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The aim of this thesis is to define effects of lignin separation process on Pulp mill chemical 
 balance  especially  on  sodium/sulphur-balance.  The  objective  is  to  develop  a  simulation 
 model  with  WinGEMS  Process  Simulator  and  use  that  model  to  simulate  the  chemical 
 balances and process changes. 


The literature part explains what lignin is and how kraft pulp is produced. It also introduces 
 to the methods that can be used to extract lignin from black liquor stream and how those 
 methods affect the pulping process. In experimental part seven different cases  are simulated 
 with  the  created  simulation  model.  The  simulations  are  based  on  selected  reference  mill  that 
 produces 500 000 tons of bleached air-dried (90 %) pulp per year. The simulations include 
 the chemical balance calculation and the estimated production increase. 


Based on the simulations the heat load of the recovery boiler can be reduced and the pulp 
production increased when lignin is extracted. The simulations showed that decreasing the 
waste acid stream intake from the chlorine dioxide plant is an effective method to control 
the  sulphidity  level  when  about  10  %  of  lignin  is  extracted.  With  higher  lignin  removal 
rates the in-mill sulphuric acid production has been discovered to be a better alternative to 
the sulphidity control.  
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DI Jukka Suutela 
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Tämän  diplomityön  tavoitteena  on  selvittää,  kuinka  ligniinin  erotusprosessi  vaikuttaa 
 sulfaattisellutehtaan  kemikaalitaseeseen,  etenkin  natrium/rikki-taseeseen.  Tavoitteena  on 
 kehittää simulointimalli käyttäen WinGEMS Process Simulator-ohjelmaa ja käyttää luotua 
 mallia kemikaalitaseiden ja prosessimuutosten simuloimiseen.  


Työn kirjallinen osa kertoo, mitä ligniini on ja kuinka sulfaattisellua valmistetaan. Se myös 
 esittelee  ligniinin  erotusmenetelmät  ja  niiden  vaikutukset  sellun  tuotantoprosessiin. 


Kokeellisessa osassa simuloidaan seitsemän eri tapausta käyttäen luotua simulointimallia. 


Simuloinnit  perustuvat  esimerkkitehtaaseen,  joka  tuottaa  500 000  tonnia  valkaistua  ja 
 ilmakuivattua (90 %) sellua vuodessa. Simuloinnit sisältävät kemikaalitaselaskennan sekä 
 arvion mahdollisesta tuotannon kasvusta. 


Simulointien  pohjalta  voidaan  todeta,  että  soodakattilan  lämpökuormaa  voidaan  vähentää 
ja  sellun  tuotantoa  kasvattaa  kun  ligniiniä  erotetaan.  Simuloinnit  osoittivat,  että 
klooridioksidilaitoksen  jätehapon  sisäänoton  pienentäminen  on  tarpeeksi  tehokas 
kontrolloimaan  sulfiditeettiä,  kun  ligniinin  erotusmäärä  on  noin  10  %.  Kun  suurempi 
määrä  ligniiniä  erotetaan,  huomattiin  tehtaan  sisäisen  rikkihapon  tuotannon  olevan 
tehokkaampi tapa sulfiditeettitason säätämiseen. 
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 BL  black liquor 


CF  carbon fibre 


DS  dry solids 
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 MW  molecular weight 
 NCG  non-condensable gas 
 RB  recovery boiler 
 TRS  total reduced sulphur 
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1  INTRODUCTION 


The pulp and paper industry has been under changes over the last few years. Many of the 
 modern  kraft  pulp  mills  have  interested  in  improving  their  competitiveness  on  the  pulp 
 market.  One  way  is  to  increase  the  pulp  production  capacity  that  leads  to  increase  of  the 
 recovery  boiler  load.  This  increased  load  can  be  compensated  for  example  by  recovery 
 boiler upgrade, gasification of the black liquor or extraction of lignin. 


The  lignin  extraction  process  has  a  high  potential  of  off-loading  the  recovery  boiler  by 
 decreasing the organic part of black liquor.  Lignin can be separated from the black liquor 
 with  precipitation,  ultrafiltration,  combination  of  the  two  or  electrolytically.  The  lignin 
 extraction  process  does  not  only  make  the  pulp  production  increase  possible  but  also 
 creates  a  new  product  in  a  chemical  market.  The  lignin  product  has  many  fields  of 
 applications that can be advanced in the future.  


In  modern  kraft  pulp  mill  it  is  important  to  ensure  energy  efficient  and  environmentally 
 friendly  process  without  production  losses.  The  lignin  product  can  be  a  new  way  of 
 replacing the oil in several chemicals where oil is currently used as a raw material. It can 
 also be used as a biofuel for example in the lime kilns. 


This Master’s thesis has been done in the order of Pöyry Finland Oy. The aim of this thesis 
 is to define how the lignin separation process affects pulp mill chemical balance especially 
 on  sodium/sulphur-balance.  The  objective  is  to  develop  a  simulation  model  with 
 WinGEMS  Process  Simulator  and  use  that  model  to  simulate  chemical  balances  and 
 process changes.  


The literature part explains what lignin is and how kraft pulp is produced. It also introduces 
the  methods  that  can  be  used  to  extract  lignin  from  black  liquor  stream  and  how  those 
methods affect the pulping process. In experimental part seven different cases are simulated 
with  the  created  simulation  model.  The  simulations  are  based  on  selected  reference  mill  that 
produces 500 000 tons of bleached air-dried (90 %) pulp per year. The simulations include 
the chemical balance calculation and the estimated production increase.  
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2  CHARACTERISTICS OF LIGNIN 


Since the early days of pulp and papermaking, wood has been a vital material despite of its 
 complex structure. Nowadays, interest towards bio-based products has increased due to the 
 economic and environmental aspects. It is important to know the structure and reactions of 
 the  different  chemical  compounds  in  wood  to  understand  the  whole  chain  from  raw 
 material  to  final  product.    (Stenius,  P.  2000.)  Wood  consists  mainly  of  cellulose, 
 hemicelluloses,  lignin  and  extractives.  The  relative  concentration  of  these  substances  is 
 dependent  on  both  wood  species  and  different  parts  of  the  tree.  (Alén.  2000a.)  Table  1 
 shows examples of the chemical compositions of generally used pulpwoods. 


Table 1.  Average amount of cellulose, lignin and hemicelluloses in softwood and hardwood (Alén. 


2000a) and more detailed chemical composition for some commonly used pulpwoods (Sjöström. 


1993).  


Wood 
 species 


Cellulose 
 [%] 


Lignin 
 [%] 


Hemicelluloses 


[%]  Other poly-
 saccharides 


[%] 


Extractives 
 [%] 


Inorganics 
 [%] 


GGM  Xylan 


Hardwood  40  20 – 25  30 – 35 


Birch 
 (Betula 
 pendula) 


41  22  2.3  27.5  2.6  3.2  1.4 


Eucalyptus 
 (Eucalyptus 
 globulus) 


51.3  21.9  1.4  19.9  3.9  1.3  0.3 


Softwood  40  25 – 30  25 – 30 


Pine 
 (Pinus 
 sylvestris) 


40  27.7  16  8.9  3.6  3.5  0.3 


Spruce 
 (Picea 
 abies) 


41.7  27.4  16.3  8.6  3.4  1.7  0.9 
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Lignin (derive from the Latin word lignum, which means wood) is an amorphous polymer, 
 which forms 20 – 30 % of woods dry weight. It is a binding agent of wood located both in 
 the middle lamella and in the secondary wall.  It binds fibers together and gives stiffness to 
 the wood structure. It also prevents water from penetrating through the cell wall.  (Brunow. 


