table 5.22 — Specific CEnC for the Products of the Kraft Process

Specific CEnC (MJ/kgt)

Wood Pulp Hog Fuel Hog Fuel Burnt (%)
Strategy A 12.150 0.529 0.00
Strategy B 12.235 0.530 14,12
Stratggy C 14.531 — 100.00

T — Refers to the total mass flow of the stream being considered.

Electricity and steam generation efficiencies are affected by the amount of

hog fuel burnt as shown in Table 5.23.

Table 5.23 — Energy Efficiency of Generation of Electricity and Steam
Generation Efficiency (%)

Combustion Electricity Steam Hog Fuel Burnt (%)
Stratﬂy (Moveled (Msteam)
A 28.19 3147 0.00
B 28.07 31.14 14.12
C 24.63 24.38 100.00

The method of calculating these efficiencies for “Combustion Strategy C”

is shown in Appendix A, Equations A.105to A.112.



CHAPTER &

DISCUSSION

6.1 Introduction

The principle objective of this thesis has been to present the method of the
Cumulative Energy Consumption analysis to industrial processes. As shown in
Appendix A, the Cumulative Energy balance equations are easily constructed
once the material and energy balances around the sub-sections of the process

under consideration have been completed.

The Cumulative Energy Consumption analysis has been applied to the
ALCELL® and Kraft wood pulping processes so that a comparison between the
two processes could be made. This comparison may affect the decisions that will
be made by ALCELL® Technologies Limited! pertaining to the construction

and/or the design of the proposed commercial ALCELL® mill.

The computer models that have been developed for the ALCELL® and
Kraft processes are based on data that may be classified in two different
categories. The first category pertains to the data that were used to simulate the
mass and energy flows entering and leaving the sub-sections of the ALCELL®
process. These data come from a design that has been developed by ALCELL®
Technologies Limited for the proposed commercial ALCELL® mill. These data

have a degree of uncertainty since they are based on a pilot-scale size ALCELL®

T ALCELL® Technologies Limited is a REPAP Enterprises Company.
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mill and not on another commercial size mill. This uncertainty will be reflected in

the results of caiculations for the ALCELL® process.

The data that have been used to construct the computer model of the Kraft
process can be assigned to the second data category. Calculations for the Kraft
process are based on design data for the proposed Athabasca mill in Alberta.
Although these data are also based upon a plant design, they have a lesser
degree of uncertainty than that associated with the ALCELL® mill design data.
The lesser degree of uncertainty for the Kraft mill design data comes from the
fact that they are based on experience with, and operational data from, other
Kraft mills that have been operating for many years. Hence the results of

calculations for the Kraft process are believed to be more precise.

6.2 Comparison of the Most Probable Operating Strategies of the ALCELL®

and Kraft Processes

The most probable operating strategy for a commercial ALCELL® mill
would involve the combustion of the following byproducts:

@ Woodroom “Chip Screen” Rejects (Stream 6)

@ Brownstock Screen Rejects (Stream ER)

@ Furfural Residue (heavy oil) (Stream DC)

@ Hot Decanter Tar Layer (Stream EB)

These byproducts are the most likely candidates to be used as fuel for the
cogeneration process because they have little if any development potential.
Research by ALCELL® Technologies Limited has shown that the other
byproducts (i.e., lignin, furfural and wood syrups) of the ALCELL® process are

useful and salable, therefore these byproducts will not be used as fuel in the
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cogeneration process. This combustion strategy is presented in Tables 5.9, 5.18
& 5.19 as “Combustion Strategy #7”.

The most probable combustion strategy for the Kraft process would
invoive the combustion of all of the “Hog Fuel” so that the Bunker C fuel oil
requirement is reduced to zero and so that surplus high pressure steam is
produced to generate additional electricity in order to reduce the required amount
of imported electricity. This combustion strategy is presented in Tables 5.21, 5.22
& 5.23 as “Combustion Strategy C”.

6.2.1 Comparison of the Cumulative Energy Inputs for the ALCELL® and

Kraft Processes

The total amount of Cumulative Energy entering the ALCELL® and Kraft
processes per air dry metric tonne (ADMT) of pulp, for the most probable
operating strategies, is equal to 35.8 GJ and 26.2 GJ respectively. The large
difference in the total Cumulative Energy Consumption of these two processes is
depicted graphically in Figures 6.1 and 6.2 for a variety of input streams and
combustion energy sources. A large portion of the difference in the total
Cumulative Energy Consumption of the two processes is due to the large
difference in the amount of Cumulative Energy entering each process as
imported electricity. Admittedly, the ALCELL® process requires a larger amount
of electrical energy than the Kraft process. However, due to the large uncertainty
associated with the electrical energy demands of the ALCELL® process, the
difference in the Cumulative Energy value of the imported electricity between the
two processes may be reduced once a commercial size ALCELL® mill is

constructed and actual electrical energy demands are determined.
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Other noticeable differences exist between the two processes for the

following inputs:

® Delignification Chemicals — A relatively large difference between the
two processes exists for this input stream because the Kraft process
is able to use white liquor as its source of sodium hydroxide in its
Oxygen delignification section while the ALCELL® process must use
fresh sodium hydroxide that has a large specific Cumulative Energy
Consumption associated with it. (See Appendix B, Sections B.1.4 &
B.2.4).

@ Make-up Chemicals — The make-up chemicals for the ALCELL®
process pertain only to the additional alcohol that is required by the
process. For the Kraft process the make-up chemicals refer to the
additional saltcake and lime that are required for the chemical

recovery process.

Iinput Stream

CK02 Generator Chemicals
Bleaching Chemicals

Delignification Chemicals
Make-up Chemicals
Fresh Water

Imported Electricity s A e

.-..---.-..----.-...{
csecmnsmssasennsenaccanand

"meccscemmsnaccncccnanans o
smEsRasesnmEnesccccnccnnen

Logs .

0 1500 3000 4500 6000 7500 9000
Cumulative Energy (MJ/ADMT)

E3 ALCELL®, Strategy #7 Kraft, Strategy C

Figure 6.1 — Comparison of the Raw Materials Input as Cumulative Energy
for the ALCELL® and Kraft Processes
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Figure 6.2 shows a graphical representation of the amount of Cumulative
Energy entering the processes due to the combustion of byproducts, Bunker C
fuel oil and black liquor solids. This comparison reveals that the difference
between the two processes is not in the total combustion energy requirement but

in the sources of the combustion energy.

............................
...........................

Fuel Input
Bunker G Fuel Ol o i T

Black Liquor Solids

Byproducts

P

sasssesssmssnsamacarenasnan

Total

0 4000 8000 12000 16000 20000 24000
Cumulative Energy (MJ/ADMT)

Kraft, Strategy C

ALCELL®, Strategy #7

Figure 6.2 — Comparison of the Combustion Energy Input as Cumulative
Energy for the ALCELL® and Kraft Processes



Discussion Page 107

6.2.2 Comparison of the Cumulative Energy Outputs for the ALCELL® and

Kraft Processes

The Cumulative Energy entering the process is distributed amongst the
useful products in proportion to their masses. The resulting distribution of

Cumulative Energy is shown in Figure 6.3.

Product Stream
Furfural i

Dry Lignin o

coanswnssnsanmasss
AaNsenEscananwanas e

Wood Syrups -

Wood Pulp

0 5000 10000 15000 20000 25000
Cumuilative Energy (MJ/ADMT)

ALCELL®, Strategy #7 Kraft, Strategy C

Figure 6.3 — Comparison of the Cumulative Energy of the Products of the
ALCELL® and Kraft Processes

The comparison of these operating strategies reveals that the ALCELL®
process has a specific CEnC for the wood pulp, coup = 12.3 MJ/kg whereas for
the Kraft process the coup = 14.5 MJ/kg. In these terms the ALCELL® process is
superior. However, in order to produce the ALCELL® pulp at the above specified
specific CEnC, the process must ailso produce furfural, lignin and wood syrups as
useful products. This allows each of these products to be assigned an

appropriate Cumulative Energy value.



6.3 Byproduct Combustion Effects on the ALCELL® and Kraft Processes

The main advantage associated with the combustion of byproducts from
the ALCELL® and Kraft processes is the reduction in the required amount of
Bunker C fuel oil and electrical energy. The reduction in the required amount of
Bunker C fuel oil is due to the utilization of the combustion energy of the
byproducts, instead of Bunker C, for steam generation. The electrical energy

requirement is reduced due to byproduct combustion for two possible reasons.

® If the Bunker C fuel oil demand is reduced to zero, then the
cogeneration system is producing the required amount of process-
steam and possibly a surplus amount. While ali steam produced by
the cogeneration system is used to produce electricity by expansion
through a turbine, the surplus steam allows for the production of an
additional amount of electricity, thus reducing the imported electrical

energy demand of the process.

@ If the wet lignin cake and/or the wood syrups are used as fuel in the
ALCELL® process, the electricity consumption of the Lignin Dryer

(Section 7) and the Finisher Evaporator (Section 12) are set to zero.

These effects are demonstrated by comparing “Combustion Strategies” #7
with #11 for the ALCELL® process and “Combustion Strategies” A with C for the
Kraft process. “Combustion Strategy #7” of the ALCELL® process is described in
Section 6.2. “Combustion Strategy *#11" differs from “7” by using the wood syrups
as a fuel in the cogeneration system. “Combustion Strategy A" of the Kraft
process does not burn any of the “Hog Fuel” and “Combustion Strategy C” burns

all of it.
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Figure 6.4 — Comparison of Imported Electricity and Bunker C Fuel
Consumption for Combustion Strategies 7 and 11 of the ALCELL® Process
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Figure 6.5 — Comparison of Imported Electricity and Bunker C Fuel
Consumption for Combustion Strategies “A” and “C” of the Kraft Process

The combustion of the “Hog Fuel” for “Combustion Strategy C” of the Kraft
process has a very noticeable effect on the import requirements of electricity and

Bunker C fuel oil.
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6.4 Energetic Efficiency of Generation of Steam and Electricity for the
ALCELL® and Kraft Processes

Steam and Electricity generation efficiencies for the ALCELL® and Kraft

processes are presented in Tables 5.18 & 5.23 respectively.

The energetic efficiencies for the generation of electricity and steam are
affected by the byproducts that are used as fuel in the cogeneration process. To
illustrate the effect that these byproducts have on the steam and electricity
generation efficiencies? “Combustion Strategy #¥7” and “Combustion Strategy
*#11”, both of the ALCELL® process, are compared. The generation efficiencies of
electricity and steam are listed in Table 6.1.

Table 6.1 — Energy Efficiency of Generation of Electricity and Steam for the
ALCELL® Process

Generation Efficiency (%)

Combustion Electricity Steam
Strategy (Moveled) (Msteam)
7 33.13 60.15
11 29.11 35.55

The generation efficiencies are highly dependent upon the amount of
Cumulative Energy that enters the cogeneration process with the Bunker C fuel
oil and with the byproducts that have been designated for combustion. A
comparison between the fuel requirements of “Combustion Strategies” *7 and #11
is shown in Table 6.2. This table shows that more Cumulative Energy enters the
cogeneration process with the fuel for “Combustion Strategy #11” than it does for
“Combustion Strategy #7”. There are two reasons for the difference in the

Cumulative Energy entering the cogeneration process:

2 Refer to Appendix A Equations A.60 to A.66 and A.105 to A.112 for the method of calculating
these efficiencies.
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@® The combustion efficiency of some of the byproducts is low compared
to the combustion efficiency of the Bunker C fuel that they are
replacing. Therefore, more Cumulative Energy enters the cogeneration

process for the same amount of steam and electricity production.

@ In general, the Energetic Production Efficiency of the byproducts is
lower than that of the Bunker C fuel. Therefore, more Cumuiative
Energy enters the cogeneration process for the same amount of

Combustion Energy of Bunker C fuel.

A noticeable exception to reason @ is the Energetic Production Efficiency
of the “Woodroom Rejects” (See Tables 6.2 & 6.4). Although its Energetic
Production Efficiency is much higher than that of the Bunker C fuel, its
Combustion Efficiency is much lower. Therefore a combination of reasons @ and
@ causes more Cumulative Energy to enter the cogeneration process with the
“Woodroom Rejects” than does with the Bunker C fuel for the same effect (i.e.,

produce the same amount of steam and electricity).
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Table 6.2 — Comparison of the Fuel Requirement of the Cogeneration
System for the ALCELL® Process

Thermal ¥ Cumulative Energetic§ Combustion

Fuel Energy Energy Production  Efficiency {

MmJ) M) Efficiency (%) (%)
Combustion
Strategy 7

@ DumkerT 001834  12114.08 82.7 85.0

® Voo ousm 9660.15 95.7 65.0

® Talaye 944.20 1330.00 7.0 65.0

© PRumenck 16739 23035 7.7 650

® gl 163.64 215.30 76.0 85.0

Strategy *11
© DUmerC o622 1195432 82.7 85.0
® Vhosat  ousm 9681.22 95.5 65.0
® o 944.20 1372.08 68.8 65.0
© gy 121567  11643.96 10.4 65.0
® DRk 16739 259.00 64.6 65.0
o gl 163.64 220.39 742 85.0
Total 2162591 3513097

¥ — Thermal Energy is equal to the sum of the Physical and Chemical Energies.
§ — Ratio of Thermal Energy to Cumulative Energy.
§ — Boiler Efficiency.
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Table 6.3 — Energy Efficiency of Generation of Electricity and Steam for the
Kraft Process

Generation Efficiency (%)
Combustion Electricity Steam
Strategy Moveled) Msieam)
A 28.19 31.47
B 28.07 31.14
C 24.63 24.38

The steam generation efficiency for the Kraft process is lower than that of
the ALCELL® process because the steam that is produced in the recovery boiler
has a large amount of Cumulative Energy associated with it. This is caused by
the normal apportioning of Cumulative Energy to the useful products of the
recovery boiler in proportion to their masses (See Equation A.88). As a result the
energy efficiency of the steam leaving the recovery boiler is as follows:

For Strategy C: C,,,, =39323.19 MJ
E ;pam =10828.90 MJ

Mona =%x100% - 27.54%

This steam then enters the cogeneration system where additional fuel, in
the form of “Hog Fuel”, and some electricity are also inserted. Cumuiative Energy
balance equations around the cogeneration system (See Equations A.105 to
A.112) resutlt in the steam generation efficiency shown for “Combustion Strategy

C”in Table 6.3.

