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1 Summary

1.1 Summary

The pulp mill of today is very efficient with love$ses of chemicals and an effective
chemical recovery system. The high degree of ceomupositive for the mill economy,
water consumption and environmental impact, bud bithgs negative aspects. In a
closed system the Na/S balance and build-up ofd@nn the mill process streams has
to be controlled. The chemical balances are todamally controlled by purging ESP
dust (or ESP dust treated to obtain a more corateaktpurge) and compensating with
make-up chemicals to maintain the Na/S ratio atdsred level. This is costly and leads
to the release of salt to the environment.

One option to solve/minimize the above mentionablam is electrolysis of sodium
sulphate, either in the form of pre-treated ESR dusaltcake from Cl@production

(more or less pure N8(Oy), to caustic and sulphuric acid. The current stéttne-art,

used extensively in the chlor-alkali industry, isn@ compartment electrolyzer that
produces pure caustic and a mix ¢B, and NaSQ,. This project aims to evaluate how
electrolysis can be integrated in two model méls¢ftwood market pulp kraft mill
located in Scandinavia and a eucalyptus market knalfp mill located in South America.
Effects on both Na/S and K/ClI levels were taken axdcount.

Electrolytic split of sodium sulphate can effectiveeduce make-up chemicals
consumption in the closed part of the mill. In fimat of seven electrolysis cases NaOH
can be produced to cover part of the bleachingtplaeed as well, i.e. no external NaOH
at all is needed for the closed part. The redugsanore substantial in softwood mills
due to a higher internal sulphuric acid consumptialt emissions from the closed mill
are reduced by 65-~100%. The levels of potassiuwhchtoride in the mill can be
controlled with only minor losses of Na and S. Kidney function for K requires that
alkaline filtrates from the bleaching plant are reatycled. If the acid stream is used in
the CIQ plant it requires significant additional filterdevaporation capacity (almost
double capacity). Power consumption for the eldgsre increased by between 55-206
kWh/adt (an increase of 8-30% compared to the nlomiieconsumption).

The total savings were found to be between 20-6&KI$ and are most dependent on
price for NaOH, electricity and in some of the dyptus cases, N&O,. A
deposit/handling cost for ESP dust would signifttaimprove the process economy.
CAPEX was estimated to between 120-220 MSEK depgnain case, divided between
pre-treatment (only in the case of ESP dust tr@agelctrolysis and re-building the GO
plant. This gave straight pay-back times betwe®ny8 depending on case. Despite
larger savings in chemicals for the softwood catbeseucalyptus cases still show better
pay-back times due to the higher price level famltals and electricity in South
America.



1.2 Executive summary

Definition of problem

The pulp mill of today is very efficient with love$ses of chemicals and an effeci
chemical recovery system. The high degree of ceomupositive for the mill econom
water consumption and environmental impact, bud has negativsides

e The Na/Sratio that determines the composition of the pumhemical has to be
on the desired levelf an ingoing stream has a different N-ratio it will disturb
the chemical balance. In a softwood pulp mill thisrgenerally a sulphur surpl
intake which ormally is handled by purginglectrostatic precipitator (ESP) d
mainly composed of sodium sulph from the system. The losbdiummust then
be replacedusuallh by expensive NaOH.

* The high degree of closuaccumulates nopfocess elements (NPEn the mill.
K and Clcan cause corrosi- and plugging problem in the recovery boiler if
concentrations are too high. These are enrichéteiIESPdust, which can b
purged to reduce the levels of K an«. Theninput of chemicals is needed
make upfor the lost Na and S. There are treatment processes that pt K and
Cl in more concentrated form, but the losses imbals are still significar

These problems causabstantiacosts for the mill in makep chemical (mainly NaOH
since required N&O, is normally available internally from the Co-plant’. In addition,

a large amount of salt purgedto the environmentThis can be an important future is

with more stringent environmental regulations tteat lead to e.g. limited emission rig
of salts.

Electrolysis of sodium sulphat

One option to solve/minimize the above mentionexblam is lectrolysis of sodiun
sulphatdn the form of ESP dusand/or saltcake from CliJproductionto caustic ant
sulphuric acid (seEigure 1.1).

-

Figure 1.1. Electrochemical split of sodium sulphate.

The split of sodium and sulphur in different stredeads to an increased flexibility in t
Na/S-balance (internaulphuric acid generation). ere is also @otential to purge |
and/orCl from the system with minimal losses of chemir One advantage for the m
is reduced makep chemical consumption. Another advantage istttemount of sali
IS reduced.



Electrolysis of sodium sulphate has been studied fong time but has this far not been
profitable. The drivers may be stronger now due to:

* Problems with Na/S and K/Cl-levels that lead tchhigsts for make-up
chemicals.

« Development of new processes for the pulp mill teatls to higher sulphur
inputs and greater disturbances (e.g. LignoBoost)

* Demands on more extensive closure of mills andaedi@nvironmental impact,
including the questioning of release of salts fitbwe mill.

* Risk for increasing chemical prices.

» Technical development of the electrolysis procgsbkrbad application in the
chlor-alkali industry

Project scope

In this project electrolysis saltcake from Giroduction and ESP dust is studied. A
process for upgrading ESP dust to the purity demémelectrolysis is suggested. The
integration of an electrolysis process with two eladills (bleach kraft from softwood in
Scandinavia and bleached kraft from eucalyptusoumti®America, both mills producing
2000 adt/d bleached pulp) is evaluated with NatSKII&| balances as boundary
conditions.

Results

Sodium sulphate can be electrolysed using eitheromthree compartment systems.
Hydrogen and oxygen gas streams are by-produgatstfie electrolysis. The hydrogen
stream is pure and can be used to fuel the linm keblacing fossil oil. The oxygen
stream can contain chlorine gas if there are daisrin the sodium sulphate fed to the
electrolysis process. This work focuses the twomamment electrolyzer which is
extensively proven technically in the chlor-alkaliustry. From this system a 50/50
mole-% of HSOyY/ NaSO, mix and a pure alkali stream is obtained. If EGBtds used
as feed, the alkali stream is a mix of K/NaOH.