1977.)  


Lignins can be divided into three major groups, which are softwood, hardwood and grass 
 lignins. Basically the chemical structure of lignin is a formation of different phenylpropane 
 units (p-hydroxy cinnamyl alcohols). These structural elements are linked to each other in 
 irregular  order.  All  native  lignins  are  polyphenolic  materials  derive  from  an  oxidative 
 coupling  of  three  basic  monomer  types,  which  are trans-Coniferyl  alcohol, trans-Sinapyl 
 alcohol  and trans-p-Coumaryl  alcohol  (Table  2).  These  monomers  have  methoxyl  and 
 phenolic groups as functional groups which are joined to each other with ether or covalent 
 carbon-carbon linkages. The derivatives of aforementioned alcohols have different kind of 
 share in lignins depending on the wood species. (Alén. 2000a.) 


Table 2. Lignin building blocks and their typical locations. (Heitner et al.. 2010.) 
 Compound  p-Coumaryl alcohol  Coniferyl alcohol  Sinapyl alcohol 


Structure 


Locations  Compression wood, 
 grasses 


Hardwoods and 


softwoods  Hardwoods 


When lignin undergoes degradation reactions in Kraft cooking, the soluble lignin products 
are  formed  and  they  are  called  as  a  kraft  lignin  (Alén.  2000b).  Compared  to  the  native 
lignin,  the  kraft  lignin  has  different  kind  of  structure.  The  kraft  lignin  has  also  wider 
molecular weight distribution (Figure 1) than the native lignin. (Kautto. 2008.)  
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Figure 1. Molecular weight distributions of kraft lignin in the black liquors in the function of the 
degree of delignification. (Kautto. 2008.) 
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3  LIGNIN SEPARATION 


Nowadays the dominant chemical pulping process is kraft pulping. It separates lignin from 
 the  cellulose  fibers  using  strong  alkali  with  a  sodium  sulfide  catalyst.  When  pulping  is 
 carried out wood fibers  goes through several operations where residual lignin is  removed 
 to  gain  high-quality  pulp.  During  the  cooking  lignin  and  hemicelluloses  are  dissolved  in 
 the solution called black liquor. The black liquor is sent to the recovery plant and burned in 
 the  recovery  boiler.  The  inorganic  pulping  chemicals  are  regenerated  and  organic  part 
 produces energy for the mill operations.  



3.1  Description of the kraft pulp mill processes 


The  alkaline  kraft  pulping  process  can  be  divided  in  three  unit  operations,  which  are 
 pulping, preparation of the white liquor and lime cycle. Kraft pulping process is described 
 in Figure 2. Unit operations are described more specifically later on.  


Figure 2. A simplified kraft pulp process chart. 


First  step  in  kraft  pulping  is  wood  handling  (Figure  3),  which  includes  all  functions 
between  the  mill  gate  and  the  digester  plant  for  example  handling  and  storing  wood  raw 
material,  handling  of  bark.  The  round  wood  transported  to  the  mill  is  debarked  and 
chipped.  The  chips  are  screened  to  ensure  uniform  chip  size  for  cooking.  Fines  and  pin 
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chips  are  removed  and  oversized  chips  are  sent  to  the  rechippers.  Chips  are  finally 
 transported to the chip piles or silos in storage area using conveyors. (Isotalo. 2004.) The 
 pulp mill can also buy ready-chipped wood, which is handled like self-chipped wood.  


Figure 3. The wood handling area where the transported round wood is processed into wood chips. 


(KnowPulp. 2012.) 


There are many minor variations between  continuous cooking processes in the pulp mills 
 because they are custom-designed. In the modern continuous cooking process the aim is to 
 minimize the lignin concentration at the end of cook and improve the process conditions. 


Figure 4 shows the design of a two-vessel digester system. Chips are transported from the 
 wood yard by a conveyor and fed to the process via the chip bin. The chips are pre-steamed 
 which eliminates air from the wood chips. The chips are then discharged from the bin via a 
 chip metering device. (Gustafsson et al.. 2011.) 


Next step is high pressure impregnation, where the chips are added into vessel filled with 
warm cooking liquor (80 – 100 °C), which permeate into the chips. Warm cooking liquor 
is  composed of  white liquor and  weak black liquor. White liquor is  a solution of sodium 
hydroxide (NaOH) and sodium sulphide (Na2S). (Gustafsson et al.. 2011.) 



(15)14


Figure 4. Basic flowsheet of kraft cooking. 
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The chips are transported to the digester top and white liquor and medium pressure (MP) 
 steam  are  added  to  adjust  the  alkali  concentration  and  increase  the  temperature  to  150  – 
 170  °C.  The  chips  flow  counter-currently  downward  in  the  cooking  liquor.  During  the 
 counter-current  cooking  multiple  white  liquor  additions  and  liquor  extractions  can  be 
 performed depending on the process. At the end of cooking the chips are discharged by an 
 outlet device at the consistency of 10 – 12 % and let to the blow tank. Volatile compounds 
 are formed during heating and cooking.  They are constantly purged out of the digester to 
 condenser  system  where  those  compounds  can  be  recovered  (mainly  as  raw  turpentine). 


(Gustafsson et al.. 2011.) 


It  is  important  to  recover  the  cooking  chemicals  and  achieve  the  right  degree  of  pulp 
 purification for further processing, with minimized amount of dilution water applied during 
 washing.  Washing  separates  the  unbleached  pulp  and  the  spent  liquor  from  each  other. 


(Seppälä  et  al..  2002.)  Before  pulp  washing,  knots  and  incompletely  delignified  wood 
 residues are withdrawn from the suspension and returned to cooking. After pulp washing, 
 impurities such as shives and dirt are removed in screening operations, after which the pulp 
 can be bleached or used for the manufacture of paper or board. (Gustaffson et al.. 2011.) 
 Preparation  of  the  white  liquor  recovers  the  cooking  chemicals  from  the  black  liquor 
 formed  during  the  pulping  process.  First  the  weak  black  liquor  (combination  of  spent 
 cooking  liquor  and  wash  water)  is  concentrated  in  an  evaporation  plant  to  a  dry  solids 
 content from 16 – 18 % up to 65 – 85 % to form the strong liquor (Figure 5). (Gustaffson 
 et al.. 2011.)   


The  strong  black  liquor  is  burned  in  the  recovery  boiler  (Figure  6),  which  has  two  tasks. 


One is to burn the organic material and produce steam for power generation and fulfill the 
steam demand of the mill. The other is to produce an inorganic smelt composed of sodium 
carbonate  and  sodium  sulphide.  The  smelt  is  dissolved  in  weak  white  liquor,  originated 
from the recausticizing plant, to form green liquor. (Gustaffson et al.. 2011.)  
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Figure 5. Basic flowsheet of evaporation plant. Only the black liquor and steam flows are shown in the sheet. 
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Figure 6. Basic flowsheet of recovery boiler. 
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Figure  7  shows  the  basic  recausticizing  process.  The  green  liquor  is  first  clarified  or 
 filtrated. Then burnt lime (CaO), needed to causticizing process, is added to green liquor in 
 which  case  forms  slaked  lime  (Ca(OH)2).  Slacked  lime  reacts  with  sodium  carbonate 
 forming  the  dissolved  sodium  hydroxide  (NaOH)  and  the  precipitated  calcium  carbonate 
 (CaCO3),  which  is  separated  from  the  solution  (lime  mud).  The  clarified  liquor  is  called 
 white liquor and it is used as cooking liquor. Lime mud is further washed before feed into 
 lime  kiln.  Wash  filtrate,  weak  wash  liquor,  is  used  again  in  smelt  dissolving  in  recovery 
 boiler. (Arpalahti et al.. 2008.) 