Although this result appears to be detrimental to the Kraft process, in
actuality it is not because it does not affect the amount of Cumulative Energy
entering the process. Since the most probable operating strategy of the Kraft
process involves the production of only one product, the steam generation

efficiency will not affect the Cumulative Energy value of the wood pulp.
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Table 6.4 — Comparison of the Fuel Requirement of the Cogeneration
System for the Kraft Process

Thermal ¥ Cumulative Energefic§ Combustion

Fuel Energy Energy Production  Efficiency
(MJ) (MJ) EfTiciency (%) (%)
Combustion
Strategy A
@ %‘"m‘k"’mf 949.63 1148.28 82.7 85.0
xotal  949.63 _ _ 1148.28
Strategy B
© Vhream A 1301.85 95.4 65.0
Total 1241.82 1301.85

$ — Thermal Energy is equal to the sum of the Physical and Chemical Energies.
§ — Ratio of Thermal Energy to Cumaulative Energy.
{ - Boiler Efficiency.

Table 6.4 depicts a comparison between Combustion Strategies “A” and
“B” of the Kraft process. Both Combustion Strategies produce the same amount
of steam and electricity in the cogeneration system. However, the type of fuel
differs for the two strategies and this effects the generation efficiencies of steam

and electricity for the same reasons that are given for the ALCELL® process.



Discussi Page 115

6.5 Distribution of Cumulative Energy Amongst the Products of the
ALCELL® and Kraft Processes

The cumulative energy entering the ALCELL® and Kraft processes is
distributed amongst the useful products as described in Chapter 2. The
cumulative energy of these useful products for Combustion Strategies “#7” and
“¢11" of the ALCELL® process are shown in Figure 6.6. A similar graph for
Combustion Strategies “A”, “B” and “C" of the Kraft process are shown in Figure

6.7.

For the combustion strategies that have been considered for the ALCELL®
and Kraft processes, there are only two factors that influence the Cumulative
Energy values of the products of the processes. They are as follows:

@® The total Cumulative Energy entering the process.

@ The number of products amongst which the Cumulative Energy

entering the process is distributed.

Product Stream
Furfural

Dry Lignin

Wood Syrups

Wood Pulp

0 5500 11000 16500 22000 27500 33000
Cumuiative Energy (MJ/ADMT)

Strategy #7 [ Strategy #11

Figure 6.6 — Comparison of Cumulative Energy Values of the Products of
the ALCELL® Process for Combustion Strategies “7” and “11”
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The comparison of the ALCELL® process “Combustion Strategies” in
Figure 6.6 graphically displays the effect that burning the wood syrups has on the
remaining useful products. The Cumulative Energy value of all of the remaining

products increases because;

@ The wood syrups stream is a more “expensive” fuel, in terms of its
Energetic Production Efficiency, than the fuel it is replacing in the

cogeneration system, namely Bunker C fuel oil. (See Table 6.2).

@ There are fewer useful products amongst which the Cumulative Energy

entering the process can be distributed.

Saccsnnsccusanennn g
Emesncscccnsannnn . o

Wood Puip

0 5000 10000 15000 20000 25000
Cumulative Energy (MJ/ADMT)

Strategy B Strategy C

E] strategy A

Figure 6.7 — Comparison of Cumulative Energy Values of the Products of
the Kraft Process for Combustion Strategies “A”, “B” and “C”

Observations, similar to those of the ALCELL® process, can be made for

the use of “Hog Fuel” in the cogeneration system of the Kraft process.



6.6 Alternative Treatment of the ALCELL® Process

A method of demonstrating the usefulness of the Cumulative Energy
Consumption analysis may be performed by assuming that the ALCELL®
process is comprised of only one large section (referred to as the “Lumped”
ALCELL® process in Figure 6.8). The resuit of this assumption would be that the
useful product streams obtain Cumulative Energy values based solely upon their
masses. Figure 6.8 graphically represents the differences that arise due to an

alternative treatment of the same process.

Product Stream
Furfural -g

Dry Lignin

- o

Combustion Strategy #7

Wood Syrups

Wood Pulp

o 5000 10000 15000 20000 25000
Cumulative Energy (MJ/ADMT)

Actual” ALCELL

"Lumped” ALCELL

Figure 6.8 — Comparison of the Cumulative Energy of the Products of the
“Actual” and “Lumped” ALCELL® Processes

The effects of “lumping” a process into large sections, or even assuming
that the entire process is comprised of only one section, are noticeable in Figure

6.8. These effects may be listed as follows:

@ The processing/refining requirements of certain product streams may

be underestimated by assuming a “lumped” model. (e.g., “lumping”
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the ALCELL® process into one section caused the Cumulative
Energy value of the wood syrups to decrease to a value that is
approximately equal to one half of its “unlumped” Cumulative Energy

value.)

@ The opposite effect of that mentioned in @ is also observed for the

other three products that are produced with “Combustion Strategy #7.



CHAPTER 7

CONCLUSIONS

7.1 Conclusions

Conclusions pertaining to the Cumulative Energy Consumption analysis

are listed as follows:

@ The analysis can be used to determine the Cumulative Energy value
of a product in terms of the amount of energy required to produce

that product.

@ The analysis distributes the energy required by a process among its
useful products in proportion to their masses. Therefore a process

may be evaluated on the basis of more than one product.

® The analysis can be used to compare the energy requirements of

widely varying processes.

@ The analysis can be used to compare different processes that

produce a common product.

® The most probable byproduct combustion strategies give specific
Cumuiative Energy Consumption values to the wood pulp of 12.3
MJ/kg for the ALCELL® process and 14.5 MJ/kg for the Kraft

process.

119
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The Cumulative Energy Consumption efficiency of generation of
steam and electricity decrease when a fuel with a specified
“combustion efficiency”! replaces another fuel with higher

“combustion efficiency”.

@ The Cumulative Energy Consumption efficiency of generation of
steam and electricity decrease when a fuel with a specified “Energy
Production Efficiency™2 replaces another fuel with higher “Energy

Production Efficiency”.

® Steam and electricity generation efficiency changes affect the
Cumulative Energy Consumption values of the products of the

process.

1 Boiler Efficiency.
2 Energy Production Efficiency is defined as the ratio of the “energy made available from
combustion” to the sum of the "energy made available from combustion” and the “energy required

to produce the fuel”.
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A.1 Sample Calculation for the most Probable Byproduct Combustion
Strategy of the ALCELL® Process

The most probable operating strategy for the ALCELL® process would
involve the combustion of some of the byproducts of the process. The
combustion of these byproducts is done so that the fuel oil (e.g. Bunker C)
requirement, of the Cogeneration System (Section 14), can be reduced or even

eliminated.

The byproduct combustion strategy that is most likely to be followed by a
commercial ALCELL® plant is presented as “Combustion Strategy #7" and it
would involve the combustion of the following byproducts:

@® Wocedroom Rejects (Stream 6)

@ Brownstock Screen Rejects (Stream ER)
® Hot Decanter Tar Layer (Stream EB)

@® Heavy Furfural Residue (Stream DC)

The sample calculations presented here follow the plant sections that were
described in Chapter 3 of this thesis. The operating parameters for this set of
results may be found in Table 5.1. In the following tables, streams are identified

according to Figure 3.1 and Table 3.1.
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A.1.1 Section 1 — The Woodroom

A schematic diagram of the woodroom used for the ALCELL® process is
shown in Figure 3.2. This section contains two sub-sections, the debarking drums
and the chipper. The debarking drums and chipper are referred to as sub-
sections 1A & 1B respectively.

Table A.1.1 — Mass, Energy and Cumulative Energy Balances for the
Woodroom of the ALCELL® Process

Mass Energy (Basis =0°C) __Cumulative Energy

Balance Items (Basis = 1 ADMT of Pulpt) kg MJ % MJ %
Influents/Stream

Logs/1 402253 0.00 0.00 60338t 22.85

Low Pressure Injection Steam/2 0.00 0.00 0.00 0.001 0.00

Recirculated Wash Water/3 3370.00 987.01 73.94 987.01 37.39

Electricity — 347.80 26.06 1049.74%  39.76
Sum 7392.53 133481 100.00 2640.13  100.00
Useful Effluents/Stream

Wood Chips/C 3178.89 0.00° 0.00 2228.77 84.42

Hog Fuel/6 843.64 0.00 0.00 411.36 15.58
Losses/Stream

Heat Rejected to the Environment _ 911.81 68.31 0.00 0.00

Sewer Water/5 3370.00 423.00 31.69 0.00 0.00
Sum 7392.53 133481  100.00 2640.13  100.00

+— Pulp is leaving the Pulp Machine & Press at a consistency of 50%.

o — Wood Chips are stored as a “Chip Pile” where they cool down to the datum temperature.
+ - Refer to Appendix B for Sample Calculation.

1 — Nisteam = 60.15% (Table 5.18, Strategy 7)

8 — Novelec = 33.13% (Table 5.18, Strategy 7)

Sub-Section 1A — Debarking Drum

Total Mass of the useful products =
2 Mia = Mpebarked Logs + Maark
=3311.35+ 71118 (A.1)
=4022.53 kg
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Cumulative Energy entering Sub-Section 1A =
ECM =Clogs + Cstgam + Chrecirc. waer + Ciec 14
= 603.38 + 0.00 + 547.69 + 650.37
=1801.44 MJ

Cumulative Energy of the Debarked Logs =

Mpobark
Chebarked Logs = ZA;::O“ xZC,A

- (33 -3%022'53) x 1801.44

=1482.94 MJ

Cumulative Energy of the Bark =

= (71 7 53) x 1801.44

=318.49 MJ
Sub-Section 1B — Chipper

Total Mass of the yseful products =
Z Mig = Myood chips + MFines
=3178.89 +132.45
=3311.34 kg

Cumulative Energy entering Sub-Section 1B =

ZC1B = Cpebarked Logs + CRecirc. water + Ceiec 18
=1482.94 + 439.32 + 399.37
= 2321.63 MJ

(A.2)

(A.3)

(A.4)

(A.5)

(A.6)
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Cumulative Energy of the Wood Chips =
Mm::d Chips
———x )Y C.
CWood E M18 z 18
- 13178.8
= (3 %311.34) x 232163

=2228.77 MJ

Cumulative Energy of the Fines =

M,
CFinas Z’;’:’e’s x ZCIB

= (192454511 34) x 202163
=92.87 MJ

(A.7)

(A.8)

The Cumulative Energy of the woodroom’s rejects is equal to the sum of

the Cumulative Energy of the fines and the bark.

CWoodroom Rejects = Caark + Crines
=318.49+92.87
=411.36 MJ

(A.9)
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A.1.2 Section 2 — Extraction and Flash Evaporation

A schematic diagram of the Extraction & Flash Evaporation section is

shown in Figure 3.3.

Table A.1.2 — Mass, Energy and Cumulative Energy Balances for the
Extraction and Flash Evaporation Section of the ALCELL® Process

Mass Energy (Basis =0°C)  Cumulative Energy

Balance Items (Basis = 1| ADMT of Pulp?) kg MJ % MJ %
Influents/Stream
Wood Chips/C 3178.89 0.00° 0.00 2228.77 7.28
Fresh Liquor/DK 560725 1506.65 10.89 8755.81 28.61
Wash Water/AN 779142 2656.74 19.21 2656.74 8.68
Low Pressure Injection Steam/D 356.27 975.18 705 1621271 5.30
Medium Pressure Injection Steam/F 201.50 555.23 4.02 923.081 3.02
High Pressure Indirect Heat Steam/W — 7477.17 54.06 1243098  40.61
Electricity — 659.59 4.77 1990.81% 6.50
Sum 1713533 13830.56 100.00 3060746 100.00
Useful Effluents/Stream
Flashed Weak Black Liquor/BF 6228.01 1767.09 12.78 9798.35 32.01
Wet Pulp/AO 742098 1966.61 1422 11675.22 38.14
High Pressure Flash Vapor/BB 1602.35 2448.66 17.70 2520.93 8.24
Medium Pressure Flash Vapor/BC 1130.58 1746.61 12.63 1778.72 5.81
Low Pressure Flash Vapor/BD 575.73 866.71 6.27 905.78 2.96
High Pressure Steam Condensate — 2362.95 17.08 3928461 12.84
Losses
Heat Rejected to the Environment — 0.09 0.00 0.00 0.00
Purge Streams/H & I 177.68 281.94 2.4 0.00 0.00
Cooling Water Enthalpy Increase —_ 2389.90 17.28 0.00 0.00
Sum 1713533 1383056 100.00 3060746  100.00

+ — Pulp is leaving the Pulp Machine & Press at a consistency of 50%.