A process for upgrading recovery boiler dust todamands required for electrolysis is
suggested where multivalent metal ions, chlorid# @arbonate are reduced to
manageable levels. All process steps are indivigpabven in industrial scale. Saltcake
can be fed directly to electrolysis after minorgessing.

The integration of an electrolysis process (two partment) in the model mills was
studied with Na/S and K/CI balances as boundargitions. A number of potentially
interesting casesvere treated with different feed to the electrislyseeTable 1.1

1 A complete summary of the cases are given in Ch&8pfeage 49



Table 1.1. Studied cases.

Case Feed to electrolysis Purpose

1a, b-d No electrolysis Reference to Cases 2-5

2a, c-d Saltcake Acid demand to ClO,-plant supplied.

3a,b Saltcake and current purge of ESP Acid demand to ClO-plant supplied. Additional acid to bleach
dust. plant.

4b ESP dust Acid demand to ClO,-plant supplied.

5a Saltcake and ESP dust Internal acid demand supplied (tall oil and CIOy)

6a,b No electrolysis + LignoBoost Reference to Case 7

7a,b ESP dust and (for euca) saltcake H,SO,demand in closed part supplied (CIO,, LignoBoost and for

SW tall oil plant)

Savings in chemicals, oil to the lime kiln and thduction in severed salts are shown in
Table 1.2 The savings in chemicals are generally largetHersoftwood cases. The
severed amount of salt is substantially reducee<B® %). The electricity consumption
is between 55-206 kWh/adt. This is a significactréase of 8-30% from the normal mill
consumption.

Table 1.2. Savings (kton/y) in make-up chemicals consumption, oil consumption in lime kiln and
severed amount of salts (compared to corresponding reference case). A negative number means
that more chemicals have to be bought.

Case 2a |2c |2d [3a |[3b 4b |5a [7a 7b
Savings in:

H2S04 (ktonly) 9.0 | 80 | 6.7 |10.2| 11.7 | 8.0 | 13.5]24.2 | 10.7
NaOH (ktonly) 92 | 68 |64 [(108| 11.1 | 8.2 |13.5(24.4]|10.9
Na2S04 (ktonly) 00]|-95|-74(-01|-121]02 |-23|-22] 0.0
Purchased oll

to lime kiln (ktonfy) |06 | 06 | 06| 08| 1.0 |09 ]| 11|24 |12
Purged dust (ktonly) 16.210.8|11.8|16.2| 0.6 |15.7|21.9]|41.2| 20.0

Economic evaluation

Operating costs were estimated using the costsrafurmables given ihable 1.3 The
estimated CAPEX was adjusted for size using sedataling factors. The investment
was estimated to 120-240 MSEK of which 75-140 MSg&ke electrolysis process.

Table 1.3. Costs used in the economic assessment.

Cost
Unit Scandinavia South America
NaOH SEK/ton 3120 5 560
H;SO4 SEK/ton 790 1 660
Na,SO4 SEK/ton 1 800 2 000
Electricity SEK/MWh 412 308
Steam SEK/ton 60 60
Deposit cost SEK/ton 0 0
Oil price SEK/MWh 450 450




The result was straight pay-back times betweerb3@ars. The eucalyptus cases show
better economy than the softwood cases even thaagé chemicals are saved in the
latter. This is due to the price difference of cleats and electricity between South
America and Scandinavia.

A deposit cost would give a significantly betteogess economy. Already a cost of 500
SEK/ton would give pay-back times below 5 yearsalbcases.

Conclusions

Conclusions from the work can be summarised as:

Integration to the mill

Using electrolysis to split sodium sulphate to sadihydroxide and sulphuric
acid can effectively reduce make-up chemicals comgion and severed amount
of salts.

The total chemicals consumption is reduced mosmftwood mills where the
higher sulphuric acid consumption in the closed ayitle leads to a purge of
more ESP dust and the need for more make-up chismica

Electrolysis of ESP dust can be an efficient kidfayK and Cl removing 52-
56% of the K and 85-90% of the Cl fed to the elggsis process. The potassium
kidney function requires that the K/NaOH strearaged in e.g. the open part of
the bleaching process and that the fresh NaOH tineed is taken into the mill as
replacement instead.

The power consumption for electrolysis varied bemvg5 and 206 kWh/adt. This
means a significant increase in power consumptidim 8¢30% compared to the
model mill.

Using the two-compartment cell set up producedueti HSQ,-stream with 50
mole-% NaSQ,. If this stream is used to feed the gi@ant significant additional
filter and evaporation capacity is required. Anemsive rebuild of the Cl&plant
may be necessary.

Economic evaluation

CAPEX was estimated to between 120-220 MSEK depgnain case. The yearly
savings was estimated to between 20-60 MSEK whasie gtraight pay-back
times between 3-9 yrs depending on case.

Price for NaOH, electricity and in some of the dygtus cases, N&O, were
found important in terms of operational costs. Dejpoosts for ESP dust would
significantly improve the process economy.

Despite larger savings in chemicals for the softvoases, the eucalyptus cases
still show better pay-back times due to the higireze level for chemicals in
South America (Brazil).