Calcium carbonate is then burnt in a lime kiln (Figure 8) to form calcium oxide, which can 
 be  reused  for  causticizing.  The  loss  of  lime  can  be  compensated  with  make-up  lime. 


(Arpalahti et al.. 2008.) 
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Figure 7. Basic flowsheet of recausticizing. 
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Figure 8. Basic flowsheet of lime kiln.
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3.2  Separation processes of lignin 


Over  the  last  few  years,  many  of  the  modern  kraft  pulp  mills  have  been  interested  in 
 improving their competitiveness on the pulp market. This means that the pulp production 
 capacity  needs  to  be  increased  and  that  leads  to  increase  of  the  recovery  boiler  load. 


Increased  load  can  be  compensated  by  recovery  boiler  upgrade,  gasification  of  the  black 
 liquor or extraction of lignin  (Axelsson et  al..  2006).  Lignin  can be separated  from  black 
 liquor with precipitation, ultrafiltration, combination of the two or electrolytically.  


3.2.1  Precipitation 


Precipitation  of lignin  has  been the most common way to separate lignin. The separation 
 process is based on the decreasing solubility of lignin when acidity is increasing.  The pH 
 of  black  liquor  can  be  lowered  by  using  mineral  acid  (e.g.  H2SO4  or  HCl)  or  carbon 
 dioxide.  Carbon  dioxide  can  be  at  the  form  of  flue  gases  or  fresh  chemical.  Use  of  the 
 hydrochloric  acid  results  in  high  input  of  unwanted  chloride  to  the  cycle  and  the  fresh 
 sulphuric acid disturbs the sodium to sulphur ratio. That can be avoided by using the waste 
 acid,  which  is  withdrawn  from  the  bleaching  chemical  preparation  process.  However, 
 carbon  dioxide  is  preferred  in  acidification  because  it  results  easier  filtration  conditions 
 without  the disturbance  of chemical  cycle.  Carbon dioxide (CO2)  for acidification can be 
 purchased  as  a  fresh  chemical  or  produced  in  the  mill.  CO2  can  be  absorbed  from  the 
 recovery boiler or lime kiln flue gases. The flue gases can also be used directly without any 
 processing. (Loufti et al. 1991.) 


In  conventional  lignin  recovery  process  (Figure  9),  the  black  liquor  is  first  treated  with 
 either carbon dioxide or a mineral acid or a combination of the two to achieve required pH 
 for lignin precipitation. Next, the precipitated lignin is filtered using a belt or a filter press 
 and washed with  acid  and water. There have been difficulties to  separate the lignin  from 
 the acidified black liquor solution due to size of the lignin particles. It is assumed that the 
 precipitation  of  lignin  performs  in  two  steps  which  are  nucleation  and  particle  growth. 


These  two  determine  the  filtration  rate  because  the  bigger  the  particle  size  formed  the 
lower filtration resistance achieved. (Kousini et al.. 2012.) 
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Figure 9. The diagram of conventional process for lignin recovery. (Kousini et al.. 2012.) 


Some  improvement  in  the  filtration  properties  could  be  achieved  by  increasing  the 
 filtration  temperature  (80  –  90  °C)  and/or  ionic  strength  of  the  liquor  and  reducing  the 
 precipitation  pH.  After  these  actions  the  filtration  resistance  remains  at  quite  high  level 
 which leads to low filtration rate that can lead to low dry solids content and purity in the 
 lignin product. To overcome these problems a large filtration area is demanded which leads 
 to  increased  drying  costs  and  high  capital  costs.  Lignin  precipitation  processes  based  on 
 acidification  consume  large  amount  of  acid  and  most  of  the  process  stages  release  the 
 emission of totally reduced sulphur (TRS) compounds. (Kousini et al.. 2012.) 


One way to overcome the high filtration resistance is to filter the lignin in two steps. In the 
first  filter  the  lignin  is  filtered  in  the  sodium  form.  In  the  second  filter  the  suspension  of 
lignin  in  dilute  sulphuric  acid  is  filtered.  Second  option  is  to  add  black  liquor  oxidation 
step to conventional process (Figure 10). (Kousini et al.. 2012.) 
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Figure 10. The system where oxidation is used. (Kousini et al.. 2012.) 


One commercial implementation which uses precipitation is a trademark of LignoBoost. It 
is  developed  by  Innventia  and  owned  by  Valmet  (former  Metso).  The  lignin  extraction 
process  includes  four  key  operations,  which  are  precipitation,  dewatering,  re-suspension 
and final washing (Figure 11). The black liquor stream is taken from the evaporation plant 
in the dry solids content of 30 – 45 % and acidified with CO2. Acidification lowers the pH 
approximately from 14 to 10, which causes the lignin to precipitate. Then the precipitated 
lignin  is  filtered  and the filtrate is  returned to  the black liquor  evaporation plant  to  avoid 
the  reduction  of  lignin  concentration  in  extraction  process.  Unlike  in  the  traditional 
processes,  the  lignin  cake  is  re-dispersed  and  acidified  with  H2SO4  (final-pH  2  –  3)  to 
equalize  the  pH  and  temperature  values  with  the  final  washing  liquor  to  avoid 
concentration  gradients  during  the  final  washing.  The  re-slurry  is  then  filtrated  and 
displacement washed. (Tomani et al.. 2011.) 
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Figure 11. General layout for lignin removal process with precipitation.
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According  to  Kousini  et  al.  oxidized  black  liquor  has  high  filtration  rates  and  received 
 lignin  product  is  satisfactorily  pure  due  to  its  low  ash  and  high  solids  content.  The  final 
 lignin  product  from  oxidized  black  liquor  is  composed  of  larger  lignin  particles  than  the 
 conventional  lignin  product.  This  process  should  also  reduce  acid  requirements  and 
 minimize TRS emissions. This process is commercialized by NORAM and its trademark is 
 LignoForce. (Kousini et al.. 2012.)  


The  filtration  properties  are  highly  dependent  of  precipitation  temperature.  If  the 
 temperature is too low the lignin precipitate becomes difficult to filter and if it is too high 
 the material forms clumps, which causes difficulties in pumping and separation units. The 
 modified  washing  processes  should  provide  higher  purity  and  minimized  yield  losses 
 compared  to  the  conventional  washing  process.  The  new  washing  methods  consume  less 
 water  because  plugging  and  lignin  re-dissolution  can  be  avoided.  This  also  means  that 
 sulphuric  acid  consumption  can  be  intensified  and  the  formation  of  H2S  and  CO2  are 
 reduced. (Öhman. 2006.)  


3.2.2  Ultrafiltration 


The macromolecules with molecular weight from 1000 to 1 000 000 can be separated using 
 the  ultrafiltration  (Kautto.  2008.).  As  stated  previously  (Figure  1)  lignin  has  a  wide 
 molecular weight distribution in the kraft black liquor. Toledano et al. have proven that the 
 different  lignin  fractions  with  a  specific  molecular  weight  can  be  separated  with 
 ultrafiltration without adding chemicals to the liquor stream. (Toledo et al.. 2010.)  