&1~ Wood Chips are stored as a “Chip Pile” where they cool down to the datum temperature.
1 — Nsteam = 60.15% (Table 5.18, Strategy 7)

§ — Tlovelec = 33.13% (Table 5.18, Strategy 7)

— Extracti lash rati

Total Mass of the useful products =

zMz = Mwet puip + Mwea Liquor + Mp, Mp & LP Fash vapors
= 7420.98 + 6228.01+ 1602.35 + 1130.58 + §75.73 (A.10)
=16957.65 kg
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Cumulative Energy entering Section 2 =
Zcz = CWoodChips +CFmshLiquor + Cwash water + Csieam + Cetoc 2
= 2228.77 + 8755.81+2656.74 + 14975.33 +1990.81 (A.1 1)
= 30607.46 MJ

Cumulative Energy of the Wet Pulp =
MWB! Pulp
= —m— X C,-C,
Cvot Puip ZMz {Z 2 CW'}

= (7420987 o7 65) x {30607.46 — 3928.46} (A.12)

=11675.22 MJ

Cumulative Energy of the Weak Liquor =
MWeak Liquor
Cveak Licwor = —e—2e x{¥' C, - C,
leak Liquor z Mz {z 2 Cond }

- (6228-0}1/ 6957.65)>< {30607.46 - 3928.45} (A.13)

=9798.35 MJ

Cumulative Energy of the High Pressure Flash Vapor =

M
Chp Flash vapor = szna;::apor X {Z C,- CCand}

= (1602.35/ 7 ¢5)x{30607.46 - 3928.46} (A.14)
= 2520.93 MJ

Cumulative Energy of the Medium Pressure Flash Vapor =

M
Cup Fiash vapor = Mpila;;:aw X {Z Cz- CCond}

_ (1130.58 x {30607.46 — 3928.46} (A.15)

1 6957.65)
=1778.72 MJ

Cumulative Energy of the Low Pressure Flash Vapor =
MLP Flash Vapor
C =—=——X{» C,-C,
LP Flash Vapor Z M2 {E 2 Cand}

- (575-73 x {30607.46 - 3928.46} (A.16)

1 6957.65)
=905.78 MJ
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A.1.3 Section 3 — Screening & Oxygen Delignification

A schematic diagram of the Screening & Oxygen Delignification section is

shown in Figure 3.4.

Table A.1.3 — Mass, Energy and Cumulative Energy Balances for the
Screening & Oxygen Delignification Section of the ALCELL® Process

Mass Energy (Basis=0°C) Cumulative Energy

Balance Items (Basis = 1 ADMT of Pulpt) kg MJ % MJ %
Influents/Stream
Wet Pulp/AO 7420.98 1966.61 24.17 1167522 55.35
Delignification Chemicals/EU&EV 411.34 14.82 0.18 1167.04% 5.54
Wash Water/FA 8950.00 3632.19 53.78  3632.19 21.19
Medium Pressure Injection Steam/EW 348.00 958.90 11.19 1594201 7.35
High Pressure Injection Sicam/EX 34.50 104.44 1.22 173.631 0.80
Recovered Heat (M12) —_ 149.79 1.89 149.79 0.75
Electricity —_ 649.12 7.57  1959.20% 9.02
Sum 17164.82 747587 100.00 2035127 100.00
Useful Effluents/Stream
Clean Pulp/FC 7099.86 2316.43 27.89 19404.18 90.69
Screen Rejects/ER 24.80 481 0.06 67.77 032
Recovered Heat (M11) — 588.43 1145 588.43 4.51
Recovered Heat (M17) — 290.89 11.36 290.89 448
Losses
Heat Rejected to the Environment — 1585.47 29.72 0.00 0.00
Sewer Water/FG 10040.16 2689.84 19.52 0.00 0.00
Sum 17164.82 747587  100.00 20351.27  100.00

+ —Pulp is leaving the Pulp Machine & Press at a consistency of 50%.
{ — Refer to Appendix B for Sample Calculation.

{ ~Nsteam = 60.15% (Table 5.18, Strategy 7)

$ — Novelec = 33.13% (Table 5.18, Strategy 7)

— ing and Ox ignificati

Total Mass of the usefyl products =
ZMa = Mcigan puip + Mscrsen Rejocts
= 7099.86 + 24.80 (A.17)
=7124.66 kg
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Cumulative Energy entering Section 3 =
Y. Cs = Cuer puip + Cnomicats + Cwater + Csswam +Curz +Coiec 3
=11675.22+1167.04 + 3632.19 + 1767.83 + 149.79 + 1959.20 (A.18)
=20351.27 MJ

Cumulative Energy of the Clean Pulp =
_ MCIaan Pulp

Ccioan Pup = —‘“‘_‘2 M, X {Z Cs ‘meﬂ}
= (7099-867. ., o) % {20351.26 - 679.32} (A.19)
=19404.18 MJ

Cumulative Energy of the Screen Rejects =
MScraen Rejects
C octs =~ X1),C3—-C
Screen Rejects z M3 {2 3 M11,M17 }

- (24-8% 104, 66) x {20351.26 — 879.32} (A.20)
=67.77 MJ
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A.1.4 Section 4 — The Bleach Plant

A schematic diagram of the Bleach Plant is shown in Figure 3.5.

Table A.1.4 — Mass, Energy and Cumulative Energy Balances for the
Bleach Plant of the ALCELL® Process

Mass Energy (Basis = 0°C) _ Cumulative Energy

Balance Items (Basis = 1 ADMT of Pulph) kg MJ % MJ %
Influents/Stream
Clean Pulp/FC 7099.86 231643 4464 19404.17 80.26
Bleaching Chemicals/FQ,GE & GT 167.12 0.00 0.00 516.92% 2.12
Wash Water/GH 123.95 50.30 0.97 5030 0.15
Recirculated Wash Water/HX 6176.05 1808.84 34 85 1808.84 742
Chlorine Dioxide Solution/FP & GS 1595.14 0.00 0.00 51727 2717
Medium Pressure ClO2 Sparge Steam 14.82 40.84 0.79 67.901 0.07
Medium Pressure Injection Steam/FR... 6620 182.41 3.51 303.261 1.24
Recovered Heat (M12) —_ 69.98 1.35 69.98 0.30
Recovered Heat (M13) —_ 403.74 7.78 403.74 1.77
Electricity _ 317.02 6.11 956.83% 3.90
Sum 15243.14 5189.5¢ 100.00 2409921 100.00
Useful Effluents/Stream
Bleached Pulp/HG 8156.95 2216.07 4240 22879.65 94.01
Recirculated Wash Water/3 3370.00 987.01 18.73 987.01 4.02
Recovered Heat (M16) — 23255 9.18 232.55 1.97
Losses
Heat Rejected to the Environment — 901.62 17.46 0.00 0.00
Sewer Water/FY 3716.19 85231 12.23 0.00 0.00
Sum 15243.14 §189.56 100.00 24099.21 100.00

+ —Pulp is leaving the Pulp Machine & Press at a consistency of 50%.
} —Refer to Appendix B for Sample Calculation.

1 — Ngteam = 60.15% (Table 5.18, Strategy 7)

§ — Novelec = 33.13% (Table 5.18, Strategy 7)

i - lan

Total Mass of the useful products =

> M, = Mgachod pup

(A.21)
= 8156.95 kg
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Cumulative Energy entering Section 4 =
204 = Crsan pup + Conemicais ¥ Cwiarer + Csoam + Crtrzu13 + Cotoc «

=19404.17 +1034.19 + 1859.14 + 371.16 + 473.72 + 956.83 (A 22)
= 24099.21 MJ
Cumulative Energy of the Bleached Pulp =
MBisached pui
Chlsached Pup = —YE—UE- X {2 Cs —Curs — Checirc. Warsr}

_ (8156.95 _ _ 1
_( 5 156.05) % {24099.21-232.55 - 987.01]  (A.23)
= 22879.65 MJ
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A.1.5 Section 5§ — The Pulp Machine

A schematic diagram of the Pulp Machine is shown in Figure 3.6.

Table A.1.5 — Mass, Energy and Cumulative Energy Balances for the Puip
Machine of the ALCELL® Process

Mass Energy (Basis = 0°C) _ Cumulative Energy

Balance Items (Basis = 1 ADMT of Pulp?) kg MJ % MJ %
Influents/Stream

Bleached Pulp/HG 8156.95 2216.07 86.73 2287967 95.72

Shower Water/HT 0.00 0.00 0.00 0.00 0.00

Low Pressure Injection Steam/HH 0.00 0.00 0.00 0.001 0.00

Electricity — 339.16 13.27 1023.66% 4.28
Sum 815695 255523 100.00 2390333 100.00
Useful Effluents/Stream

Pressed Pulpf/HU 1800.00 355.11 13.90 2209449 9243

Recirculated Wash Water/HX 6176.05 1808.84 70.79 1808.84 1.57
Losses

Heat Rejected to the Environment — 339.16 13.27 0.00 0.00

Screen Rejects/HK 180.90 52.12 2.04 0.00 0.00
Sum 8156.95 2555.23 100.00  23903.33 100.00

t — Pulp is leaving the Pulp Machine & Press at a consistency of 50%.
1 ~ Ngteam = 60.15% (Table 5.18, Strategy 7)
§ —Noveiec = 33.13% (Table 5.18, Strategy 7)

Section 5 — The Pulp Machine

Total Mass of the ysefu] products =
M: =M,
2 s Pressed Pulp ( A2 4)
=1800.00 kg
Cumulative Energy entering Section 5 =
2 Cs = Cgiaached puip + Cwater + Csteam + Celec 5
= 22879.67 +0.00 +0.00 + 1023.66 (A.25)
= 23903.33 MJ
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Cumulative Energy of the Pressed Pulp =

M,
Chrassed Pup = -——ngs:;:"’p X {Z Cs —Cregic. wg,,,}

- (1 800.00/ soo.oo) x {23903.33 - 1808.84} (A.26)
= 22094.49 MJ
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A.1.6 Section 6 — Lignin Recovery

A schematic diagram of the Lignin Recovery section is shown in Figure
3.7.

Table A.1.6 — Mass, Energy and Cumulative Energy Balances for the Lignin
Recovery Section of the ALCELL® Process

Mass Energy (Basis = 0°C)  Cumulative Energy

Balance Items (Basis = 1 ADMT of Pulp?) kg MJ % MJ %
Influents/Stream

Flashed Weak Black Liquor/BF 6228.01 1767.09 46.08 9798.35 41.22

Stillage from Alcohol Recovery/BG 7869.61 1219.43 31.80 12288.53 51.70

Recirculated Wash Water/BR 3000.00 434 46 11.33 434.46 1.83

Electricity — 413.50 10.79  1248.03% 525
Sum 17097.62 383448 100.00 2376937 100.00
Useful Effluents/Stream

Dilute Alcohol/BL. 16473.40 1386.77 36.17 20592.80 86.64

Wet Lignin/BT 62422 51.45 1.34 780.31 3.28

Recovered Heat (M21) — 2396.26 62.49 2396.26 10.08
Losses

Heat Rejected to the Environment — 0.00 0.00 0.00 0.00
Sum 17097.62 383448 100.00 2376937  100.00

+ — Pulp is leaving the Pulp Machine & Press at a consistency of 50%.
§ —Novelec = 33.13% (Table 5.18, Strategy 7)

i —Li

Total Mass of the useful products =
Z Ms = Myet Lignin + Mpitute aiconol
= 624.22 +16473.40 (A.27)
=17097.62 kg

Cumulative Energy entering Section 6 =
Y Cs = Cyyaak Liguor *+ Csiitiage + Criecire. water + Ctac s
= 9798.35 + 12288.53 + 434.46 + 1248.03 (A.28)
= 23769.37 MJ
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Cumulative Energy of the Dilute Alcohol =
MDIIuta _""Dilute Alcohol
C = Cs—C
Dilute Alcohol ZMs x{z 6 M21}

= (16473.40/" o7 60) % {23769.37 - 2396.26}

= 20592.80 MJ

Cumulative Energy of the Wet Lignin =
_ Mt
CWG!‘ Lignin = et gnln {ZCG CM21 }

- (824 ;1/7097. 62) % {23769.37 - 2396.26}
= 780.31MJ

(A.29)

(A.30)
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A.1.7 Section 7 — Lignin Dryer

A schematic diagram of the Lignin Dryer is shown in Figure 3.8.