1.3 Exekutiv sammanfattning

Problemstallning

Dagens massabruk ar mycket effektivt med laga $tetuav kokkemikalier och €
effektivt atervinningssystem. Den hoga slutningdgraar positiv for brukets ekonor
vattenforbrukning och miljopaverkan men for ocksédnsig nackdela

» Na/S-forhallmdet som bestammeammansattningen pa koklutmaste hallas pa
onskad niva. Om en instrém har ett annat Na/S fiafde kommer den att sté
kemikaliebalansen. | ett barrmassabruk rader vanligt svaveloverskott ir
processen som maste hanteras ge att ta ut motsvarande mangd svavel 1
systemet. Detta gors genom att bldda ut sodaparfh@ststaende till stérs
delen av natriumsulfat). DA fas en forlust av matrisom normalt ersatts med ¢
lut.

e Maed hdg slutningsgr: ackumuleras processfraimmangrundamnen (PFG
bruket. K och Cl kan orsaka korrosic- och igensattningsproblem i sodapan
om nivaerna blir for htga. Dessa anrikas i stdféat sodapannans elektrofili
och, om behov finns, bléds sodapannestoft ut timatska halterna vilkt leder
till kemikalieforluster. For att minska dessa f&tier finns askbehandlir-
processer som bléder ut K och Cl i mer koncentrévad, men
kemikalieforlusterna ar fortfarande signifikan

Dessa problem medfor stora kostnader for brukatnn favmakeupkemikalier(framst
NaOH da behovet av N&C, kan tillgodoses internt fran Chbrocessenoch dessutom
utstotning av en stor mansalter till recipienten, vilket kan vara av stoktvila
miljokraven kan bli strangare med exempelvis begmirgar iemissionsratten som fol

Elektrolys av natriumsulfat

Ett forslag for att I6sa/minska ovanstaende prokdem@lektrolys av natriumsul
(elektrokemisk saltspliflantingen i form av sodapannestoft eller biproduktan
klordioxid (CIOy)-tillverkningen, till svavelsyra och natriumhydroxiseFigurl.2).

Canstic
Sadiurm Hectrochermical
sulphate - <pit
=alt
Acid

Figur 1.2. Elektrolys av natriumsulfat.

Uppdelningen av natrium och svavel i separata strémeder till 6kad flexibilite
gallande Na/$alansen (intern svavelsyratillverkning). K /eller Clkan blédas ufran
systemet med minimala kemikalieforlusiEn fordel for bruket aminskade
kemikaliekostnadelEn annan férdel ar minskade utslapp av



Elektrolys av natriumsulfat har studerats lange iméills inte visat sig [bnsamt.
Drivkrafterna kan ha blivit starkare pa grund av:

* Problem med Na/S och K/Cl-nivaer som leder till Adgstnader for
ersattningskemikalier

» Utveckling av nya processer for massabruket somr [l ytterligare
svavelsyraintag (t.ex. LignoBoost).

» Krav pa slutning och minskad miljopaverkan, inklgsifragasattande av utslapp
av salter fran bruket.

» Risk for 6kande kemikaliepriser.

» Teknisk utveckling av elektrolysprocessen genond titéimpning i klor-
alkaliprocessen.

Projektomfattning

| projektet studeras elektrolys av bade saltkakasaclapannestoft. En process for att
uppgradera sodapannestoftets renhet till den mirdlsavs for elektrolys foreslas.
Integrationen av en elektrolysprocess med tva niiodd studeras (blekt sulfat fran barr
i Sverige samt blekt sulfat fran eukalyptus i Sydédka, bada 2000 adt/d blekt massa)
med Na/S- och K/Cl-balansen som randvillkor.

Resultat

Elektrolys av natriumsulfat till NaOH och svavelayan utféras med tva- eller tre-
kammarsystem. Som biprodukt fas vat- och syrgassivér. Vatgasstrommen ar ren och
kan anvandas som bransle till mesaugnen. Syrgassiea kan innehalla klorgas om
klorider finns i natriumsulfatet som gar in i elekysen. Fokus i arbetet ar
tvakammarsystemet som ar mest beprovat tekniskig&een blandning av430, och
NaSOQ; som syraprodukt (ca. 50/50 mol-%). Om sodapanftestktrolyseras fas
K/NaOH som alkalistrom.

En process for att rena sodapannestoft till de koaw stalls for elektrolys har tagits fram
dar multivalenta metalljoner, klorider och karboreduceras till hanterbara nivaer. Alla
processteg ar var for sig beprovade i industriedla Enda tillsatsen &ar vatten
motsvarande 8.4 #ion behandlat sodapannestoft. Motsvarande prdéesst hantera
biprodukter fran Cl@tillverkning ar betydligt enklare.

Integration av ett elektrolyssystem (tva kammarejimmodellbruken har studerats med
Na/S- och K/Cl-balansen som randvillkor. Ett apaientiellt intressanta fall
behandlades med olika inflode till elektrolysenTabell 1.4

2 F6r en komplett summering av fallen, se Kapitedi,49.



Tabell 1.4. Studerade fall.

Fall Instrom till elektrolys Syfte

1a, b-d Ingen elektrolys Referens till Case 1-5.

2a, c-d Saltkaka Leverera syrabehovet till CIO,-anlaggningen

3a,b Saltkaka och nuvarande mangd utstétt | Leverera syrabehovet till ClO,-anlaggningen. Syra utéver det till
sodapannestoft blekeriet.

4b Sodapannestoft Leverera syrabehovet till CIO,-anlaggningen.

5a Saltkaka och sodapannestoft Internt syrabehov tillgodosett (tallolja och CIO,)

6a,b Ingen elektrolys + LignoBoost Referens till Case 7

7a,b Sodapannestoft och (for euca) H.SO4 behov i slutna delen tillgodosett (CIO,, LignoBoost och for
saltkaka SW talloljekokerit)

Besparingar i kemikalieférbrukning, olja till megpen samt mangden salt till aviopp
visas iTabell 1.5 Minskningen i kemikalieférbrukning &ar generetibise i SW-fallen.
Mangden salt till aviopp fran slutna delen minshkatydligt i de flesta fall (65-~100 %).
Elektricitetsférbrukningen ar mellan 55-206 kwWh/ddét motsvarar en betydande
Okning i brukets elektricitetsbehov med 8-30%.

Tabell 1.5. Besparingar (kton/ar) i kemikalieforbrukning, oljeforbrukning i mesaugnens och salt till
avlopp (jamfort med motsvarande referensfall). Ett negativt tal betyder att mer kemikalier méaste
képas in.