Ultrafiltration  has  also  found  to  be  an  effective  way  to  separate  low-molecular-weight 
 cooking chemicals from high-molecular-weight lignin. (Wallberg et al.. 2003.) During the 
 lignin  extraction  part  of  the  valuable  cooking  chemicals  are  separated  from  the  process. 


Those  chemicals  need  to  be  recovered  and  returned  to  the  kraft  process  to  increase  the 
 economic viability of the separation process. (Wallberg et al.. 2003.) 


The separation of lignin is based on a sieve effect  (Figure 12) which means that the ratio 
between particle and pore sizes determine which particles are separated,  not the chemical 
characteristics.  The  pore  size  should  be  selected  so  that  the  cooking  chemicals  can 
penetrate through the membrane but lignin can not. (Kautto. 2008.) 



(27)26 


Figure 12. The principle of ultrafiltration. (Kautto. 2008.) 


Ultrafiltration  of  black  liquor  requires  high  temperature  and  pH  resistance  from  the 
membrane.  Previously  polymeric  membranes  have  been  used  for  filtration.  Due  to  their 
limited  tolerance  of  high  temperature  and  alkaline  conditions  ceramic  membranes  have 
become  more  popular.  Ceramic  membranes  have  an  advantage  of  tolerating  the  black 
liquor without cooling or adjusting the pH. (Holmqvist et al.. 2005.) This has also made the 
filtration process a competitive alternative to precipitation. In an industrial scale filtration 
is  typically executed with tube or plate modules. To minimize the required filtration area 
the filtration plant is divided into multiple filtration stages. The optimal number of stages is 
from three to five.  (Kautto. 2008.) 
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 3.2.3  Electrolytic separation 


Lignin  can  be  separated  by  changing  the  ionic  strength  of  lignin  solution.  Ionic  strength 
 can  be  changed  using  different  kind  of  precipitation  agents.  The  process  has  been 
 investigated  in  laboratory  scale.  (Öhman.  2006.)  Villar  et  al.  (1996)  have  studied  the 
 precipitation  of  kraft  black  liquors  with  solvents,  such  as  methanol,  ethanol,  isopropanol 
 and  acetone  and  polyvalent  cations,  such  as  calcium(II)  and  aluminum(III).  They  found 
 that solvents  alone  showed little capacity to lignin precipitation  so  cations  were added to 
 promote  lignin  extraction.  The  cation  acts  as  the  precipitant  and  the  alcohol  improves 
 filterability  but  also  increases  the  volume  of  filtrate.  Compared  to  the  precipitation  with 
 acid the electrolytic separation has lower results and a large volume of solvent is needed to 
 obtain lignin yield. (Villar et al.. 1996.) 


3.2.4  Effects on the mill 


According to Öhman et al. lignin removal from black liquor has many advantages. Firstly, 
 if the heat transfer capacity of recovery boiler is limiting the pulp production, the heat load 
 of  the  boiler  can  be  decreased  by  removing  part  of  the  lignin  from  black  liquor.  The 
 separated  lignin  can  be  used  as  a  valuable  by-product  and  more  pulp  can  be  produced. 


Secondly,  the  energy  surplus  of  the  mill  can  be  exported  to  other  users  in  the  form  of 
 biofuels. Thirdly, chemicals or new materials can be produced using the separated lignin as 
 a raw material. (Öhman et al.. 2007.) 


The recovery boiler combustion properties are influenced when lignin is extracted because 
the black liquor characteristics change (Table 3). The relative share of inorganic material in 
the  black  liquor  rises  due  to  lignin  extraction  because  part  of  the  organic  material  is 
removed and the inorganic compounds are added during precipitation. At the same time the 
heating value of the black liquor is reduced. (Öhman. 2006.)  
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Table 3. Chemical compositions of original black liquor and two lignin depleted black liquors 
 (Engeblom et al.. 2014). 


Composition 


[wt-%]  Original black liquor  10 % lower lignin  20 % lower lignin 


C  32.2  30.9  28.9 


H  3.3  3.2  3.03 


N  0.09  0.09  0.09 


Na  21.4  22.8  23.9 


K  2.4  2.6  2.7 


Cl  0.3  0.32  0.34 


Total S  6.4  7.0  7.5 


SO4 5.4  6.7  7.87 


OH  1.74  1.4  1.1 


HHV [MJ/kg]  13.2  12.4  11.6 


As shown in Table 4 the heat release in the recovery boiler is decreased. The high pressure 
 steam generation decreases respectively when pulp production is not increased (Fogelholm 


& Suutela. 1999).  


Table 4. The dry solids capacity of recovery boiler and net steam generation with different lignin 
 extraction rates (Engeblom et al.. 2014.; Pöyry Files.) 


Original Black 


liquor  10 % lower lignin  20 % lower lignin 


Dry solids capacity [tDS/d]  5320  5160  5000 


Net steam generation [kg/s]  183.2  157.6  134.5 


Flue gas flow, dry [m3n/tDS]  3208  3080  2819 


In  a  modern  non-integrated  pulp  mill  the  recovery  boiler  generates  more  or  less  excess 
steam  which  is  used  for  condensing  power  generation.  When  the  lignin  is  extracted  the 
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condensing power generation and excess power sales to the grid are decreased. In this case 
 the profitability is  affected by the  electricity price, possible excess  CO2  emissions  permit 
 prices and possible alternative fuel price in the lime kiln if lignin is fired instead of oil or 
 natural gas. (Fogelholm & Suutela. 1999.) 


In  an  integrated  pulp  and  paper  mill  the  excess  high  pressure  steam  is  used  for  back-
 pressure  power  generation  and  the  excess  low  pressure  steam  is  used  for  paper  or  board 
 drying. The lignin extraction process makes the steam generation insufficient which means 
 that it becomes necessary to increase bark and wood waste firing in the bio-fuel boiler to 
 cover the steam demand. Alternatively it can be studied whether it is possible to perform 
 steam  saving  measures  within  pulp  and  paper  mills.  For  instance  the  number  of  existing 
 evaporation  effects  can  be  increased  to  7  together  with  the  evaporation  plant  upgrade. 


There are still many mills outside  Scandinavia where 5 or 6 stage evaporation is used. In 
 modern mills less steam saving possibilities exist. (Fogelholm & Suutela. 1999.) 


The black liquor evaporation plant operations are influenced when lignin is extracted. The 
 filtrates  from  the  extraction  process  are  sent  back  to  the  evaporation  which  means  that 
 more  water  needs  to  be  evaporated  to  reach  the  same  dry  solids  content  than  before. 


(Wallmo et al. 2009.) 


The behavior of the black liquor as a fluid is dependent on its temperature, solids content 
 and chemical composition. Moosavifar et al. studied the viscosity and boiling point rise of 
 lignin  depleted  black  liquor.  They  found  that  the  extraction  of  lignin  decreases  the 
 viscosity  and  the  molecular  weight  of  lignin  when  the  lignin  depleted  black  liquor  can 
 behave like Newtonian liquid. (Moosavifar et al..  2006.) This means that the energy used 
 for the black liquor pumping in the evaporation plant can be reduced due to high fluidity. 


Moosavifar et al. also discovered that in the lignin precipitation plant the higher molecular 
 weight lignin is separated (Moosavifar et al.. 2006). This leads to lower filtration resistance 
 like Kousini et al. has noted in their study (Kousini et al.. 2012.). It was also found that the 
 boiling point elevation does not change significantly when lignin is extracted which means 
 that  the  evaporation  process  is  not  negatively  affected  in  terms  of  boiling  point  rise. 