Table A.1.7 — Mass, Energy and Cumulative Energy Balances for the Lignin
Dryer of the ALCELL® Process

Mass Energy (Basis =0°C) _Cumulative Energy

Balance Items (Basis = 1 ADMT of Pulph) kg M) % MJ %
Influents/Stream
Wet Lignin/BT 62422 5145 3.47 780.31 24.58

Medium Pressure Indirect Heat Steam — 395.10  26.56 656.861  20.70
High Pressure Indirect Heating Steam — 478.82 32.19 796.041 2507
Recovered Heat (M4) - 37380  25.13 373.80 11.77

Electricity 188.10 12.65 567.73%  17.88
Sum 62422 148727  100.00 317474  100.00
Useful Effluents

Dry Lignin/BV 364.13 85.06 572 2766.74 87.15

Medium Pressure Condensate —_ 94.10 6.33 156.441 493

High Pressure Condensate — 151.32 10.17 251.561 792
Losses

Heat Rejected to the Environment — 0.74 0.05 0.00 0.00

Sewered Condensate/BW 260.09 33.90 2.28 0.00 0.00

Cooling Water Enthalpy Increase — 1122.15 75.45 0.00 0.00
Sum 624.22 148727  100.00 3174.74  100.00

t+ —Pulp is leaving the Pulp Machine & Press at a consistency of 50%.
1 — Nsteam = 60.15% (Table 5.18, Strategy 7)
§ —Novelec = 33.13% (Table 5.18, Strategy 7)

Total Mass of the useful products =

> My = Mpy, Lignin (A31)
= 364.13 kg

Cumulative Energy entering Section 7 =
. C7 = Cuet Lignin + Csteam + Cuta + Ceiec 7
= 780.31+1452.90 + 373.80 +567.73 (A.32)
=3174.74 MJ
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Cumulative Energy of the Dry Lignin =
Moo ,o
Cory Lignin =—%X{ZC7’Cm}

= (364-1%64_ ] 3) x {3174.74 - 408.00} (A.33)
= 2766.74 MJ
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A.1.8 Section 8 — Alcohol Recovery

A schematic diagram of the Alcohol Recovery section is shown in Figure

3.9.

Table A.1.8 — Mass, Energy and Cumulative Energy Balances for the
Alcohol Recovery Section of the ALCELL® Process

Mass Energy (Basis = 0°C) _Cumulative Energy

Balance Items (Basis = 1 ADMT of Pulpf) kg MJ % MJ %
Influents/Stream
Dilute Alcohol/BL 16473.40 1386.77 13.31 20592.80 59.36
Recirculated Alcohol/CT 1.58 0.33 0.00 1221 0.04
Make-up Alcohol/DJ 96.87 454 0.04  1619.04% 4.67
High Pressure Flash Vapor/BB 160235  2448.66 23.51 252093 7.27
Medium Pressure Flash Condensate/BC ~ 1130.58 163.46 1.57 195.56 0.56
Low Pressure Flash Vapor/BD §75.73 866.71 8.32 905.78 261
Medium Pressure Indirect Heat Steam — 3633.97 3489 6041571 17.42
Low Pressure Indirect Heat Steam/46 — 0.00 0.00 0.001 0.00
High Pressure Ejector Steam/45 — 90.51 0.87 150.481 0.43
Recovered Heat (M6) — 1410.00 13.54  1410.00 4.06
Electricity —_ 41137 3.95 1241.63§ 3.58
Sum 19880.51 1041632 100.00 34690.00  100.00
Useful Effluents/Stream
Fresh Liquor/DK 560724 1506.65 1446 875581 25.24
Stillage to Lignin Recovery Section/BG  7869.60 1219.43 11.71 1228853 35.42
Decanted Furfural/CH 2401 -0.21 0.00 3749 0.11
MVR Evaporator Feed/CK 6379.66  2278.58 21.87 996194 28.72
Recovered Heat (M2) — 480.00 4.61 480.00 1.38
Recovered Heat (M14) 1591.30 15.28 1591.30 4,59
Medium Pressure Condensate 865.47 8.31 1438.871 4.15

Low Pressure Condensate/46B — 0.00 0.00 0.001 0.00

Vacuum Ejector Exhaust/45B 81.84 0.79 136.061 0.39
Losses

Heat Rejected to the Environment — 0.01 0.00 0.00 0.00

Cooling Water Enthalpy Increase _ 239325 22.97 0.00 0.00
Sum 19880.51 1041632  100.00  34690.00  100.00

1+ — Pulp is leaving the Pulp Machine & Press at a consistency of 50%.
¥ — Refer to Appendix B for Sample Calculation.

{ —Nsteam = 60.15% (Table 5.18, Strategy 7)

§ — Novelec = 33.13% (Table 5.18, Strategy 7)
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Section 8 — Alcohol Recovery

Total Mass of the yseful products =
Y Mg = Merooh tiguor + Msiitage + Mpecanted Furturat + MEevap Foed
=5607.24 + 7869.60 + 24.01+ 6379.66 (A.34)
=19880.51kg

Cumulative Energy entering Section 8 =

ZCa = Cyp s P Fiashvipors + O Frash cond. + Caicorar + Cuis + Csteam + Ctocs
= 3426.71+ 195.56 + 22224.05 + 1410.00 + 6192.05 + 1241.63 (A.35)
= 34690.00 MJ

Cumulative Energy of the Fresh Liquor =
Mrresh Li
Crresh Liguor = _Ef A;l: =L % {Z Cs ~Cumz,m14 —Ccong — CExhaust}

= (5607- 24/ 380, 51) x{34690.00 — 2071.30 - 1438.87 - 136.06} (A.36)
= 8755.81MJ

Cumulative Energy of the Stillage =
M siina
Cstitage = iﬂ Mge x {Z Ce —Cumz.m14 ~Ccong — CExhaust}

—(7869. _ _
= ( 49880.5,) x {34690.00 — 2071.30 - 1438.87 — 136.06} (A.37)
=12288.53 MJ

Cumulative Energy of the Decanted Furfural =

MDealnled Furtural

Coecantod Furtwal = Z M, X {ZCG —Cuzmie —Ceond — Cemusr}

- (24-0}{9880. 51) x {34690.00 — 2071.30 — 1438.87 ~136.06} (A.38)
=37.49 MJ
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Cumulative Energy of the Mechanical Vapor Recompression (MVR) Evaporator Feed =

M
Cevap Fead = _i%zel X {ZCB —Cuzmia —Coong = CExhaust}

- (6379-6% 9880.5 1) x {34690.00 — 2071.30 - 1438.87 - 136.06}  (A.39)
= 9961.94 MJ
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A.1.9 Section 9 — Mechanical Vapor Recompression Evaporator

A schematic diagram of the MVR Evaporator is shown in Figure 3.10.

Table A.1.9 — Mass, Energy and Cumulative Energy Balances for the
Mechanical Vapor Recompression Evaporator of the ALCELL® Process

Mass Energy Cumulative Energy
Balance Items (Basis = 1 ADMT of Pulpf) kg MJ % MJ %
Inflyents/Stream
MYVR Evaporator Feed/CK 6379.66 2278.58 1893  9961.94 37.85

Turbine Compressor Inlet Steam/CM — 949877 7891 15791931  60.01
High Pressure Ejector Steam/48 —_ 5095 042 84.701 032
Medium Pressure Purge Stecam/47 — 114.09 0.95 189.681 0.72

Electricity 9561 0.79 288.57% 1.10
Sum 6379.66 12038.00 100.00 2631682 100.00
Useful Effluents/Stream

Aqueous Layer/EA 1118.09 44285 3.68 873132 33.18

Tar Layer/EB 5122 14.15 0.12 399.95 1.52

Recirculated Wash Water/BR 3000.00 434 .46 3.61 434 46 1.65

Turbine Compressor Exhaust Steam — 9108.46 7566 15143041 5754

Vacuum Ejector Exhaust/48B — 46.07 0.38 76.581 0.29

Recovered Heat (M4) —_ 373.80 3.10 373.80 1.42

Recovered Heat (M12) _ 219.77 1.83 219.77 0.84

Recovered Heat (M13) — 403.74 3.35 403.74 1.53

Recovered Heat (M20) — 534.16 4.44 534.16 2.03
Losses

Heat Rejected to the Environment —_ 76.04 0.63 0.00 0.00

Sewer Water/DI 2210.35 365.56 3.4 0.00 0.00

Purge Condensate — 18.94 0.16 0.00 0.00
Sum 6379.66 12038.00 100.00 2631682 100.00

+ — Pulp is leaving the Pulp Machine & Press at a consistency of 50%.
f — Nsteam = 60.15% (Table 5.18, Strategy 7)
§ —Novelec = 33.13% (Table 5.18, Strategy 7)

i — MVR

Total Mass of the useful products =
Z My = MAquaous Layer + My, Layer
=1118.09 +51.22 (A.40)
=1169.31kg
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Cumulative Energy entering Section 9 =
Y Co =Ceyap.rood + Csteam + Cetec s
= 9961.94 + 16066.31+ 288.57 (A.41)
= 26316.82 MJ

Cumulative Energy of the Aqueous Layer =
M

C aquoous Layer = _A_zwg-ﬁ:-;yg X {2 Co — Crmvsanzrs mz0 — Crocire. warer = Csmm}

= (11 18.09/ 69.31) x {26316.82 - 1531.47 - 434.46-15219.63} (A 42)
= 8731.32 MJ

Cumulative Energy of the Tar Layer =

M
Crar Layer = f ;;y =X {ZC ~Cuta sz mz0 — Crocic. water = CExhaust}

=( '/169_31)x{26316.82—1531.47—434.46-.15219.63} (A.43)
= 399.95 MJ
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A.1.10 Section 10 — Furfural Reactor

A schematic diagram of the Furfural Reactor is shown is Figure 3.11.

Table A.1.10 — Mass, Energy and Cumulative Energy Balances for the
Furfural Reactor of the ALCELL® Process

Mass Energy (Basis = 0°C) Cumulative Energy

_Balance Items (Basis = 1 ADMT of Pulph) kg M % M7 %

Influents/Stream

Aqueous Layer/EA 1118.09 442385 38.94 8731.32 88.32

Reactor Injection Steam/CO 220.00 694.52 61.06 1154661 11.68

Electricity — 0.00 0.00 0.00% 0.00
Sum 1338.09 113737  100.00 988598  100.00
Useful EfMluents/Stream

Reacted Furfural/CP 1338.09 107047 94.12 988598  100.00
Losses

Heat Rejected to the Environment —_ 66.90 5.88 0.00 0.00
Sum 1338.09 113737  100.00 988598  100.00

t ~ Pulp is leaving the Pulp Machine & Press at a consistency of 50%.
§ —Nsteam = 60.15% (Table 5.18, Strategy 7)
§ —Novelec = 33.13% (Table 5.18, Strategy 7)

— Furf r

Total Mass of the useful products =
ZMro = Mgeactsa Furfural (A.44)
= 1338.09 kg ’

Cumulative Energy entering Section 10 =
ch = CAqueous Layer T CSteam + CElec 10
=8731.32 +1154.66 + 0.00 (A.45)
= 9885.98 MJ

Cumulative Energy of the Reacted Furfural =

M
Chreacted Furtural = Regm:;u”um x ZCm
10

= (1338'0%338.09) x 9885.98 (A.46)
= 9885.98 MJ
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A.1.11 Section 11 — Furfural Recovery

A schematic diagram of the Furfural Recovery section is shown in Figure

3.12.

Table A.1.11 — Mass, Energy and Cumulative Energy Balances for the

Furfural Recovery Section of the ALCELL® Process

Mass Energy (Basis =0°C) _ Cumulative Energy
Balance Items (Basis = 1 ADMT of Pulph) kg MJ % MJ %
Influents/Stream
Reacted Furfural/CP 1338.09 107047 70.55 9885.98 92.67
Decanted Furfural/CH 2401 021 0.00 3749 0.35
Medium Pressure Indirect Heat Steam — 44537 29.35 740.441 6.94
Electricity —_ 1.51 0.10 4.56% 0.04
Sum 1362.10 1517.14 100.00 1066847 100.00
Useful Effluents/Stream
Recirculated Alcohol/CT 1.58 0.33 0.02 12.21 0.11
Finisher Evaporator Feed/CW 1291.13 498.04 32.83 994547 93.22
Furfural Product/DB 62.68 0.00 0.00 482.78 4.53
Heavy Residue (Furfural)/DC 6.71 0.00 0.00 51.66 0.49
Medium Pressure Condensate — 106.07 6.99 176.351 1.65
Losses
Heat Rejected to the Environment —_ 0.59 0.04 0.00 0.00
Cooling Water Enthalpy Increase — 912.11 60.12 0.00 0.00
Sum 1362.10 1517.14 100.00 10668.47 100.00
t — Pulp is leaving the Pulp Machine & Press at a consistency of 50%.
{ = Nstexm = 60.15% (Table 5.18, Strategy 7)
$ — Novelec = 33.13% (Table 5.18, Strategy 7)
Section 11 — Furfural Refining
Total Mass of the useful products =
D My; = Maecire. atcoror + Mevap. Foed + Meurturat Product + MResicue
=1.58 + 129113 + 62.68 + 6.71 (A.47)
=1362.10 kg
Cumulative Energy entering Section 11 =
2 C+1 = Cpecanted Furfural + Creacted Furtural + Csteam + Ceiec 11
= 37.49 + 9885.98 + 740.44 + 4.56 (A.48)

=10668.47 MJ
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Cumulative Energy of the Recirculated Alcohol =
MRea icohol
Chrocirc. Alcohol = Emﬂ; X{ZC,, CCond}
1

= (+58{30.10) x 10668.47 ~176.34}
=12.21MJ

Cumulative Energy of the Finisher Evaporator Feed =
MEvap Feed
=—— ¢, —C,
Cevap. Feed ZM" X{z 11 Cond}
= (1291137, . 10) < {10668.47 ~176.34}

=9945.47 MJ

Cumulative Energy of the Furfural Product =

M
Crurtural Product = Fugm,:,z’:dm x{3.Cr1~Ccona}

= (62-68( ., 1) % {10668.47 - 176.34}

= 482.78 MJ

Cumulative Energy of the Heavy Residue =

Chresiave = fa;;;:l:e x {Z C11—Ceona }

= (67} 362.40) % {10668.47 - 176.34}
= 51.66 MJ

(A.49)

(A.50)

(A.51)

(A.52)
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A.1.12 Section 12 — Finisher Evaporator

A schematic diagram of the Finisher Evaporator is shown in Figure 3.13.