Fall 2a |2c |2d |3a |3b 4b |5a |7a |7b
Besparingar i

H2S04 (kton/ar) | 9.0 | 8.0 | 6.7 |10.2 | 11.7 | 8.0 | 13.5]|24.2|10.7
NaOH (kton/dr) | 9.2 | 6.8 | 6.4 [10.8| 11.1 | 8.2 [135]|24.4]|10.9
Na2S04 (kton/dr) | 0.0 |-95|-74[-01]|-121]02[-23]-22] 0.0
Olja till

mesaugnen (kton/ar) | 0.6 | 0.6 | 0.6 | 0.8 1.0 |09 |11 )24 |12
Salt till aviopp | (kton/ar) [16.2]10.8|11.8|16.2| 0.6 |15.7]|21.9|41.2|20.0

Ekonomisk utvardering

Driftskostnader uppskattades utgaende fran prisabell 1.5 Den uppskattade
investeringen justerades for storlek med hjalp.lavskalfaktorer. Investeringen ligger i
storleksordningen 120-240 MSEK varav 75-140 MSEIKjalva elektrolys-
anlaggningen.

Tabell 1.5. Kostnader anvanda i studien.

Kostnad
Enhet Skandinavien Sydamerika

NaOH SEK/ton 3120 5 560
H,SO, SEK/ton 790 1660
Na,SO4 SEK/ton 1800 2 000
Elektricitet SEK/MWh 412 308
Anga SEK/ton 60 60
Depositions-

/hanteringskostnad | SEK/ton 0 0
Oljepris SEK/MWh 450 450




Resultatet visar raka aterbetalningstider mell@53ar. Eukalyptusfallen visar battre
ekonomi an barrvedsfallen trots att mer kemikajgaras i SW-fabriken. Detta beror pa
prisskillnaden pa kemikalier och elektricitet mall@ydamerika och Skandinavien.

En tillkommande deponi-/hanteringskostnad skukialgll betydligt battre totalekonomi.
Redan en kostnad pa 500 SEK/ton ger aterbetalidlegstnder 5 ar for samtliga fall.

Slutsatser

Slutsatserna fran arbetet kan sammanfattas som:

Integration med bruket

Elektrolys for split av natriumsulfat till NaOH ocdt,SO, kan effektivt minska
brukets kemikalieforbrukning och utslapp av salter.

Totala kemikalieférbrukningen minskar mer i barrstadbriker dér stérningarna i
Na/S-balansen genom den storgSE,-forbrukningen i slutna delen leder till en
stor mangd utstott sodapannestoft och héga kerakadinader.

Elektrolys av sodapannestoft ar en effektiv njunel och Cl dar 52-56% av K
och 85-90% av Cl av mangden in till elektrolyspisssn kan stotas ut.
Njurfunktionen for K kraver att den producerade EMOH strommen anvands i
t.ex. den 6ppna delen av blekeriet och farskaakiirt i slutha delen som
ersattning (“lutvaxling”).

Elforbrukningen varierade mellan 55 och 206 kWhiadtderade fall. Det
betyder en signifikant 6kning i elférbrukning me®8% jamfort med brukets
normala elbehov.

Med tvakammarelektrolysen produceras en utspd@Diimed 50 mol-%
NaSO;. Om denna strom anvands som feed till £é@laggningen kravs en
signifikant 6kad filteryta och indunstningskapatitem kapaciteten inte finns
kravs en omfattande ombyggnad.

Ekonomisk utvardering

CAPEX uppskattades till mellan 120-220 MSEK beraepd fall. Arliga
besparingar uppskattades till 20-60 MSEK vilket gaka aterbetalningstider
mellan 3-9 ar beroende pa fall.

Priset pa NaOH, elektricitet och, i vissa eukalgfdll, NaSO, har storst effekt
pa de rorliga kostnaderna. En depositionsavgifstittapannestoft skulle ha en
signifikant effekt pa processekonomin.

Trots storre kemikaliebesparingar i SW-fallen visakalyptusfallen fortfarande
battre aterbetalningstider, beroende pa det hdagtidslaget for kemikalier i
Sydamerika.



2 Introduction and aims

2.1 Background

The kraft pulp mill of today is very efficient witlow losses of pulping chemicals and an
efficient chemical recovery system. In generalrthik system has a high degree of

system closure of the brown side (pulping, pulplwasygen bleaching, chemical
recovery) with low levels of both input and outpgtemicals compared to older mills.

The bleach plant is for most mills still open, whimeans that all added chemicals
together with the organic effluent must be handhean external treatment before release
to recipient. Some mills recirculate alkaline flie to the closed system, thereby closing a
part of the bleach plant. The pulp mill is showhesoatically in Figure 2.1 with the

closed system inside the dotted box (note that ioalgnd output streams related to the
Na/S balance are included).

Wood chips

from wood | Bleached
yard DIGESTER AND 02-bleaching ECE bleachi pulp
 — 1 p——
T BROWNSTOCK WASHING eaching
A
——————————————— l Cio
I_Oxid ized white liquor ‘
White I
liquor
1 Black
1 fiauer SW: Sodium i
Soap sesquisulphate NaClo,
P — — o e - = <
! Causti- Recovery Evap- T?" ':'I cloz-
! - boiler orators plan lant | HS50.
: dzing ‘ e == = (ON]Y SW) P [ —
I [} Euca: Sodium 1
i oo e L
I
" Make-up chemicals: i
Naz2504, NaOH ESP dust or purge l H,50,

from ash treatment

Figure 2.1. Block scheme of a kraft pulp mill with in- and outgoing streams related to the Na/S
balance shown.

The high degree of system closure is overall velmaatageous in terms of mill economy,
impact on the environment, water consumption amignrecovery. However, it also
brings difficulties.