(Moosavifar et al.. 2006.)  
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3.3  End uses for lignin products 


A lot of research is done to find out how the use of lignin can be increased in the future. 


The  focus  has  been  either  on  finding  new  applications  or  improving  the  performance  by 
 modifying  the  lignin  structure.  The  kraft  lignin  can  be  a  substitute  for  oil  in  several 
 chemicals  where  oil  is  currently  used  as  a  raw  material.  The  economic  viability  of  oil 
 replacement  is  dependent  on  the  oil  price  and  the  scale  of  lignin  production  unit. 


(Berntsson et al.. 2008.) 


The product from the precipitation process is a moist and hydrophobic filter cake of lignin 
 (Table 5). Cake without drying has moisture around 30 – 35 % but it can be dried below 10 


%. (Tomani et al.. 2011.) Part of the sulphur (1 – 3 wt-%) cannot be washed out because it 
 is  covalently bound  to  the lignin  (Öhman. 2006.). This  can limit  the end-use applications 
 for the lignin product as a fuel despite of its high heating value (25 MJ/kg). 


Table 5. The kraft lignin fuel characteristics (Tomani. 2011.) compared to other fuels (Alakangas. 


2000). 


Unit  Lignin  Coal  Wood 


chips  Peat  Oil  Natural 


gas 


Moisture  %  30 – 40  9  50  48.5  0.3 – 0.7  - 


Ash  %  0.01 – 1.4  9.7  1 – 3  5.8  0.04  - 


HHV  MJ/kg  25 – 27.5  29.6  20  20.9  43.1  54.6 


LHV  MJ/kg  17 – 19  24.9  7.7  9.6  40.9  49.2 


Sulphur  wt-%  2 – 3  1.75  < 0.05  0.1 – 0.2  0.8 – 0.95  - 
 Chloride  wt-%  < 0.01  < 0.1  0.03  < 0.1  -  - 


Bulk 


density  kg/m3


500 – 60 
 (moist) 
 630 – 720 


(dry) 


800 


200  
 –  
 300 


340 


920 
  –  
 1020  


0.723 



(32)31 


The  lignin  product  can  be  utilized  with  or  without  drying  depending  on  the  end-use 
 application. Typical way to dry lignin is to use some existing heating source for example 
 vent gases  from the lime kiln. Vent  gases have also lower oxygen content than air which 
 reduces  the  risk  of  explosive  conditions  formed  during  drying  operations.  An  ignition 
 source and the right mixture of dust and air can pose to the dust explosion due to the small 
 particles in the dry lignin powder. (Pöyry Files.) 


It is recommended to dry the lignin product after it is transported to the end user to avoid 
 the  dust  explosion  risk  during  the  transportation.  The  explosion  risk  during  the  drying 
 operations  can  be  minimized  by  using  ATEX  classified  equipment,  lowering  the  oxygen 
 concentration below the explosive limit  and preventing the air leaks  into the system  by  a 
 little over pressure in the system. (Pöyry Files.) 


The lignin  product  can be used in  several  combustion applications as a biofuel.  It  can be 
 fired  alone  or  mixed  with  coal,  oil  or  bark.  According  to  Tomani  et  al.  (2011)  co-firing 
 lignin with bark or coal in a fluidized bed boiler has no effect in the combustion behavior. 


The high sulphur content in lignin reduces the alkali chloride content in waste and that is 
 why the risk of sticky deposits and high temperature corrosion is reduced. At the same time 
 sulphur  emissions  can  increase  if  calcium  in  the  bark  ash  cannot  capture  all  the  sulphur. 


(Tomani et al.. 2011.) 


According  to  Loutfi,  Blackwell  &  Uloth  (1991)  the  dried  lignin  product  could  replace 
fossil  fuels  used  in  the  lime  kiln.  This  makes  the  mill  more  energy  self-sufficient  and 
environmentally  friendly.  Kiln  operation  can  be  disturbed  due  to  sodium  compounds  in 
product lignin because these compounds can melt and promote the formation of rings and 
balls. (Loutfi, Blackwell & Uloth. 1991.)  The market price of heavy oil is expected to be 
470 € per ton and the higher heating value of oil is 43 MJ/kg. When the energy content of 
lignin  in  Table  5  is  used,  one  ton  of  oil  corresponds  to  1.65  tons  of  lignin.  When  lignin 
replaces oil in lime kiln the market value of 285 € per ton of lignin can be expected. The 
market price of natural gas is expected to be 30 €/MWh and the lower heating value is 36 
MJ/m3n (Alakangas. 2000). One normal cubic meters of natural gas corresponds to 2 kg of 
lignin product by energy content. Lignin replaces natural gas in lime kiln the market value 
of 150 € per ton of lignin can be expected. 
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The  product  lignin  can  be  sold  as  a  specialty  chemical.  It  can  replace  phenol  in 
 formaldehyde  resins,  polyols  in  rigid  polyurethane  foams,  and  carbon  black  in  rubber 
 (Benali  et  al..  2014).  It  can  be  used  also  as  an  additive  for  example  in  cement,  inks  or 
 thickeners (Loutfi, Blackwell & Uloth. 1991).  


The most common application for lignin is to use it as a binder. Lignin binds fines together 
 and prevents the surface dusting. That is why it is used as a road binder on unpaved roads 
 and  an  additive  in  ceramics,  fertilizers  and  animal  feed.  Currently  those  are  fairly  small-
 scale operations compared to the lignin use in  a concrete industry. Lignin is added to the 
 concrete mixture to prevent it from clumping and hardening. (Berntsson et al.. 2008.) 
 Lignin can be used as a dispersant or an emulsifier thanks to its surface active properties. 


When kraft lignin is sulfonated it can be used for water demand reducing agent. It can be 
 added to  cements,  textile dyes,  oil-well drilling  muds, gypsum wallboard  et  cetera.  It  has 
 been  expected  that  the  market  price  of  dispergent  lignin  could  be  about  850  €/ton. 


(Berntsson et al.. 2008.) 


Lignin  can  prevent  metal  ions  from  reacting  with  other  compounds  when  they  stay 
 dissolved  in  solution.  This  prevents  scale  deposits  formation  in  water  systems  and  keeps 
 ions  available  to  plants  because  insoluble  compounds  are  not  formed.  If  lignin  can  be 
 modified  to  meet  the  sequestrant  requirements  and  be  as  effective  as  EDTA 
 (Ethylenediaminetetraacetic  acid)  could  the market  price be  about  1200 €/ton.  (Berntsson 
 et al.. 2008.) 


Phenols  have  a  large  applications  field  where  formaldehyde  resins  have  the  major  share. 


The lignin  can be good source for the bio-based production of phenols.  The market price 
 for this application can be from 500 to 700 €/ton. (Berntsson et al.. 2008.) 


Carbon  fibers  are  important  materials  which  have  low  weight,  high  heat  and  corrosion 
 resistance  and  high  stiffness.  Lignin  can  be  a  good  precursor  for  carbon  fiber  production 
 because it has low cost and great availability compared to original CF precursors. It is also 
 a  renewable  material.  The  expected  market  value  for  this  application  is  160  –  340  €/ton. 