Table A.1.12 — Mass, Energy and Cumulative Energy Balances for the
Finisher Evaporator of the ALCELL® Process

Mass Energy (Basis=0'C) _ Cumulative Energy

Balance Items (Basis = 1 ADMT of Pulph) kg MJ % MJ %
Influents/Stream
Finisher Evaporator Feed/CW 1291.13 498.04 15.80 994547 75.15
Medium Pressure Flash Vapor/BC 1130.58 1746.61 55.39 1778.72 13.44
Medium Pressure Indirect Heat Steam — 908.46 28.81 1510341 1141
Electricity —_ 0.00 0.00 0.00% 0.00
Sum 2421.71 3153.11 100.00 1323453 100.00
Useful EMuents/Stream
Concentrated Syrups/DF 411.02 146.58 465 1049426 79.29
Recovered Heat (M6) —_ 1410.00 44.72 1410.00 10.65
Recovered Heat (M18) — 775.00 24.58 775.00 5.86
Medium Pressure Flash Condensate/BC ~ 1130.58 163.46 5.18 195.57 1.48
Medium Pressure Condensate — 216.36 6.86 359.701 2.72
Losses
Heat Rejected to the Environment - 049 0.02 0.00 0.00
Sewer Water/DD 880.11 189.34 6.00 0.00 0.00
Cooling Water Enthalpy Increase —_ 251.88 7.99 0.00 0.00
Sum 2421.71 3153.11 100.00 13234.53  100.00

+ — Pulp is leaving the Pulp Machine & Press at a consistency of 50%.
{ —Ngteam = 60.15% (Table 5.18, Strategy 7)
§ —TNovelec = 33.13% (Table 5.18, Strategy 7)

Section 12 — Finisher Evaporator

Total Mass of the useful products =

ZML? =MWoodSyrups (A.53)
=411.02 kg )

Cumulative Energy entering Section 12 =
Y. C12 = Ceap Feed + Cutp Frash vapor + Csiwam + Cetec 12
= 9945.47 +1778.72 +1510.34 + 0.00 (A.54)
= 13234.53 MJ
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Since the medium pressure (MP) flash vapor is used solely as a source of
heat by condensing the vapor in an indirect manner. This heat will be
considered as being a recovered energy stream. Therefore the Cumulative
Energy of the Flash Condensate is given by:
Cwmp Flash Cond =CMPFIashVapor -(EMPFIashVapor “Eupnashcom)
=1778.72 - (1746.61— 163.46) (A.55)
=195.57 MJ

Cumulative Energy of the Concentrated Syrups =

pS

Corr. = Mom
Syrups — ZMIZ

X {Z Ci2 —Cusm18 ~ Cmp Flash cond — CCond}

= (41 1 0%1 1.02) x {13234.53 - 2185.00 - 195.57 - 359.70} (A.56)
= 10494.26 MJ
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A.1.13 Section 13 — The Chlorine Dioxide Generator

A schematic diagram of the Chlorine Dioxide generator is shown in Figure

3.14.

Table A.1.13 — Mass, Energy and Cumulative Energy Balances for the
Chlorine Dioxide Generator of the ALCELL® Process

Mass Energy Cumulative Energy
Balance Items (Basis = 1 ADMT of Pulph) kg MJ % MJ %
Influents/Stream
Sulfuric Acid/801 37.76 3.16 092 40.77% 6.26
Chemicals/807 237.83 19.90 5.80 112.48% 17.28
Chilled Water/816 1650.00 69.04 20.12 69.04 10.60
Medium Pressure Indirect Heat Steam — 20847  60.76 346591 53.23
High Pressure Ejector Steam/818 — 34.11 9.94 56.70% 8.71
Electricity — 845 246 25.50% 392
Sum 1925.59 34313  100.00 651.08  100.00
Useful Effluents/Stream
Chlorine Dioxide Solution/FP & GS 1595.14 0.00 0.00 51727 79.45
Medium Pressure Condensate/804 — 49.65 14.47 82541 12.68
High Pressure Ejector Exhaust/819 — 30.84 8.98 51271 7.87
Losses
Heat Rejected to the Environment — 040 0.12 0.00 0.00
Salicake/84 167.49 1272 i 0.00 0.00
Chlorine Byproduct/817 162.96 3.08 0.90 0.00 0.00
Cooling Water Enthalpy Increase — 246.44 71.82 0.00 0.00
Sum 1925.59 343.13  100.00 651.08  100.00
+ — Pulp is leaving the Pulp Machine & Press at a consistency of 50%.
1 ~ Refer to Appendix B for Sample Calculation.
{ — Nsteam = 60.15% (Table 5.18, Strategy 7)
§ — Novelec = 33.13% (Table 5.18, Strategy 7)
— Ch! i
Total Mass of the yseful products =
M 3 = M ?
XM, CtO, Solution (A.57)
=1595.14 kg
Cumulative Energy entering Section 13 =
Y. Cis = Cenemicats + Cwater + Cswam + Ceec 1
=153.25 + 69.04 + 403.29 + 25.50 (A.58)

= 651.08 MJ
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Cumulative Energy of the Chlorine Dioxide Solution =

Mo, Sous
Ces0, souton =_°‘z°_zﬁw_x{zc13 ~Cand = Cehaust |

- (1 595-1%595.1 4) x {651.08 — 82.54 - 51.27} (A.59)
=517.27 MJ
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A.1.14 Section 14 — Cogeneration System

A schematic diagram of the Cogeneration system is shown in Figure 3.15.

Table A.1.14 — Mass, Energy and Cumulative Energy Balances for the
Cogeneration System of the ALCELL® Process

Mass Energy (Basis = 0°C) _ Cumulative Energy

Balance Items (Basis = 1 ADMT of Pulph kg MI % MJ %
Influents/Stream
Condensate Boiler Feed Water/902 3781.51 225394 932 3747.231 13.01
Make-up Boiler Feed Water/901 128297 1308.68 541 1308.68 4.54
Electricity —_ 64.80 0.27 195.58¢% 0.68
Combustion Energy
Woodroom Rejects/6 — 9248.79 38.27 9660.15 33.54
Brownstock Screen Rejects/ER —_ 167.39 0.69 230.35 0.80
Heavy Residue (Furfural)/DC — 163.64 0.68 21530 0.75
Decanter Tar Layer/EB — 94420 391 1330.00 462
Bunker C Qil _ 10018.34 4145 12114.08° 4206
Sum 506448 24169.78 100.00 2880137 100.00
Useful Effluents/Stream
Process Steam/907 506448  15988.12 66.15 26580.65 92.29
Electricity —_ 1335.75 5.53 2220.72 771
Losses
Heat Rejected to the Environment — 601593 24.89 0.00 0.00
Cooling Water Enthalpy Increase — 829.98 343 0.00 0.00
Sum 506448 24169.78  100.00 2880137  100.00
+ — Pulp is leaving the Pulp Machine & Press at a consistency of 50%.
1 — Nsteam = 60.15% (Table 5.18, Strategy 7)
§ — Novelee = 33.13% (Table 5.18, Strategy 7)
& — NBunker C = 82.7%, Boustead & Hancock [1].
Section 14 — Cogeneration
Total Energy of the yseful] products =
Y. E14 = Eproduced Etsctricity + Eprocess steam
=1335.75 + 15988.12 (A.60)

=17323.87 MJ
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Cumulative Energy entering Section 14 =
Zcu = Carw + Ceiac 14 + Cooodroom Rejects +C‘Scmanﬁafeas +Chresicue + Crar Layer + Counker ¢
= 5055.91+195.58 + 9660.15 + 230.35 + 215.30 + 1330.00 + 12114.08
=2880137 MJ
(A.61)

The Cumulative Energy of the byproducts that are used as fuel in
the cogeneration section is equal to the sum of the Cumulative Energy that

is normally apportioned to this stream by mass and the streams
combustion energy (i.e. heat of combustion).

-’-Cayp‘.om =CW+MW th

Cumulative Energy of the Produced Electricity =

E .
o . 3,

_(1335.75
_( % 7303, 87)x28801.37 (A.62)
= 2220.72 MJ

Cumulative Energy of the Process Steam =
EPmoe St
CPmcess Steam = zsgueam x ZCM
- (15988. 3 1323.7) % 2880137 (A.63)

= 26580.65 MJ

Cumulative Energy of the Imported Electricity =

z EE!ec N~ EProducad Electricity
Clmp — N=1
Elec

Imp
nEfac

_ ([3496. 03-1335.75 (A.64)

G 09%)
= 8331.14 MJ
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Overall Efficiency of Electricity Generation =

14
2. Eeecn
Novelec = 59"7’-7’170_3:3

Elec

3496.03
= (8331.14+ 2220.72)"100% (A.65)

=33.13%

Efficiency of Steam Generation =

=(15988.12)x100% (A.66)
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A.2 Sample Calculation for the most Probable Operating Strategy of the
Kraft Process

The Kraft process produces only one byproduct that can be used as a fuel
for the Cogeneration system (Section 10). For a commercial Kraft mill the normal
mode of operation would be to burn all of the woodroom rejects (Stream 104).

This strategy is presented as “Combustion Strategy C".

The sample calculations presented here follow the plant sections that were
described in Chapter 4 of this thesis. The operating parameters for this set of
results may be found in Table 5.1. In the following tables, streams are identified

according to Figure 4.1 and Table 4.1.
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A.2.1 Section 1 — The Woodroom

A schematic diagram of the woodroom used for the Kraft process is shown

in Figure 4.2. This section contains two sub-sections, the debarking drums and

the chipper. The debarking drums and chipper are referred to as sub-sections 1A

& 1B respectively.

Table A.2.1 — Mass, Energy and Cumulative Energy Balances for the

Woodroom of the Kraft Process

Mass Energy (Basis =0°C)  Cumulative Energy

Balance Items (Basis = 1 ADMT of Pulph) kg MJ % MJ %
Influents/Stream

Logs/101 3769.57 0.00 0.00 56544t  19.68

Recirculated Wash Water/102 3370.00 987.01 75.20 987.01 34.35

Low Pressure Injection Steam/103 0.00 0.00 0.00 0.001 0.00

Electricity —_ 32545 24.80 1321.25% 4597
Sum 7139.57 131246 100.00 2873.70 100.00
Useful Effluents/Stream

Wood Chips/12 206741 0.00 0.00 242474 84.38

Hog Fuel/104 802.16 0.00 0.00 448.96 15.62
Losses

Heat Rejected to the Environment — 889.46 67.77 0.00 0.00

Sewer Water/105 3370.00 423.00 32.23 0.00 0.00
Sum 7139.57 131246  100.00  2873.70  100.00
t — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
{ - Refer to Appendix B for Sample Calculation.
{ = Nsteam = 24.38% (Table 5.23, Strategy C)
§ — Novelec = 24.63% (Table 5.23, Strategy C)

ion 1A — rking Dr
Total Mass of the useful products =
Y Mia = Mpobared Logs + Maark
= 3091.05 + 678.52 (A.67)

= 3769.57 kg
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Cumulative Energy entering Sub-Section 1A =
ZCM = Clogs + Cseam + Crecirc. water + Crlec 14
= 565.44 + 0.00 + 547.69 + 819.79 (A.68)
=1932.92 MJ

Cumulative Energy of the Debarked Logs =

MDebarksd
Coebarked Logs = Z Mm"ogs X ZCM

= (3091. 05 % 1932.92 (A.69)

3769.57)
= 1584.99 MJ

Cumulative Energy of the Bark =
2 M

_(678.52
- (678.524 o 57)x1932.92 (A.70)
= 347.92 MJ

— Chi

Total Mass of the yseful products =
z Mg = Myooq Chips T Meines
= 2967.41+123.64 (A.71)
=3091.05 kg

Cumulative Energy entering Sub-Section 1B =
zcra = Cpabarked Logs + Checirc. water + Ceiec 18
=1584.99 + 439.32 + 501.46 (A.72)
=2525.77 MJ
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Cumulative Energy of the Wood Chips =

M,
CWood Chrps g:ooﬁdleps 2 C1B

= (295743 191.05) ¥ 2525.77
= 2424.74 MJ

Cumulative Energy of the Fines =
M,
CFines < les X 2618

Mg

= (123-8%09105):(2525.77

=101.04 MJ

(A.73)

(A.74)

The Cumulative Energy of the woodroom’s rejects is equal to the sum of

the Cumulative Energy of the fines and the bark.

Cwoodroom Rsjects = Ciark + Crines
=347.92+101.04
= 448.96 MJ

(A.75)
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A.2.2 Section 2 — Pulping System

A schematic diagram of the Pulping System is shown in Figure 4.3.