Input and output of process chemicals must be lemica in a closed system. Of

particular importance is the Na/S-ratio which colsithe composition of the pulping
liquor and must be maintained at the desired ldisah input stream contains a different
ratio of Na/S, e.g. sulphuric acid to the tallgént in a softwood kraft pulp mill, it will
disrupt the chemical balance and the additionglhaul input has to be purged. This is
normally done by purging a part of the electrostptecipitator dust (ESP dust) from the
recovery boiler. ESP dust consists mainly 03, which leads to a significant amount
of lost sodium together with the sulphur. This smdihas to be replaced by a sulphur free
make-up chemical which is normally expensive Na@Haddition, a significant amount
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of NaSQO, together with other salts and trace componentdésased to the recipient with
the purged recovery boiler dust. This is of patdcimportance for softwood mills where
sulphuric acid is normally added to the closed sytem.

Another problem is the accumulation of so called-poocess elements (NPE) in the
closed system. There are several “kidneys” wheneynetements (e.g. Ca, Al, Mn, etc.)
are purged from the closed system, e.g. with the, purge of lime, lime dust and green
liquor dregs. Potassium and chloride are enrichéde ESP dust and, if the levels are
high enough, cause problems with plugging and saroof the heat recovery system in
the recovery boiler. These elements are normaliyrotied by either a purge of recovery
dust or by treatment of ESP dust to obtain a moneentrated purge of K and ClI (e.g.
Valmet AshLeach or Andritz ALE). The purge, eveonfrash treatment processes,
contains sodium and sulphur which has to be regdlasecumulation of K and Cl is a
more important question in eucalyptus kraft pulfiswhere the input mainly with the
wood is larger.

Most mills are ECF mills with a Cl&generator which produces saltcake as a by-product.
The CIQ-plant is in a modern mill normally well-integratedthe control of the Na/S-
balance. Without the Clplant the amount of external make-up chemicalsiegevould
often, in particular for eucalyptus mills, increa¢he saltcake is returned to the

recovery cycle it can be seen (in terms of Na/S) part of the closed cycle. In softwood
mills the acidic sesquisulphate from SVP-LITE/R&8ribk can be used to partly replace

the fresh sulphuric acid addition to the tall ddmt. For eucalyptus mills, where the
saltcake often is N&Qy it can be returned to the mill as make-up for pdrgSP dust

that is contaminated with K and CI-

Thus, in a modern kraft pulp mill there are twogasses generating a saltcake with
sodium sulphate as main component. The most conmaorufacturing methods of C}O
in pulp mills with ECF bleaching produce sodiumpdidte or sodium sesquisulphate.
Electrostatic precipitator catch (ESP dust) from tcovery boiler contains mainly
sodium sulphate but also other components. Oft@graficant amount of N&O, is
emitted to recipient. Could this by-product be &eg in an efficient way?

A method for splitting Na and S in separate strefioma saltcake and/or ESP dust would
be beneficial for the mill since it would allow atbter control of the Na/S-balance of the
mill and, at the same time produce chemicals needét pulp mill (NaOH and $$0y).
The CIGQ-plant would become even better integrated witarmdl sulphuric acid
generation and the added sodium converted to cadstéere is also an opportunity to use
the split as a kidney for K and Cl (as a compleneenhstead of ash leaching) depending
on how the streams are handled. One option isrelgsis. Electrolytic production of
NaOH and sulphuric acid from saltcake has beenedudr more than 20 years (e.g.
Thompson et al 1995, Cloutier 1999, Cloutier 20@8a 2008b, Cloutier 2009).
However, the concept is not in commercial use tatlsg/to weak economic and
environmental drivers.

There is reason to believe that the incentives n@ag changed in modern pulp mills
with several drivers to take into account:
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e Continuously increased demands on water closureandonmental
performance, e.g. limitations in water use, limigdldwed discharge of salt into
recipients and concerns about trace elements indaSP

* Accumulation of non-process elements (NPE) in nyilles and the resulting
need for effective methods to purge NPE’s fromdlosed system, for example K
and Cl that are enriched in ESP dust and causgiplgi@nd corrosion problems
in the recovery boiler heat transfer areas. Cumegthods of controlling K and Cl
levels are costly in terms of make-up chemicals.

* Increased closure of the mills leading to a ngblsul surplus intake from ClO2
generation and, in the case of softwood tall gilesation, and the possible
introduction of new processes in the pulp mill wath even higher net input of
sulphur (e.g. the LignoBoost proc8seads to a requirement for new means to
control the sodium/sulphur balance.

» Controlling the sulphur balance today involves puygpf ESP dust and the
corresponding need for make-up sodium in form @iegsive sodium hydroxide.

* Increased production costs, e.g. in form of incedashemical prices, can make it
more interesting to generate chemicals on-site.

» Continued technological development, e.g. impravetnbranes, and more
extensive experience from other electrolysis apgibois (e.g. the chlor-alkal
membrane process).

This project is a co-operation between AkzoNobel AR where AkzoNobel has state of
the art knowledge for ClOmanufacturing and electrochemistry while AF Fotagustry
are experts in pulp mill technology and the analydiconsequences for the mill when a
new process is introduced.

2.2 Aims of the project

For two model mills (a softwood market pulp kraftlfocated in Scandinavia and a
eucalyptus market pulp kraft mill located in SoAimnerica):

» Define a pre-treatment process for refining ESR ttuthe quality demands
required as feedstock for an electrolytic process.

o Define a model ESP dust for an eucalyptus markigt knaft mill (located
in South America) and a softwood market kraft pmip) (located in a
Nordic country)

o Define quality demands for the refined ESP dust

% The LignoBoost process (owned and commercializeddimet, former Metso) extracts lignin from black
liquor in order to de-bottleneck the recovery bodad/or obtaining another product from the pulfi,reee
e.g. Christiansen 2012.
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Establish best reasonable technique for a presstallation for electrochemical
production of sodium hydroxide and sulphuric acahf saltcake (either from
refined ESP dust or saltcake from CIO2-production).

Study system consequences in the pulp mill fromntreduction of a process for
electrolysis of sodium sulphate either from saléecakrefined ESP dust (make-up
chemicals requirement, Na/S-balance, non-processegits, integration with and
consequences for existing processes).