(Berntsson et al.. 2008.) 
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3.4  Existing installations 


In 2007 the world’s first demonstration plant was opened in Sweden and it is located next 
 to  the  Bäckhammar  pulp  and  paper  mill.  It  is  owned  and  run  by  LignoBoost  Demo  AB 
 which is a subsidiary of Innventia. Also Chalmers University of Technology has taken part 
 in  development.  The  capacity  of  plant  is  up  to  8 000  tons  of  lignin  per  year.    The  lignin 
 product  of  the  demonstration  plant  has  been  used  in  full  scale  trials  where  replacing  the 
 coal in combined cycle and the fossil fuels in a lime kiln have been evaluated. Alongside 
 of corporate’s own researches also clients’ assignments has been carried out at the plant to 
 find out how their black liquor can be exploited effectively. (Innventia. 2015.) 


The first commercial scale LignoBoost plant has  operated since 2013 in Plymouth, North 
 Carolina,  USA.  It  is  owned  by  Domtar  and  it  produces  lignin  as  a  by-product  of  the 
 existing kraft pulp process. Today the plant produces high-quality lignin, called BioChoice, 
 with  a  good  capacity  and  economic  chemical  consumption.  The  target  rate  of  lignin 
 production is 27 000 tons per year. (Bioplastics News. 2014a.) In 2014 UPM and Domtar 
 made  an  agreement  for  UPM  to  become  the  distributor  of  Domtar’s  lignin  in  Europe 
 (Bioplastics News. 2014b.) 


In 2015 the second commercial scale plant has been started up in Stora Enso Sunila pulp 
mill  in  Kotka,  Finland.  The  aim  is  to  use  extracted  and  dried  lignin  in  the  lime  kilns  to 
replace a major amount of natural gas. The target rate of lignin production is 50 000 tons 
per year. (Reuters. 2013.) 



(35)34 



4  BALANCES 


At  the  early  days  of  pulping  cooking  liquor  was  always  produced  from  fresh  chemicals 
 because  the  recovery  of  chemicals  were  not  yet  developed.  The  recovery  of  waste  liquor 
 was invented due to high prices of fresh chemicals and nowadays the fresh chemicals are 
 used only as make-up to cover different kind of losses. Chemical recovery cycle includes 
 three different balances which are water, alkali and solids balance (Figure 13). (Sebbas, E.. 


1983.) 


Figure 13. The block diagram of chemical recovery cycle in the kraft pulp mill. Blue lines 
 describes the circulation of water or condensate. Green lines indicates the alkali recovery cycle. 


Orange lines describes chemicals entering and exiting the mill. Grey lines are additional chemicals. 


(Sebbas, E.. 1983.) 


These balances are used for forecasting the process changes when parameters are changed. 


The loss point of chemicals can be located and the amount of right make-up chemicals can 
be evaluated using these balances (Figure 14). (Sebbas, E.. 1983.) 



(36)35 


Figure 14. The most common sodium and sulphur emissions and the replacement flows. 


(Henricson. 2004.) 
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4.1  Sulphur/sodium balance 


Sodium  and  sulphur  enters  the  mill  with  raw  material  such  as  wood  chips,  water  and 
 chemicals  (Figure  15).  Sodium  and  sulphur  exits  the  mill  with  saleable  products  and 
 different kinds of effluent streams. 


Figure 15. Material input and output in the kraft pulp mill, which produces bleached pulp and has a 
 closed water circulation system. (Reeve & Silva. 2000.) 


When  the  mill  circulation  is  closed,  it  is  essential  to  monitor  the  material  flows  and  the 
 chemical  balances  in  the  recovery  cycle  (Table  6).  Closed  recovery  cycle  and  emission 
 reduction can pose to the situation of excess sulphur or sodium (or both) in the process. In 
 kraft  pulping,  the  balance  between  the  input  and  output  of  sodium  and  sulphur  must  be 
 kept  constant.  At  the  same  time  the  sulphidity  of  the  white  liquor  must  be  at  the  target 
 level.  The  process  losses  should  be  covered  with  make-up  chemicals  so  that  the  liquor 
 inventory in the mill does not change and the sulphidity remains constant. In modern kraft 
 pulp  mills,  there  is  a  surplus  of  both  chemicals  and  this  situation  needs  to  be  controlled. 


(Henricson, K.. 2004.) 
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Table 6. The main properties to characterize the process liquors. (Seppälä et al.. 2002.) 
 Total (titratable) 


alkali (TTA)  g/l  All sodium       


compounds 


NaOH, Na2S, 
 Na2CO3,  Na2SO4, 


Na2S2O3, Na2SO3


Active alkali (AA)   g/l  NaOH + Na2S 


Chemicals, which 
 have the most 
 effect in cooking 


Effective alkali (EA)   g/l  NaOH + ½ Na2S 


S2-+ HS- + OH-
 (reaction must be 


complete) 


Sulphidity   %  Na2S


NaOH + Na2S ∙ 100  Active alkali in the 
 form of sodium 


sulfide 


Causticizing degree   %  NaOH


NaOH + Na2CO3 ∙ 100 


The causticizing 
 reaction: 


Ca(OH)2 + Na2CO3


=  


2 NaOH + CaCO3


Reduction degree   %  Na2S


Na2S + Na2SO4 ∙ 100 


Tells, how 
 complete the 
 reduction reaction 


from Na2SO4 to 
 Na2S is. 


Typical sulphidity level in kraft cooking is from 25 % to 45 % and it depends on area and 
the  wood  species  used  for  pulping.  Typical  sulphidity  level  for  softwood  pulping  is 
between  35  –  40  %.  The  sulphidity  increases  during  the  cooking  because  most  of  the 
sodium  hydroxide  but  only  20  –  30  %  of  the  sodium  sulphide  is  consumed.  The  higher 
sulphidity  not  only  means  higher  degree  of  delignification  but  also  higher  amounts  of 
odorous gases and corrosion problems. (Gustaffson et al.. 2011.)  According to Arpalahti et 
al. the sulphur to sodium ratio cannot be measured alone  with the sulphidity because it is 
affected  by  causticizing  degree.  The  sulphidity  rises  if  causticizing  degree  drops,  even 
though the sulphur to sodium ratio in the process stays constant. (Arpalahti et al.. 2008.)  
Filtrate  from  the  precipitated  lignin  washing,  consisting  lot  of  inorganic  compounds,  is 
recirculated  to  the  weak  black  liquor  tank.  Sodium  carbonate  (Na2CO3)  and  sodium 
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sulphate  (Na2SO4)  compose  the  major  share  of  those  inorganic  compounds.  Due  to  high 
 quantity  of  sodium  inorganics  entering  the  evaporation  process,  it  is  possible  that  the 
 precipitation  limit  is  crossed.  It  means  that  sodium  salt  crystallization  forms  insoluble 
 deposits  (e.g.  burkeite)  on  the  internal  walls  of  the  evaporators.  When  lignin  and  pulp 
 productions  are  combined,  monitoring  the  carbonate-to-sulphate  ratio  in  the  incoming 
 black liquor is crucial to prevent the formation of deposits. To maintain desired carbonate-
 to-sulphate ratio is the amount of make-up to the recovery cycle be controlled. This can be 
 done by returning less salt cake (Na2SO4) from the chlorine dioxide generator back to the 
 cycle. (Benali et al.. 2014.) 