Table A.2.2 — Mass, Energy and Cumulative Energy Balances for the
Pulping System of the Kraft Process

Mass En asis = (° Cumulative Ener;
Balance Items (Basis = 1 ADMT of Pulp!) kg MJ % MJ %
Influents/Stream
Wood Chips/12 296741 0.00° 0.00 2424.74 9.19
White Liquor/52 3072.14 936.57 14.89 10757.85 40.76
Recirculated Wash Water/62 9354.61 2812.89 4.7 2812.89 10.66
Low Pressure Injection Steam/204 185.00 508.76 8.09 2086.711 791
High Pressure Injection Steam/213 106.43 326.95 5.20 1341.021 5.08
Low Pressure Indirect Heating Steam — 550.01 8.74 2255911 8.55
High Pressure Indirect Heating Steam — 614.38 9.77 2519.931 9.55
Electricity — 540.00 8.59 2192318 8.30
Sum 15685.59 628956 100.00 2639136 100.00
Useful EfMluents/Stream
Weak Black Liquor/23 8096.39 3066.23 48.75 13408.87 50.81
Screened Pulp/26 7131.78 1902.01 30.24 11811.33 4.75
Low Pressure Condensate — 126.85 2.02 520291 1.97
High Pressure Condensate — 158.69 2.52 650.871 247
Losses
Heat Rejected to the Environment — 844.13 13.42 0.00 0.00
Steaming Vessel Purge/201 45742 191.65 3.05 0.00 0.00
Sum 15685.59 6289.56 100.00 26391.36 100.00

T — Pulp is leaving the Pulp Machine Press at a consistency of 50%.

& —Wood Chips are stored as a “Chip Pile” where they cool down to the datum temperature.
{ = Nsteam = 24.38% (Table 5.23, Strategy C)
§ ~ Novelec = 24.63% (Table 5.23, Strategy C)

Section 2 — Pulping System

Total Mass of the useful products =
E My = Myeak Liquor + Msgraened puip
= 8096.39+7131.78
= 15228.17 kg

(A.76)
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Cumulative Energy entering Section 2 =
" C2 = Coood chips + Cunite Liguor + Chodire. water + Csteam + Ciec 2
=2424.74 +10757.85 + 2812.89 + 8203.57 + 2192.31 (A.77)
=26391.36 MJ

Cumulative Energy of the Weak Black Liquor =
“"Weak Liquor
Cw - Y ————— x C — C
laak Liquor 2 M, {Z 2 Cond}

- (8096-39 {5208.17) < {26391.36 - 117116} (A.78)
=13408.87 MJ

Cumulative Energy of the Screened Pulp =

M,
Cscreened Pup = ‘W X {Zcz "'CCond}

_(7131.78
- ( 15223.17) x {26391.36 - 1171.16} (A.79)
= 11811.33 MJ
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A.2.3 Section 3 — Black Liquor Evaporators
A schematic diagram of the Black Liquor Evaporators is shown in Figure
4.4,

Table A.2.3 — Mass, Energy and Cumulative Energy Balances for the Black
Liquor Evaporators of the Kraft Process

Mass Energy Cumulative Energy

Balance Items (Basis = 1 ADMT of Pulp?) kg MJ % MJ %
Influents/Stream

Weak Black Liquor/23 8096.39 306623 4099 13408.87 42.55

Low Pressure Indirect Heat Steam/301 — 4378.89 58.53 17960.291 56.99

Electricity — 36.00 0.48 146.16% 0.46
Sum 8096.39 7481.12 100.00 3151532 100.00
Useful Effluents/Stream

Strong Black Liquor/34 1727.23 338.01 452 24211.75 76.83

Contaminated Condensate/36 6369.16 1732.16 23.15 1732.16 5.50

Low Pressure Condensate/302 — 1009.93 13.50 4142311 13.14

Cooling Water Enthalpy Increase — 436475 5834  1429.10 4.53
Losses

Heat Rejected to the Environment —_— 36.27 0.49 0.00 0.00
Sum 8096.39 7481.12 100.00 31515.32 100.00
1 — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
{ — Nsteam = 24.38% (Table 5.23, Strategy C)
§ —Novelec = 24.63% (Table 5.23, Strategy C)

— Bl i Ev
Total Mass of the useful products =
M3 = Mgirong 1
Z ng Liquor (A.80)
=1727.23 kg
Cumulative Energy entering Section 3 =
ZCS = CWeak Liquor ¥ CSlaam + CEec 3
=13408.87 + 17960.29 + 146.15 (A.81)

=31515.32 MJ
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Cumulative Energy of the Contaminated Condensate =
Ceontaminated Condensate = E contaminatsd condensate (A.82)
=1732.16 MJ

Cumulative Energy of the Return Cooling Water that is used elsewhere in the process =

CRea'rc. Water = ERecitc. Water

=1428.10 MJ (A.83)

Cumulative Energy of the Strong Black Liquor =
Mg .
Cstrong Liguor = _z#‘ﬂ x {Z Cs —Ceond — Cracirc. Water }
3

- (1 727.23 x {31515.32 - 4142.31-3161.26} (A.84)

1727. 23)
=24211.75 MJ
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A.2.4 Section 4 — The Recovery Boiler

A schematic diagram of the Kraft Recovery Boiler is shown in Figure 4.5.

Table A.2.4 — Mass, Energy and Cumulative Energy Balances for the
Recovery Boiler of the Kraft Process

Mass Energy (Basis = 0°C) Cumulative Enerpy

Balance Items (Basis = 1 ADMT of Pulp?) kg MJ % MJ %
Influents/Stream
Fresh Saltcake/401 32.58 0.00 0.00 152.81% 0.32
Saltcake from CIO2 Generator/84 96.58 734 0.05 55.19 0.11
Combustion Air/407 7114.47 0.00 0.00 0.00 0.00
Boiler Feed Water/412 3513.36 1351.83 8.58 4408.92 9.18
Electricity —_ 36.00 023 146.15% 0.30
Low Pressure Indirect Heat Steam/408 —_ 1400.95 8.89 5746.101 11.96
High Pressure Injection Steam/402 73.84 226.83 1.44 930.351 1.94
Strong Black Liquor/34 1727.23 338.01 2.15 24211.75 50.40
Combustion Energy
Strong Black Liquor — 12391.01 78.66 12391.01 25.79
Sum 12558.06 1575197 100.00 4804228 100.00
Useful Effluents/Stream
Smelt/45 594.55 802.64 5.09 7393.84 15.39
Main Steam/413 316202 10828.90 68.75 39323.19 81.85
Low Pressure Condensate/409 — 323.11 205 1325251 2.76
Losses
Heat Rejected to the Environment — 1499.29 9.52 0.00 0.00
Blowdown/410 351.34 484.94 3.08 0.00 0.00
Flue Gas/415 8450.15 1813.09 11.51 0.00 0.00
Sum 12558.06 1575197 100.00 4804228 100.00

1 — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
{ —Refer to Appendix B for Sample Calculation.

1 — Nsteam = 24.38% (Table 5.23, Strategy C)

§ — Novelec = 24.63% (Table 5.23, Strategy C)

ion4 —R Boiler

Total Mass of the yseful products =
2M4 = Msmeit + Mugin sisam
=594.55 + 3162.02 (A.85)
=3756.57 kg
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Cumulative Energy entering Section 4 =
204 = Cstrong Liquor + Csattcake + Ccombustion air + Carw + Csieam + Cerec 4
= 36602.76 + 208.00 + 0.00 + 4408.92 + 6676.45 + 146.15 (A.86)
= 48042.28 MJ

Cumulative Energy of the Smelt =
Mg,
C = et x1Y C4-C
Smelt Z M4 {z 4 Cond }

- (594.55

756.57) < {48042.28 - 1325.25} (A.87)

=7393.84 MJ

Cumulative Energy of the Main Steam =

M
Citain Steam = hg";;: = {204 Ccond}

= (3162.02/ . <o) x{48042.28 - 1325.25} (A.88)
= 39323.19 MJ



Sample Calculations Page 165
A.2.5 Section 5 — The Causticizing Cycle

A schematic diagram of the Causticizing Cycle is shown in Figure 4.6.

Table A.2.5 — Mass, Energy and Cumulative Energy Balances for the
Causticizing Cycle of the Kraft Process

Mass Energy (Basis=0°C) Cumulative Energy

_Balance Items (Basis = 1 ADMT of Pulp) kg MJ % MJ %
Influents/Stream
Smelt/45 594.55 802.64 2493 739384 65.18
Shower Water/504,513,518 & 523 2962.79 867.75 26.94 1700.01 14.99
Make-up Lime/507 14.06 0.00 0.00 139.85% 123
Calciner Fuel Oil/520 34.13 1467.40 45.56 177437° 15.64
Combustion Air/521 568.42 0.00 0.00 0.00 0.00
Electricity — 82.80 2.57 336.15% 296
Sum 417395 322059 100.00 1134422 100.00
Useful Effluents/Stream
White Liquor/52 & 56 3239.59 987.62 30.67 1134422  100.00
Losses
Heat Rejected to the Environment — 1784.12 5540 0.00 0.00
Evaporated Water off Slaker/S09 137.02 366.57 11.38 0.00 0.00
Dregs/505 8.00 048 0.01 0.00 0.00
Grits/508 24.15 398 0.12 0.00 0.00
Flue Gas/524 765.19 77.82 242 0.00 0.00
Sum 4173.95 3220.59 100.00  11344.22 100.00

T — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
f - Refer to Appendix B for Sample Calculation.

§ — Novelec = 24.63% (Table 5.23, Strategy C)

O - NBupker c = 82.7%, Boustead & Hancock [1].

i — icizin !

Total Mass of the useful products =

Me=Mu. ..
Z 5 White Liquor ( A. 89)
= 3239.59 kg

Cumulative Energy entering Section 5 =
Y Cs = Csman + Cater + Crtako—up Lime + Crusi 0t + Coombustion air + Criec 5
= 7393.84 + 1700.01+ 139.85 + 1774.37 + 0.00 + 336.15 (A.90)
=11344.22 MJ
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Cumulative Energy of the White Liquor =

fio30. 59)><1 1344.22

=11344.22 MJ

(A.91)
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A.2.6 Section 6 — Oxygen Delignification

A schematic diagram of the Oxygen Delignification section is shown in

Figure 4.7.

Table A.2.6 — Mass, Energy and Cumulative Energy Balances for the
Oxygen Delignification Section of the Kraft Process

Mass Energy (Basis =0°C) _Cumulative Energy
Balance Items (Basis = 1 ADMT of Pulp?) kg MJ % MJ %
Influents/Stream
Screened Pulp/26 7131.78 1902.01 29.74 1181133 49.95
Contaminated Condensate/36 6369.16 1732.16 27.09 1732.16 7.33
White Liquor/56 167.45 51.05 0.80 586.37 248
Wash Water/605 2580.84 539.91 8.4 539.91 228
Delignification Chemicals/603 11.14 0.00 0.00 103.89% 0.44
Low Pressure Injection Steamn 349.23 960.44 15.02 3939.301 16.66
High Pressure Injection Steam 3450 10598 1.66 434,691 1.84
Low Pressure Indirect Heat Steam/610 — 453.89 7.10 1861.661 7.87
Electricity — 649.12 10.15  263529% 11.15
Sum 16644.10 6394.56 100.00 23644.60 100.00
Useful Effluents/Stream
Clean Pulp/67 7289.49 2115.88 33.09 20402.34 86.29
Recirculated Wash Water/62 9354.61 2812.89 43.99  2812.89 11.90
Low Pressure Condensate — 104.68 1.64 429371 1.81
Losses
Heat Rejected to the Environment — 1361.11 21.28 0.00 0.00
Sum 16644.10 6394.56  100.00 23644.60  100.00
T — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
§ — Refer 10 Appendix B for Sample Calculation.
1 - Nsteam = 24.38% (Table 5.23, Strategy C)
§ — Novelec = 24.63% (Table 5.23, Strategy C)
i — ignifi
Total Mass of the usefyl products =
Ms = Mcigan puy
)y anFup (A.92)

=7289.49 kg
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Cumulative Energy entering Section 6 =

ch = Cesermened Puip + Ceondensate + Cchemicats + Cwhite Liguor + Cwiater + Csteam + Cigiec s
=11811.33 +1732.16 + 103.89 + 586.37 + 539.91+ 6235.65 + 2635.30

= 23644.60 MJ
(A.93)

Cumulative Energy of the Clean Pulp =

M,
Ciloan Puip =——°"2“';,,—P:”X{ch —~ Coond — Checire. Watsr }

= (7289- 49/ 189.a9) < {23644.60-420.37-2812.89}  (A.94)
= 20402.34 MJ
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A.2.7 Section 7 — The Bleach Plant
A schematic diagram of the Bleach Plant is shown in Figure 4.8.