Determine the benefits and viability of the elelytss process by making a rough
economic assessment including sensitivity anafgsithe most important
variables.
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3 Na/S and K/Cl balances in the pulp mill

Two important aspects to consider in the pulp mithaintaining the Na/S balance and
keeping K and Cl amounts at safe levels. Currenbog for controlling these impacts the
amount of make-up chemicals needed in the millctviias a significant impact on the
mill economy.

3.1 Na/S balance

In order to maintain the sulphidity of the milistnecessary to ensure that the input of
chemicals matches the losses or intentional purgorg the closed liquor system. The
Na/S ratio in different parts of the liquor systenalmost constant.

The losses are very small compared to the liqumksin particular for modern mills. A
typical loss per cycle in the liquor system is ZPhis means that the chemicals circulate
50 times before leaving the system. Individual thputput therefore has a marginal
momentary impact on the liquor composition. Seea llonger perspective it is however
imperative to maintain the required chemical impubbtain the desired sulphidity.

The sulphur input from 80O, to the CIQ plant and (in case of softwood) the tall oil
plant is much higher than needed from a make-upt@diview. Proposed new processes
in the pulp mill, e.g. the LignoBoost process whiefuires sulphuric acid for lignin
washing, leads to even larger sulphur inputs. Sulpfust therefore be extracted from
the closed liquor system. The most efficient wagaihg this is to purge precipitator
dust, which consists mainly of b0, but NgCO; is also a significant component.

As an example the Na/S balance for the softwood base is illustrated in the form of a
vector diagram irrigure 3.1, where the net input of sulphur to the ¢i@ant and the tall
oil plant has to be balanced with a significantgeuof precipitator dust.

The main drawback is, however, that in order t@lble to extract sulphur as &0y, the
corresponding loss in Na must be provided in fofrautphur free Na-salt (the horizontal
line in Figure 3.1denoted NaOH-makeup). Normally NaOH is used bl¢iosalts as
NaCO; or HCOONa are an alternative. Thus, the disturbariche Na/S balance by
adding fresh sulphur in the form of sulphuric deidds to significant make-up chemical
costs for the mill.

One important driver for the electrolysis procassli®d in this project is that it provides
internal generation of sulphuric acid, and thusioes the net sulphur surplus caused by
input of fresh sulphuric acid, which in the endds#o reduced costs for external make-
up chemicals.
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Figure 3.1. Vector diagram for the base case, i.e. the softwood model mill without an electrolysis
process, showing net inputs and outputs of Na and S to and from the closed mill system.

3.2 Non-process elements K and Cl

There are several elements which can cause proliteting liquor cycle by causing
scaling in different parts, such as Ca in the exatpm plant. These elements do not
accumulate in the system, but cause problems birécthe first cycle so to speak.

Elements which are soluble accumulate in the sysiaththe concentration is so high
that the losses of these together with the gelhesaés balance. The elements causing
problems are K and Cl. Both these cause problertigeinecovery boiler. Cl mainly by
lowering the melting point of the precipitator daausing clogging in the main boiler
tube section by forming sticky deposits. K alsodéosvthe melting point, but the main
concern here is superheater corrosion. The Cl aodritent should be kept below about
2 and 6 weight% respectively to ensure reliableamn of the mill. The limiting factor
(Cl or K) depends on the boiler operational datéhWlder boilers with moderate steam
data, the main concern is clogging in the boilarkbpahere the tube spacing is much
narrower than in the superheater. The heat uptatteeisuperheater is low and the
temperature of the superheater surface is moddrageflue gases enter the boiler bank at
relatively high temperature and clogging is themaioblem due to “sticky ash”. In this
case, Cl has a relatively higher importance.

With high steam data, the temperature of the sgagen surface is higher and corrosion
starts as soon as some part of the dust meltsgdVyerning factor then becomes the first
melting temperature (FMT). Due to the higher hgaake in the superheater, the flue
gases are also cooler when they enter the boifd¢. Iva this perspective, K levels are
more important than Cl-levels.
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The K and Cl have earlier generally not causedmaajr problems, at least not in
Scandinavia with pine and birch wood. In some cése® are problems with Cl where
timber was floated in salt water causing high ddletevels. The main concern for
chloride is presently with eucalyptus which haspggh native chloride content.

3.3 Methods of controlling K and Cl
3.3.1 Purge of ESP dust

With moderate input of K and Cl together with materdemands, K and Cl may simply
be controlled by purging precipitator dust, wheothiK and Cl are enriched compared to
the liquor. The dust consists mainly of JS&, so the corresponding increase in make-up
is also NaSOy. This method is preferred e.g. in Scandinavia wltlee mill often have a
sulphur surplus and need to purge recovery dusbyncase to control the Na/S-balance.

3.3.2 Ash treatment methods

With higher inputs of K and Cl it is today standarith some sort of ash treatment plant
when operating on eucalyptus wood with high K aad/ihigh Cl content. There are
several processes available for treating the agrerk and Cl are removed and Na
returned to the liquor system.

The most common processes, whether based on lga@hetso/Valmet, Andritz) or
recrystallization (Andritz, HPD/Veolia, Mitsubishpurges a solution of K and Cl from
the mill and returns burkeit (2M80,*Na,C0O;s), and NaSQ, if the carbonate content is
low, to the liquor system. The main problem is hearehat Na and K also forms a
double salt KNa(SQ), glaserite. Glaserite precipitates when the ma@ao Na/(Na+K)

is below about 0.75. This unfortunately means thatpurge contains at least four times
as much Na as K on a mole ratio or 2.3 as kg/kg.

In some installations based on the leaching pratéss been difficult to separate the
burkeit (returned to the mill) from the solutioru¢ge). A solution to the separation
problems is to add sulphuric acid to the systemetaove carbonates in the form of £O
however, this method disturbs the Na/S-balancedidyng another net input source of
sulphur.

To counter the separation problems, Valmet (formetso) has developed a two-step
process based on centrifuges for solid/liquid sspam. On the company home page it is
stated that no sulphuric acid input is needed émeBSP dust with high carbonate
content.