4.2  Methods to control or separate Sulphur 


The chemical balance is typically maintained with make-up chemicals. Their impact to the 
 process  can  be  determined  by  using  simulation  tools  or  vector  diagrams  (Figure  16).  To 
 control  the  balance,  few  things  about  the  process  have  to  be  found  out.  Firstly,  the  static 
 equilibrium of process needs to be defined in detail. Secondly, the dynamic equilibrium of 
 process  is  defined  to  determine  how  the  equilibrium  is  changing.  Thirdly,  the  discharge 
 points, where Na/S balance is influenced, are selected.  (Sebbas, E.. 1983.) 


Figure 16. Vector diagram can be used for determining and controlling the chemical balance. 


Orange line comprises chemical losses and blue line chemical additions.  Grey Na2SO4 line is the 
 angular coefficient of S/Na2-ratio. (Sebbas. 1983.) 
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If the addition of make-up chemicals is not enough to maintain the chemical balance, the 
 chemicals need to be removed from process. Sodium and sulphur exit the process in about 
 same  proportion  than  they  appear  in  the  cycle.  At  the  selected  discharge  point  must  the 
 proportion of removed chemical be as high as possible to minimize delay time and get the 
 wanted effect. (Sebbas, E.. 1983.)  


When the separated lignin is washed under acidic conditions, using sulphuric acid (H2SO4) 
 as acidifier increases the sulphur content in recovery cycle. The sulphur balance should be 
 kept undisturbed and that is why added sulphur has to be eliminated from the cycle.  One 
 way to accomplish that is to remove precipitator dust, which is mainly in the form Na2SO4
 (accompanied  by  minor  quantities  of  NaCO3  and  NaCl).  However,  removing  the 
 precipitator  dust  causes  also  a  loss  of  sodium  in  the  recovery  cycle.  This  can  be 
 compensated  by  make-up  chemicals:  NaOH  or  Na2CO3.  (Axelsson  et  al..  2006.;  Loutfi, 
 Blackwell & Uloth. 1991.) 



4.3  Production of sulphuric acid 


The generation of sulphuric acid in the mill could be a solution to keep the Na/S-ratio in 
 balance.  The  lignin  extraction  process  has  an  opportunity  to  give  a  positive  economic 
 outcome  of  acid  production  because  precipitation  could  be  done  by  recovered  sulphur 
 instead  of  fresh  acid.  One  possibility  is  to  create  an  electrochemical  split  of  sodium 
 sulphate  from  the  ESP  dust  to  generate  sulphuric  acid.  An  electrodialysis  cell  turns  the 
 sodium  sulphate  into  an  acid  (H2SO4)  and  a  base  (NaOH).  This  process  has  not  been 
 practiced on the full-scale due to its high operating costs. (Lundblad. 2012.) 


Second  alternative  is  to  produce  sulphuric  acid  from  non-condensable  gases  (NCGs). 


These gases are rich in sulphur and normally they are burned in an incinerator, lime kiln, 
power boiler or recovery boiler.  NCGs burning forms  SO2  containing flue gas  which can 
be sent to a sulphuric acid plant for acid production (Figure 17). Third alternative is a H2S 
stripping from green liquor using a CO2 rich gas. H2S gas is oxidized in a NCG incinerator 
to form SO2 for sulphuric acid production. (Valeur et al.. 2000.) 
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Figure 17. Wet contact process for sulphur recovery from NCGs. (Valeur et al.. 2000.) 
 The  SO2  containing  gas  is  cooled  to  about  400  °C  to  activate  the  SO2  oxidation  catalyst 
 (vanadium  pentoxide,  V2O5)  (Equation  1).  Since  the  oxidation  reaction  is  exothermic  the 
 temperature  increases  when  the  reaction  proceeds.  The  equilibrium  of  reaction  is 
 dependent on the O2 to SO2 ratio. 


SO2 + 12O2 = SO3 + heat    (1) 


The  flue  gases  from  an  NCG  incinerator  has  typically  a  low  SO2 concentration  and  high 
 oxygen content which results in a high SO2 conversion efficiency (over 96 %). The water 
 vapor in the flue gas reacts with the SO3 and sulphuric acid is produced (Equation 2). 


SO3+ H2O = H2SO4 + heat   (2) 


The reaction between SO3 and H2O takes place in the gas phase and the reaction product is 
 condensed from the gas by partial condensation. The recovered acid has a concentration of 
 55 – 60 % but some modified condensation processes has an option to produce 93 % acid. 


The  heat  released  during  the  acid  production  is  removed  from  the  plant  through  the  heat 
recovery loop. (Valeur et al.. 2000.) 
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5  PULP MILL SIMULATION 


The aim of this thesis was to create a simulation model for the selected pulp mill process. 


The model has  been done in  Valmet  WinGEMS Process  Simulator.  The  model was  used 
 for  simulating  the  changes  in  chemical  balances  when  the  lignin  precipitation  unit  was 
 added  to  the  original  process.  The  final  sodium/sulphur-balance  is  done  by  gathering  all 
 input and output streams that includes sodium and/or sulphur in Microsoft Excel. 



5.1  WinGEMS 


WinGEMS is a simulation software published by Pacific Simulation in 1992. It is based on 
 the  GEMS  (General  Energy  and  Material  System)  simulation  software,  which  has  been 
 developed  at  the  University  of  Idaho  in  the  early  1970s.  The  software  is  a  tool  used  for 
 solving the mass and energy calculations. The process simulation is done by constructing 
 the process in WinGEMS, using blocks and streams and then the software founds the final 
 solution using an iterative calculation (Figure 18). (WinGEMS help, Overview) 


WinGEMS can be used  for troubleshooting  and  estimating process  changes without real-
 world actions in the present or new processes. Model can be constructed for either single 
 operating unit or whole pulp mill. (Metso automation. 2007.) 


As stated before WinGEMS can be used for a steady state simulation which means that the 
model calculates all input  and output data until  the convergence is  reached. When a new 
project is created the top level diagram of simulation opens. The top level diagram contains 
the simulation model built from blocks and streams (Figure 18). 
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Figure 18. The top level diagram for the example process of countercurrent heat exchanger and the 
 graphic interface of a block and streams. 


The  most  commonly  used  blocks  in  the  program  are  mix,  split  and  reaction  blocks.  The 
 mix  block  is  used  for  mixing  different  components  and  streams  together  while  the  split 
 block is used for splitting flow streams and/or components. The program does not contain 
 any chemistry behind the calculation which means that it uses only the mass balances to do 
 the calculations.  If chemical  reactions  need to  be defined  in  the model the reaction block 
 can be used.  


If  a  simulation  model  is  large  it  would  be  appropriate  to  combine  different  blocks  into  a 
single block. This can be done by using a compound block which is a storage block for the 
group of blocks combined to create an operational unit. Each compound block has its own 
diagram  window  (a  container  diagram)  and  scripts.  This  means  that  basically  it  is  a 
diagram  within  a  diagram.  WinGEMS  includes  some  pre-constructed  compound  blocks 
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such as lime slakers and kraft recovery furnace but the user can also create one of its own. 


A compound block can be used as any other block when user has defined input and output 
 streams and block parameters (Figure 19).  


Figure 19. Defining the properties of a compound block. Upper window describes how the input 
and output streams are profiled. The window at bottom describes the parameters that are profiled. 
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5.2  Introduction of example Pulp Mill 


The  selected  Pulp  Mill  for  simulation  produces  bleached  eucalyptus  pulp  and  has  a 
 capacity  of  500  000  ADt/a.  The  wood  handling  of  mill  consists  of  single  debarking  and 
 chipping line. Wood chips are stored in silos from where they are sent to the fiberline. The 
 fiberline has one continuous cooking digester, brown stock washing, screening and oxygen 
 delignification.  