Table A.2.7 — Mass, Energy and Cumulative Energy Balances for the
Bleach Plant of the Kraft Process

Mass Energy (Basis = 0°C) __ Cumulative Energy

Balance Items (Basis = 1 ADMT of Pulpt) kg M % MJ %
Influents/Stream
Clean Pulp/67 7289.49 2115.88 4030 20402.34 72.20
ClO2 Solution/87 77261 3233 0.61 441.56 1.56
Recirculated Wash Water/97 6194.29 1814.18 34.56 1814.18 6.42
Wash Water/723 102.23 21.39 0.41 21.39 0.08
Bleaching Chemicals/701 137.95 0.00 0.00 397.50% 141
Low Pressure Injection Steam 18.88 51.92 0.99 212651 0.75
High Pressure Injection Steam/724 66.20 182.05 3.47 746.711 2.64
Low Pressure Indirect Heating Steam — 715.02 13.62 2932687 10.38
Electricity — 317.02 6.04 1287.02% 456
Sum 14581.65 5249.79 100.00 28256.33 100.00
Useful Effluents/Stream
Bleached Pulp/79 8179.72 2286.88 43.56 2659294 94.11
Recirculated Water/102 3370.00 987.01 18.80 987.01 349
Low Pressure Condensate — 164.90 3.14 676.381 2.40
Losses
Heat Rejected to the Environment — 1048.26 19.97 0.00 0.00
Sewer Water/715 303193 762.74 14.53 0.00 0.00
Sum 14581.65 5249.79 100.00 28256.33 100.00

1 —Pulp is leaving the Pulp Machine Press at a consistency of 50%.
f — Refer to Appendix B for Sample Calculation.

€ — Nsicam = 24.38% (Table 523, Strategy C)

§ — Novelec = 24.63% (Table 5.23, Strategy C)

Section 7 — Bleach Plant

Total Mass of the yseful products =

Z M; = Mgieached Pulp

(A.95)
=8179.72 kg

Cumulative Energy entering Section 7 =
2-C7 = Cotoan puip + Cohomicais + Cct0, + Cwater + Csteam + Cetoc 7
= 20402.34 + 397.50 + 441.56 + 1835.57 + 3892.34 + 1287.03 (A,QG)
= 28256.33 MJ



Sample Calculations Page 170
Cumulative Energy of the Bleached Pulp =
Maisached pu

Coaieached Pup = —_z—ﬁr_p- X {Z C7 ~Ceorid — Checire. Watar}

- (8179- 73 0. 72) x {28256.33 - 676.38 -987.01}  (A.97)
= 26592.94 MJ
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A.2.8 Section 8 — The Chlorine Dioxide Generator

A schematic diagram of the Chlorine Dioxide generator is shown in Figure
4.9.

Table A.2.8 — Mass, Energy and Cumulative Energy Balances for the
Chlorine Dioxide Generator of the Kraft Process

Mass Energy (Basis =0°C) _ Cumulative Energy

Balance Items (Basis = 1 ADMT of Pulpt) kg MJ % MJ %
Influents/Stream
Sulfuric Acid/801 2032 1.70 0.93 21.94% 327
Chemicals/807 128.00 10.71 5.89 60.53% 9.03
Chilled Water/816 825.00 3452 18.97 34.52 5.15
Low Pressure Indirect Heating Steam — 111.97 61.54 459271  68.48
High Pressure Ejector Steamn/818 - 18.51 10.17 75.931 11.32
Electricity — 455 2.50 18.45¢% 275
Sum 97332 18196 100.00 670.64  100.00
Useful Effluents/Stream
Chlorine Dioxide Solution/87 77261 3233 17.77 441.56 65.84
Low Pressure Condensate/304 — 2583 14.20 105.921 15.79
High Pressure Ejector Exhaust/819 — 16.57 9.11 67971 10.14
Saltcake/84 96.58 734 403 55.19 823
Losses
Heat Rejected to the Environment —_ 12.56 6.90 0.00 0.00
Chlorine Byproduct/817 104.13 1.99 1.09 0.00 0.00
Cooling Water Enthalpy Increase — 8534 46.90 0.00 0.00
Sum 973.32 18196  100.00 670.64  100.00

T ~ Pulp is leaving the Pulp Machine Press at a consistency of 50%.
¥ - Refer to Appendix B for Sample Calculation.

1 — Nsteam = 24.38% (Table 5.23, Strategy C)

§ — Novelec = 24.63% (Table 5.23, Strategy C)

Total Mass of the yseful products =
2 M, = Meeo, soivtion + Msancake
=772.61+96.58 (A.98)
= 869.19 kg



Sample Calculations

Cumulative Energy entering Section 8 =
ZCB = CChemicals + CWater +CSream +Cﬂec8
=82.47 + 34.52+535.20 + 18.45
=670.64 MJ

Cumulative Energy of the Chlorine Dioxide Solution =
M,
Ceto, sotsion = —"‘z—“ﬂ {3.Cs~Coona}
= (7728} o 1o) {670.64-173.89}

= 441.56 MJ

Cumulative Energy of the Saltcake =
Csaticake = Salwe x{ZCa CCond}

-(° -5%69.19)x{670.64—173.89}
=55.19 MJ

(A.99)

(A.100)

(A.101)
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A.2.9 Section 9 — The Pulp Machine
A schematic diagram of the Pulp Machine is shown in Figure 4.10.

Table A.2.9 — Mass, Energy and Cumulative Energy Balances for the Pulp
Machine of the Kraft Process

Mass Energy (Basis =0°C) _ Cumulative Energy

Balance Items (Basis = 1 ADMT of Pulp?) kg MJ o MJ %
Influents/Stream

Bleached Pulp/79 8179.72 2286.88 87.08 2659294 95.08

Shower Water/102 0.00 0.00 0.00 0.00 0.00

Low Pressure Injection Steam/901 0.00 0.00 0.00 0.001 0.00

Electricity — 339.16 1292  137691% 492
Sum 8179.72 2626.04 100.00 2796985 100.00
Useful Effluents/Stream

Pressed Pulp/900 1800.00 355.11 13.52 26155.67 93.51

Recirculated Wash Water/97 619429 1814.18 69.08 1814.18 6.49
Losses

Heat Rejected to the Environment — 403.31 15.36 0.00 0.00

Screen Rejects/903 18543 53.44 2.04 0.00 0.00
Sum 8179.72 2626.04 100.00  27969.85  100.00

1 — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
1 —~ Nsteam = 24.38% (Table 5.23, Strategy C)
§ — Novelec = 24.63% (Table 5.23, Strategy C)

i — | hin

Total Mass of the useful products =

M,=M,
z 9 Pressed Pulp ( A.10 2)
= 1800.00 kg

Cumulative Energy entering Section 9 =
ZCQ = Caieached Pulp +Ciater +Costeam + Cetec s
= 26592.94 +0.00 +0.00 + 1376.91 (A.103)
= 27969.85 MJ
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Cumulative Energy of the Pressed Pulp =
Mpressed Pui
Chrassed Pup = ""‘25'3'[4;‘—'" x {Z Co — Chrocirc. Watar}

= (1 800.00/" aoo.oo) x {27969.85 — 1814.18} (A.104)
= 26155.67 MJ
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A.2.10 Section 10 — Cogeneration System

A schematic diagram of the Cogeneration system is shown in Figure 4.11.

Table A.2.10 — Mass, Energy and Cumulative Energy Balances for the
c:Eeneration System of the Kraft Process
Mass Energy (Basis =0°C)  Cumulative Energy

Balance Items (Basis = 1 ADMT of Pulp!) kg Ml % M1 %
Influents/Stream
Condensate Boiler Feed Water/1000 2495.87 1584.81 6.80  6500.111 11.35
Make-up Boiler Feed Water/1001 1283.01 268.40 1.16 268.40 044
Steam from Recovery Boiler/413 3162.02 10828.90 50.06 39323.19 69.59
Electricity — 288.00 1.33  1169.23% 2.19
Combustion Energy
Woodroom Rejects/104 — 8794.13 40.65 9243.09 16.43
Bunker C Oil —_ 0.00 0.00 0.00° 0.00
Sum 694090 21764.24 100.00 56504.02 100.00
Useful EffluentsStream
Process Steam/420 342754  10529.15 4493 4318581 75.02
Electricity — 2172.17 10.36 8909.29 17.29
Recovery Boiler Feed Water/412 3513.36 1351.83 6.25 440892 7.69
Losses
Heat Rejected to the Environment — 3140.02 14.59 0.00 0.00
Cooling Water Enthalpy Increase — 4571.07 23.87 0.00 0.00
Sum 6940.90  21764.24  100.00 56504.02  100.00

1 — Pulp is leaving the Pulp Machine Press at a consistency of 50%.
§ — Nsteam = 24.38% (Table 5.23, Strategy C)

§ — Novelec = 24.63% (Table 5.23, Strategy C)

O — N\Bunker ¢ = 82.7%, Boustead & Hancock [1].

ion 10 — neration

Total Energy of the useful products =
Y. E1o = E producad Etectricity + Eprocess Steam
=2172.17+10529.15 (A.105)
=12701.32 MJ

Cumulative Energy entering Section 10 =
. C10 = Civoodroom Reiscts + Caunter ¢ +Cearw + Csteam + Ceioc 10
= 9243.09 + 0.00 + 6768.51+ 39323.19 + 1169.23 (A.106)
= 56504.02 MJ
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The Cumulative Energy of the byproducts that are used as fuel in
the cogeneration section is equal to the sum of the cumulative energy that
is normally apportioned to this stream by mass and the streams
combustion energy (i.e. heat of combustion).

o Céypmd.lct = CBypdect +MByproduct th

The Cumulative Energy of the Feed Water for the Recovery Boiler is given by the
following equation (Please see Figure 4.11 for clarification) =

Reco
ngﬁ“”y =— MBFV{;W . X{Cg;:m“‘/’ +CBWFIP$—UP}
8co
Mgei ™ + Mg, + MEXE"
3513.36
- (3513.364-1880.38 T o.oo) x {6500.11+268.40} (A.107)
= 4408.92 MJ

Cumulative Energy of the Produced Electricity =

E .
CZ’;’: = Prodiuc?dE E::ancny x {2 Cio— Cg"pfvm"'

- (21 AL/ 32) x {56504.02 — 4408.92} (A.108)
= 8909.29 MJ

Cumulative Energy of the Process Steam =

E,
CPmcess Steam = ___mezzeam X {Z Cro - Cgﬁ ve'y}

- (1 os29.15/ 32) x {56504.02 — 4408.92} (A.109)
= 43185.81MJ

Cumulative Energy of the Imported Electricity =

10
Y Etoe h — Eproduced Eictricity

CIETG% = A=t Imp
TNelec
2618.10-2172.17
= ([ )2/5.93«%) (A.1 10)

=1719.67 MJ
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Overall Efficiency of Electricity Generation =

10
Y Egecn

Novelec = EW

Elec

2618.10 ]
=(1719.67+8909.29)X1°°/° (A-111)

= 24.63%

Efficiency of Steam Generation =

10529.15 o
=(m)"‘°° % (A.112)

=24.38%
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CUMULATIVE ENERGY CONSUMPTION of RAW MATERIALS
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B.1 Cumulative Energy of the Raw Materials required by the ALCELL®
Process

B.1.1 Cumulative Energy of the Logs

Assume that the Cumulative Energy associated with the logs arises solely

from the transportation of the logs.

REQUIRED PARAMETERS:
Mass of Logs = 4022.53 kg/ADMT

Round Trip Distance = 200 km

Transport Payload = 17500 kg

Transport Fuel Consumption = 30 £/100 km

Diesel Fuel Energetic Production Efficiency = 83.5% [1] |
Diesel Fuel Calorific Value = 44.84 MJ/kg [1] |
Density of Diesel Fuel = 0.8 kg/¢ [10]

The Specific CEnC of the Logs may be calculated as follows:

_ 44.84 MJ/kg x 0.8 kg/£x 30 £/100 km x 200 km
83.5% x 17500 kg

c

=0.15 MJ/kg

The Cumulative Energy associated with the logs for the ALCELL® process

is as follows:

Clogs =0.15 MJ/kg x 4022.53 kg
=603.38 MJ
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B.1.2 Generation Efficiency and the Cumulative Energy of the Imported
Electricity

Assume that the imported electricity comes from a power generation
facility that uses Bunker C oil as its fuel.

REQUIRED PARAMETERS: 7 _
Thermal Efficiency of Electricity Production = 32 % [13]

Bunker C Fuel Energetic Production Efficiency = 82.7 % [1] |
Losses due to Elerici Transmissin =2%

The generation efficiency, based on the cumulative energy concept, of the
imported electricity may be calculated as follows:

nime = (32 % x 82.7 %) x (100 % —2 %)
=25.93%

Therefore, the Cumulative Energy of the imported electricity (for

“Combustion Strategy *#7”) for the ALCELL® process may be determined by the
following:

Ceie = Egioe/ Meise
= 2160.26/25.93 %
=8331.14 MJ
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B.1.3 Cumulative Energy of the Fresh Water

Assume that no water treatment is necessary and that the energy

requirement of pumping the water is negligible.

REQUIRED PARAMETERS:
Temperature = 10 °C
Reference Temperature = 0 °C

Mass Flow = 19798.35 kg/ADMT
Specific Heat of Water = 4.184 kJ/kg-"C

The Cumulative Energy of the fresh water entering the ALCELL® process

may be calculated as follows:

CFmsh Water = E Frash Water
=Mx Cp xAT

=19798.35 kg x4.184 kJ/kg-"C x(10°C -0°C)
=828.36 MJ



B.1.4 Cumulative Energy of the Delignification Chemicals

Assume that the solutions are dilute enough that their specific heat

capacity may be estimated as being equal to that of water.

REQUIRED PARAMETERS: __ e
Temperature of Oxygen and Magnesium Sulfate = 66°C
Temperature of Sodium Hydroxide = 0°C

Reference Temperature = 0°C

Mass of Oxygen = 8.94 kg/ADMT

Specific CEnC of Oxygen = 9.33 MJXkg [1]

Mass of Sodium Hydroxide = 35.77 kg/ADMT

Specific CEnC of Pure Sodium Hydroxide = 29.88 MJ/kg [1]
Mass of Magnesium Sulfate = 4.47 kg/ADMT

Specific CEnC of Magnesium Sulfate = 0.00 MJ/kg!