In general, these systems provide a separatiorierftiy of about 80-90% for Cl and 75-
85% for K while 60-80% of the Na and 65-85% of 81@4 is recovered (e.g. Johansson
2005, Lundstrém 2007). The specific numbers areigver, dependent on the
composition of the ESP dust. Crystallization systeame more expensive in terms of
installation and direct operating costs but hagégitly higher recovery of Na/S.
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HPD/Veolia has proposed a two-stage system wheielibus returned and the purge
consists of glaserite plus a small amount of sotutiontaining a high concentration of
chloride which limits the losses. The separatiditiehcy for K is very high, up to 90-
95%, Cl about 85-90% while the sodium recoverybigud 87%. No such system is
operating today.

NORAM offers a system based on a patented ion-eégeheesin bed to achieve selective
removal of the chloride from the precipitator asthviow losses of sodium. This system
does not remove potassium (other than as a coiomt¢o the removed chloride ions in a
proportion to sodium about as the same as the pgropon the ESP dust). This system is
installed in at least three mills in North Amerexad one mill in Brazil.
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4 Model mills

AF has together with partners developed hypothaticalel market pulp mills
representing a design based on best available@anthercially proven technology (AF
2011). Two of the model mills are used in this pobjto study process consequences of
integrating electrolysis of sodium sulphate and el described further below. The
softwood mill represents a Nordic mill, while thecalyptus mill is representative of a
mill in South America, Portugal and Spain.

The design of the reference mills considers:
* high, consistent pulp quality which is competitv@ the international market
» elemental chlorine free (ECF) product
* low specific consumptions of wood, chemicals, araden
* high energy efficiency
* maximized production of bio-energy, and minimalgesaf fossil fuels
* low environmental emissions; on the level of nemedern mills
» cost-effective solutions

The model mills are not based on equipment frorartiqular supplier. In general the key
process data used in the balances in this studyoaservative and should not exclude
any of the major pulp mill equipment suppliers.

In the original model mills alkaline filtrates frobleaching were recycled to the closed
mill system. However, since most mills are not cdicyg alkaline bleaching filtrate today,
this is not included in study, which means thatwile bleaching plant is outside the
closed part of the mill.

Key process data for both model mills are summedriad able 4.1
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Table 4.1. Summary of reference pulp mill key operating data.

Softwood Euca
Dried pulp from dryer ADt/24 h 2 000 2 000
Operating days d/a 355 355
Mill availability 92% 92%
Annual production ADt/a 653 200 653 200
Wood yard
Wood to digester t/24 h 4072 3482
Bark and wood waste t/24 h 420 583
Digester Plant
Kappa number 30 17
Unscreened deknotted digester yield % 47.0 54.0
Alkali charge on wood as effective alkali  NaOH,% 20.0 175
Sulphidity (white liquor) mole-% 35 35
Oxygen Stage
Kappa number after oxygen stage 12 10
Alkali charge as NaOH kg/ADt 25 18
Oxygen charge kg/ADt 20 14
Washing Department
Dilution factor in the last stage m®/ADt unbl. 2.5 2.5
Evaporation Plant
Weak black liquor to evaporation,
excl.spill t/h 913 733
ditto dry solids content % 16.0 14.9
Strong black liquor, dry solids content
incl. Ash % 80 80
Total evaporation, including spill t/h 771 638
Recovery Boiler
Estimated higher heating value of virgin
DS MJ/kg 14.0 13.4
Strong liquor virgin solids to mixing tank  t/24 h 3477 2594
Net useful heat from liquor, virgin solids ~ MJ/kg DS 10.3 9.6
Net useful heat from liquor MW 413 288
Causticizing and Lime Kiln
Causticizing efficiency mole-% 82 82
Total white liquor production m®24 h 7541 5633
Lime kiln load t/24 h 534 399
Active CaO in lime % 90 90

Lime kiln fuel

Bark / wood waste
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The model mills are very energy efficient and tkeck liquor alone produces enough
steam to satisfy the process steam consumptioacim @ the mills. The recovery boiler
is designed to produce high pressure steam at d1Qg)kand 50%C.

The lime kiln is fired with bark powder, or gasdibark, and the remaining bark from the
woodyard and chip screening is burned in a powgethd here is an excess of steam
from the recovery and power boilers which is uéitizn a condensing turbine to produce
in green power which is sold.

The evaporation plant is a conventional 7-effesteay utilising LP and MP steam
designed to produce 80% dry solids liquor (inclgdiacovery boiler ash).

4.1 Bleached market pulp eucalyptus mill

The eucalyptus raw material consists mainltdbulus The supply is 100% as
roundwood, with bark.

Continuous cooking is used (e.g. Metso Compact @godr Andritz DownFlow
LoSolids) with 17.5% EA on wood and cooking tempera 138° C to a Kappa number
of 17 and a yield of 54%.

Oxygen delignification is done in two stages withimtermediate washing to a kappa
number of 10. Oxidized white liquor is the primatiali source (18 kg oxidized WL as
NaOH/adt Q and 14 kg @adt Q).

The brown-stock wash consists of two stages obpggen washing using either wash
presses or drum displacement (DD) filters can leeluBost oxygen washing is
performed in a 2-stage DD washer before the oxyeached storage tower.

The bleaching plant is designed with the sequeng€EPO)DP. The eucalyptus pulp is

bleached to a final brightness of 90-91% ISO. Etgubchemical consumption and
conditions are summarized Trable 4.2.
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Table 4.2. Expected chemical charges for the eucalyptus kraft pulp with the sequence
Dhot(EPO)DP to 90-91%ISO0 brightness ( kg/ADt). ClO, as CIO, and not as active Cl. Kappa
number of pulp to bleaching: 10.