The  mill  uses  a  three-phase  elemental  chlorine  free  bleaching  using  the  chlorine  dioxide 
 (ClO2)  produced  in  the  ClO2  plant.  The  ClO2  plant  consists  of  two  generators  using  the 
 HPA  process  (Equation  3).  Chlorine  dioxide  is  formed  when  sodium  chlorite  (NaClO3) 
 reacts  with  sulfuric  acid  and  hydrogen  peroxide  (H2O2).  Peroxide  is  used  as  a  reducing 
 agent  to  prevent  the  formation  of  byproduct  chlorine.  Because  process  is  performed  in 
 atmospheric pressure the spent acid is produced alongside the chlorine dioxide. 


2 NaClO3 + 3 H2SO4 + H2O2 → 2 ClO2 + Na2SO4 + 2 H2SO4 + O2 + 2 H2O  (3) 


Spent  acid  contains  sodium  sulfate  (Na2SO4)  and  sulfuric  acid  (H2SO4)  and  it  is  used  as 
 make-up  chemical.  It  is  mixed  with  black  liquor  before  the  evaporation  plant.  The 
 evaporation plant has 7 falling film type units. 


The  chlorine  and  potassium  removal  system  (ARC,  Ash  Re-Crystallization)  is  integrated 
 into the evaporation plant because it is driven by vapor taken from one of the evaporation 
 effects.  The  ash  from  the  electrostatic  precipitators  is  dissolved  in  water  and  the  formed 
 solution  is  evaporated  using  the  vapor.  The  evaporation  crystallizes  sodium  sulfate  and 
 sodium carbonate and those crystals can be returned to the liquor cycle. The purge stream 
 from the ARC process containing chlorine and potassium is removed from the cycle. Some 
 sulphur and sodium is also purged out during the process (Table 7). 


Table 7. Sulphur and sodium losses in the K/Cl-removal system. 


K/Cl removal SO4-loss  5.2 % 


K/Cl removal Na-loss  23.3 % 
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The recausticizing plant has the following main equipment: 


  Two green liquor clarifiers 


  Dregs filter 


  Slaker 


  5 causticizing vessels 


  White liquor filter 


  Storage tanks  


There are two lime mud filters in the lime kiln area. The mill has a lime kiln that uses oil as 
 a fuel. The properties of that oil are presented in Table 8. 


Table 8. Typical values for oil used as fuel in lime kiln (Alakangas. 2000). 


Elementary analysis of dry solids [wt-%] 


Carbon  88.3 


Hydrogen  10.10 


Sulphur  0.95 


Oxygen  - 


Nitrogen  0.40 


Ash  0.04 


Moisture  0.3 


Effective heat value in DS [MJ/kg]  40.7 
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5.3  Key operating data of the Pulp mill 


The operating data of selected pulp mill has been gathered from the previous case materials 
 that Pöyry Finland Oy possesses (Table 9).  


Table 9. Operating values of cooking process in the mill. 


Active alkali on wood  17 % as NaOH 


Active alkali concentration  135.5 g/l as NaOH 


Reduction efficiency  95 % 


Sulphidity  34 % 


Causticity  83 % 


White liquor temperature  90 °C 


Effective alkali   112.4 g/l as NaOH 


Blowline consistency  15.2 % 


Kappa number  15 


Cooking yield  55 % 


Dilution factor  2.5 m3/ADt 


Wood moisture  45 wt-% 


Lignin in wood  22 % 


Based on the original wood composition and the yield losses during the pulping process the 
 amount of lignin in black liquor can be calculated (Table 10). 


Table 10. The change in the amount of lignin and wood during the kraft pulping. 


Wood [%]  Lignin [%]  Kappa [-] 


Cooking  100  22  15 


Oxygen delignification  55  1.83  11 


Bleaching  53.2  1.30  4 


Pulp  51.9  0.46 
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5.4  System boundary and studied cases 


Simulations  are  done  by  using  the  system  boundary  described  in  Figure  20.  The  main 
 processes  are  Fiberline,  Chemical  recovery  and  Oxygen  delignification.  Bleaching  plant 
 has  not  been  fully  simulated  but  the  ClO2  consumption  and  yield  loss  are  taken  into 
 account. 


Figure 20. The system boundary of pulp mill used in simulation model. 


The Base case of pulping process is simulated before the lignin extraction processes. The 
 aim  is  to  find  the  Na/S-balance  of  selected  pulp  mill  under  typical  operation  conditions. 


Results for this simulation are presented in Chapter 6.1.  


Simulation with lignin separation is done with two different extraction rates (10 % and 20 


%). Pöyry has earlier discovered that 20 % is the limit where the combustion properties are 
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not affected negatively. After that point the heating value of strong black liquor may be too 
 low to  achieve wanted steam  values without changing heat  recovery surfaces in  recovery 
 boiler. 


Lignin  extraction  process  increases  the  sulphidity  in  mill.  It  has  been  decided  that 
 sulphidity  must  be  maintained  around  32  %  in  all  three  simulation  cases.  In  Cases  1 
 (Chapter  6.2)  and  2  (Chapter  6.3)  the  sulphidity  is  controlled  by  waste  acid  (Na2SO4) 
 stream intake from chlorine dioxide plant. If sulphidity rises over 32 % waste acid intake is 
 decreased.  In  Case  3  (Chapter  6.4)  the  sulphidity  level  is  controlled  by  splitting 
 hydrosulfide  (HS)  from  strong  black  liquor  stream  to  produce  sulphuric  acid  in  the  mill. 


This  sulphuric  acid  replaces  part  of  the  fresh  H2SO4  needed  in  the  lignin  precipitation. 


Decreased sulphur intake decreases the sulphidity. 


The  annual  pulp  production  is  increased  when  lignin  is  extracted.  The  amount  of 
 production increase depends on the recovery boiler limitations.  Primary cases are divided 
 into two subcases which have different fixed value either Heat load (MWh/d) or Dry solids 
 load (tDS/d).  The studied cases are named as described in Table 11. 


Table 11. The hypotheses used in the simulations and the names of studied cases. 


Case  Lignin      
 extraction rate    [%] 


Fixed value      
 in Recovery boiler 


Sulphuric acid     
 production 


Base  0  -  - 


1A  10  Dry solids load  - 


1B  10  Heat load  - 


2A  20  Dry solids load  - 


2B  20  Heat load  - 


3A  20  Dry solids load  Yes 


3B  20  Heat load  Yes 
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6  SODIUM-SULPHUR BALANCES OF SIMULATIONS 


Next four chapters include the sodium to sulphur balances of all the cases described before. 


The  principle  in  those  balances  is  that  input  and  output  streams  need  to  meet  each  other 
 and  balance  is  fixed  to  chosen  sulphidity  level.  The  figures  are  based  on  the  simulation 
 results  of  input  and  output  streams  in  simulation  model.  All  the  data  from  those 
 simulations can be found from Appendix I. The layout of the WinGEMS model examples 
 can be found more detailed from Appendix II. More about simulation results in Chapter 7. 


Chapters  include  description  how  the  balance  figure  of  case  is  formed.  In  Base  case 
chapter  the  principles  of  balance  figure  is  described  in  detail  and  the  principles  are  valid 
also in the lignin extraction cases. In Cases where lignin extraction is added to the process 
the changes in sodium-sulphur balance compared to the Base case.  
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