Mass of Water with Oxygen & Magnesium Suifate =» 40.24 kg/ADMT |
Mass of Water with Sodium Hydroxide = 321.92 kg/ADMT -
Specific Heat of Water = 4.184 kJ/kg-"C

The Cumulative Energy of the delignification chemicals for the ALCELL®

process is as follows:

M -C AT+M __-C AT
Coonamicas = 0, 8MgS0, Solution * ~ p(water) X NaOH Sokution *“ p(warer) X + z (M-c)
1000 Chemicals

_[53.65x4.184 x (66 —0)+0.00
1000

)+{8.94-9.33+0.00+35.77-29.88}

=1167.04 MJ

1 The Specific CEnC of Magnesium Sulfate was not found in [1], Boustead & Hancock.



B.1.5 Cumulative Energy of the Bleaching Chemicals

Assume that the solutions are dilute enough that their specific heat

capacity may be estimated as being equal to that of water.

'REQUIRED PARAMETERS:

Temperature = 0°C

Reference Temperature = 0°C

Mass of Oxygen = 4.00 kg/ADMT

Specific CEnC of Oxygen = 9.33 MJ/kg [1]

Mass of Sodium Hydroxide = 15.61 kg/ADMT

Specific CEnC of Pure Sodium Hydroxide = 29.88 MJ/kg [1]

Mass of Sulfuric Acid = 5.00 kg/ADMT

Specific CEnC of Sulfuric Acid = 2.62 MJ/kg [1]
Mass of Suifur Dioxide = 2.00 kg/ADMT
Specific CEnC of Sulfur Dioxide = 0.00 MJ/kg?

i Mass of Water with Solution = 140.51 kg/ADMT
| Specific Heat of Water => 4.184 kJ/kg-"C

The Cumulative Energy of the bleaching chemicals for the ALCELL®

process is as foliows:

Mg otstion * Cp(Wa!er) X AT
= M-
Ceremicais ( 7000 + Z( c)

(?ogg)+{4 00-9.33+15.61-29.88+5.00-2.62+0.00}

=516.92 MJ

2 The Specific CEnC of Sulfur Dioxide was not found in [1]. Boustead & Hancock.
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B.1.6 Cumulative Energy of the Chemicals for the Chiorine Dioxide
Generator

Assume that the solutions are dilute enough that their specific heat

capacity may be estimated as being equal to that of water.

REQUIRED PARAMETERS:
|  Temperature = 20°C
Reference Temperature = 0°C

Mass of Sulfuric Acid = 14.36 kg/ADMT

Specific CEnC of Sulfuric Acid = 2.62 MJ/kg [1]
Mass of Sodium Chlorate = 23.54 kg/ADMT
Specific CEnC of Sodium Chlorate = 0.00 MJ/kg3
Mass of Methanol = 2.15 kg/ADMT

Specific CEnC of Methanol = 42.99 MJ/kg [1]
Mass of Water with Solution = 235.55 kg/ADMT
Specific Heat of Water = 4.184 kJ/kg-"C

The Cumulative Energy of the chlorine dioxide generator chemicals for the

ALCELL® process is as follows:

cwﬁ(’”m '°"‘W"‘""”)+ (M-c)

1000 o

_(275.60-4.184 x(20-0)
N 1000
=153.25 MJ

)+{14.36-2.62+0.00+2.15-42.99}

3 The Specific CEnC of Sodium Chiorate was not found in [1], Boustead & Hancock.
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B.1.7 Cumulative Energy of the Bunker C Fuel OQil

_REQUIRED PARAMETERS (Strategy 7): e .
Process Energy Requirement from Bunker C = 10018.34 MJ/ADMT
|__Bunker C Energetic Production Efficiency = 82.7% [1] —_—

The Cumulative Energy entering the ALCELL® process with the Bunker C

fuel oil is given by:

EBunker C
NBunker ¢

~10018.34
(82.7%/100)

=12114.08 MJ

CBunkar c=
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B.1.8 Cumulative Energy of the Make-up Alcohol Solution

Assume that ethanol is available at a concentration of 95% and that the

water added to the solution does not require any treatment.

_REQUIRED PARAMETERS:
Temperature = 20 'C
Reference Temperature = 0 °C

Make-up Ethano! Solution Mass Flow = 96.87 kg/ADMT

Pure Ethanol Mass Flow = 82.37 kg/ADMT

Specific Heat of Water = 4.184 kJ/kg-"C
Specific Heat of Ethanol = 2.49 kJ/kg-"C [10]
| Specific CEnC of 95% Ethanol Production = 18.62 MJ/kg [1]

Polynomial equations for the heat of mixing (Hmix) of ethanol and water
were constructed by curve fitting data that were extracted from a graph in
“Chemical and Process Thermodynamics™ by B.G. Kyle [8]. Equations were
constructed for the following temperatures: 25°C, 50°C, 58°C, 70°C, 90°C and
110°C. The heat of mixing of the make-up alcohol solution is estimated by the
heat of mixing equation whose temperature is closest to the stream temperature.
Therefore, the heat of mixing of the make-up alcohol solution is estimated by the

equation that represents the heat of mixing at 25°C.

Hmix,g.c =—-3.630—10596- X + 49882 X2 — 94876 - X°

+81719- X*-26136- X5
where X = mole fraction ethanol

x = kJ
(H’""‘ = K emol of solution)

For this solution: HmMixss-c = -0.77 MJ
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The Cumulative Energy of the Make-up Alcohol entering the ALCELL®

process may be calculated as follows:

G =([Mw3,,, - Cphamen) +:,;A$n,.cmm]xlsr +Hm&J+(Mmﬂw oo )

_([14.50-4.184 + 82.37-2.49] x (20—0) (82.37 )
_( 1000 +(-0.77) |+ 555 x18.62
=1619.04 MJ



B.2 Cumulative Energy of the Raw Materials required by the Kraft Process
B.2.1 Cumulative Energy of the Logs

Assume that the Cumulative Energy associated with the logs arises solely

from the transportation of the logs.

'REQUIRED PARAMETERS:
Mass of Logs = 3769.57 kg/ADMT

Round Trip Distance = 200 km

Transport Payload = 17500 kg

Transport Fuel Consumption = 30 £/100 km

Diesel Fuel Energetic Production Efficiency = 83.5% [1] |
Diesel Fuel Calorific Value = 44.84 MJ/kg [1] |
_Density of Diesel Fuel = 0.8 kg/Z [10]

The Specific CEnC of the Logs may be calculated as follows:

_ 44.84 MJ/kg x 0.8 kg/£x 30 £/100 km x 200 km
83.5% x 17500 kg

c
=0.15 MJ/kg

The Cumulative Energy associated with the logs for the Kraft process is as

follows:

Clogs =015 MJ/kg x 3769.57 kg
= 565.44 MJ
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B.2.2 Generation Efficiency and the Cumulative Energy of the Imported
Electricity

Assume that the imported electricity comes from a power generation

facility that uses Bunker C oil as its fuel.

'REQUIRED PARAMETERS:

Thermal Efficiency of Electricity Productlon = 32 % [13]
Bunker C Fuel Energetic Production Efficiency = 82.7 % [1]
Losses due to In’city Transmission = 2

The generation efficiency, based on the cumulative energy concept, of the
imported electricity may be calculated as follows:

Nee. = (32 % x 82.7 %) x (100 % ~2 %)
=25.93%

Therefore, the Cumulative Energy of the imported electricity (for
“Combustion Strategy C”) for the Kraft process may be determined by the
following:

Coe =EgP [nge.

=445.91/25.93 %
=1719.67 MJ



B.2.3 Cumulative Energy of the Fresh Water

Assume that no water treatment is necessary and that the energy

requirement of pumping the water is negligible.

'REQUIRED PARAMETERS:

Reference Temperature = 0 "C
Mass Flow entering the process 0°C = 6831.28 kg/ADMT

Mass Flow entering the process 10°C = 825.00 kg/ADMT
_Specific Heat of Water = 4.184 ki/kg"C

The Cumulative Energy of the fresh water entering the Kraft process may

be calculated as follows:

CFrash water = EFresh Water
=Mx Cp x AT

= 825.00 kg x 4.184 kJ/kg -"C x(10°C—0°C)
=34.52 MJ



B.2.4 Cumulative Energy of the Delignification Chemicals

REQUIRED PARAMETERS:
|  Temperature = 0°C
Reference Temperature = 0°C
Mass of Oxygen = 11.14 kg/ADMT
Specific CEnC of Oxygen = 9.33 MJ/kg [1]
Mass of Magnesium Sulfate = 0.00 kg/ADMT

Specific CEnC of Magnesium Sulfate = 0.00 MJ/kg4

The Cumulative Energy of the delignification chemicals for the Kraft

process is as follows:

M, MgSO, -C, xAT
CChemicaIs':( DM P ]"' > (Mxc)

1000 Chemicals
0.00
= — 11.14.9.33+0.00
(1000) {11 33+0.00}
=103.89 MJ

4 The Specific CEnC of Magnesium Sulfate was not found in [1], Boustead & Hancock.



B.2.5 Cumulative Energy of the Bleaching Chemicals

Assume that the solutions are dilute enough that their specific heat

capacity may be estimated as being equal to that of water.

'REQUIRED PARAMETERS:

Temperature = 0°C
Reference Temperature = 0°C

Mass of Oxygen = 3.30 kg/ADMT

Specific CEnC of Oxygen = 9.33 MJ/kg [1]

Mass of Sodium Hydroxide = 11.78 kg/ADMT

Specific CEnC of Pure Sodium Hydroxide = 29.88 MJ/kg [1]

Mass of Sulfuric Acid = 5.65 kg/ADMT

Specific CEnC of Sulfuric Acid = 2.62 MJ/kg [1]
Mass of Sulfur Dioxide = 2.00 kg/ADMT
Specific CEnC of Sulfur Dioxide = 0.00 MJ/kg®
Mass of Water with Solution = 115.22 kg/ADMT
Specific Heat of Water = 4.184 kJ/kg-"C

The Cumulative Energy of the bleaching chemicals for the Kraft process is

as follows:

Msouson : C xAT
Conomicats = | —on —pister) + (M-

_(0.00

B (1 000
=397.50 MJ

)+{3.30-9.33+1 1.78-29.88 + 5.65-2.62 +0.00}

5 The Specific CEnC of Sulfur Dioxide was not found in [1], Boustead & Hancock.
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B.2.6 Cumulative Energy of the Chemicals for the Chlorine Dioxide
Generator

Assume that the solutions are dilute enough that their specific heat

capacity may be estimated as being equal to that of water.

Temperature = 20°C
Reference Temperature = 0°C

Mass of Suifuric Acid = 7.73 kg/ADMT

Specific CEnC of Sulfuric Acid = 2.62 MJ/kg [1]

Mass of Sodium Chlorate = 12.67 kg/ADMT

Specific CEnC of Pure Sodium Chlorate = 0.00 MJ/kg [1] 5
Mass of Methanol = 1.16 kg/ADMT

Specific CEnC of Methanol = 42.99 MJ/kg [1]

Mass of Water with Solution = 126.77 kg/ADMT

Specific Heat of Water = 4.184 kJ/kg-"C

The Cumulative Energy of the chlorine dioxide generator chemicals for the

Kraft process is as follows:

Cmm =

Msom * CP(W&M) X AT
( 1000 +o,,,§é,,M €)

_(148.32x4.184 x(20-0)
B 1000

)+{7.73-2.62+0.00+1.16-42.99}

=82.48 MJ



Cumulative E C ion of Raw Material :
B.2.7 Cumulative Energy of the Bunker C Fuel OIl
REQUIRED PARAMETERS (Strategy A):
Process Energy Requirement from Bunker C = 949.63 MJ/ADMT
| Bunker C Energetic Production Efficiency = 82.7% [1]

The Cumulative Energy entering the process with the Bunker C fuel is

given by:

C = EBmkerc
Bunker C Neunkerc
—949.63
- /82. 7%/1 00)

=1148.28 MJ
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B8.2.8 Cumulative Energy of the Make-up Lime

REQUIRED PARAMETERS:
Temperature = 0°C
Reference Temperature = 0°C

Mass of Make-up Lime = 14.06 kg/ADMT
Specific CEnC of Lime = 9.95 MJ/kg [1]
Specific Heat of Lime = 0.75 kd/kg-"C [10]

The Cumulative Energy of the make-up lime for the Kraft process is as

follows:
M..-C xAT

_[14.06-0.75x(0—0)

1000
=139.85 MJ

)+{14.06-9.95}
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B.2.9 Cumulative Energy of the Make-up Saltcake

REQUIRED PARAMETERS:

Temperature = 0°C

Reference Temperature = 0°C
Mass of Make-up Saltcake = 32.58 kg/ADMT
Specific CEnC of Saltcake = 4.69 MJ/Kg [1]

The Cumulative Energy of the make-up saltcake for the Kraft process is as

follows:
MN -C, xAT
CM&kB—Up = ( azs?"ooop J‘l‘ MNazm‘ X cNazso‘

_(32.58-0.97 x(0—0)
1000
=152.81MJ

]+{32.58- 4.69}
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