SO, or

Temp  Time H,SO,  NaHSO; as
Stage (°C) (min) pH ClO, O, H,O, NaOH SO,
Dot 85-90 120 ~3 6.5 6
(EPO) 8590 60 10.5-11 3 1 9
D 75-80 120 354 35 1 0.5
P 75-80 120 ~10 5 5 1(a)

(a) After P-stage

Chlorine dioxide is generated using an AkzoNobePSSCW or an Erco R10 process
producing neutral saltcake (mainly J$).

4.2 Bleached market pulp softwood (pine) mill

The softwood raw material consists of 50% piR&(s sylvestrisand 50% sprucdP{cea
abies.

Continuous cooking is used (e.g. Metso Compact @godr Andritz DownFlow
LoSolids) with 20.0% EA on wood and cooking tempera 143° C to a Kappa number
of 30 and a yield of 47%.

Oxygen delignification is done in two stages withimtermediate washing to a kappa
number of 12. Oxidized white liquor is the primatiali source (25 kg oxidized WL as
NaOH/adt Q and 20 kg @adt Q).

The brown-stock wash consists of three stagesesbpygen washing using either wash
presses or drum displacement (DD) filters can leel uUBost oxygen washing is
performed in a 2-stage DD washer before the oxyieached storage tower.

The bleach plant is designed using an D(EPO)DPesemguwith conditions and chemical
charges according fGable 4.3.
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Table 4.3. Expected chemical charges for the SW kraft pulp with the sequence D(EPO)DP to
90%ISO brightness ( kg/ADt). ClO, as ClO, and not as active Cl. Kappa number of pulp to
bleaching: 12.

Temp Time SO, or
Stage (°C) (min) pH Clo, O, H,0, NaOH H,SO, NaHSO; as SO,
D 70 60 ~25 9 4
(EPO)  80-85 75 10.5-11 6 1 13
D 75-80 150 354 5 1 0.5
P 75-80 150 ~10 6 6 1.5 (a)

(a) After P-stage

Chlorine dioxide is generated using an AkzoNobePS\ITE or an Erco R8 process. The
acidic sesquisulphate produced §N€5Qy),) is used as partial supply of acid used for
soap splitting, which is included in the SW moddél.m
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5 Electrolysis of sodium sulphat

A realistic and technically feasible process fditspg sodium sulphate is ¢
electrochemical process electrolyzing the sodiulphgie into caustic and acid. T
obvious place to stafbr a first installation ithe saltcakérom the chlorine dioxid:
processince it is less complex technicz. In order to further reduce the neec
purchased caustic and/or sulphuric acid the ESE beisig rich in sodium sulphate m
also be used as raw material. This is schematiogisesented iFigure 5.1.

-2

Figure 5.1 . Schematic representation of splitting sodium sulphate into caustic and acid.

The main alternative configurations for electrohgsthe sodium sulphate are descri
below. There are two main alternatives; a two camnpantelectrolyze and a three
compartment electrolyzéCloutier 1999, 2008, 2008, 2009, Oloman 1!. Further
alternatives for sodium sulphate split may compeisetrodialysis,using bipolar
membranes (Lundblad 2C, Oloman, 1996, Paleologd®96, Simmrock 19¢), and
chemical processing(g. Glasson 1965, Moeck et al 1976, Ling et ab; Lioliou, 2006
and Amjad 1985)All of these are here considered less attra due to that nt
commercial process has been realised and mostsd titernative would mean hi
investment toelatively small conversic.

In all electrochemical processes the separatidtiechnd S is governed by an electrost
field creating migration of ions over an ion exchamimembrane (general referen

5.1 Two compartment electrolyze

The two compartment electrolyzFigure 5.2is very similar to the modern membre
based chloalkali electrolyzer concept and is thus technicpligven for that applicatiol
The acid and the base alectrochemically generated by splitting water.tie anode
side water is oxidized into oxygen and protons @mt¢he cathode side water is redt
into hydrogen anttydroxide. B dividing the cell with a cain exchange membral
(CEM), which conducts the sodium ions but not satphons, sodium may mige from
the anode (+) to the cathoc-) side of the cell. Hence, in the cathode companti
sodium hydroxide will be produced and in the ancal@partment sulphuric acid mix
with sodium sulphate will be produced, Figure 5.2.

23



The electrochemicaknctions are the followin

Cathode: 2b0 + 2¢- — 20H + H, (E°=-0,83 V)
Anode: HO — 2H" + % + 26 (E°=1,23 V)
Total: 3HO — 20H + Hy+ 2H" + %0

Including the counter ions the overall reactior
2F
Na,S0, + 3H,0 - 2NaOH + H,S0, + H, + 30, (Reaction J)

H,S0,/Na,S0, NaOH

02 f o1 :
Anode /

(+)
INa ,S0, IHZO

(NaOH)

Cathode

Sl

Figure 5.2 The two compartment set up.

The cell chemistry follows a simple stoichiometrigave one mole of protons a
hydroxide ions is formed for each mole of electrpasses through the circ
interconnecting the two electrod and one mole of Nanust be transported through f
cation exchange membrane (c*, but that is a loss). Any back migration of hydotex
through the membrane or migration of hydrogen iastead of sodium ions through t
membrane will lead to a curre efficiency loss. In addition, undesired electrodaations
lead to current efficiency losses, e.g. impuribéshlorides that will get oxidize
forming chlorine instead of protons. Hence, itie performance of the electro
reactions as well as tlselectivity of the membrane that decides the curéitiency of
the salt split.

If impurities that can participate in electrodeatéans are kept at low levels in t

electrolyte, the main contribution to loss in catrefficiency is the migration
hydrogen ions through the cation exchange memlicatie cathode compartme
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neutralising the caustic. The loss of hydrogen imvex the membrane increases as the
ration H/Na' increases in the anode compartment. Due to thitetinselectivity of the
CEM an economic feasibility is more likely if comgen of sodium sulphate is limited to
approximately 50-60%. Consequently the product ftbenanode side in the two
compartment set up is an acidic sodium sulphatgisal (Na&SO, - H,.SOs(aq)).

It may be considered to use an anion exchange nasm@lAEM) and instead feed the
sodium sulphate to the cathodic side. Then thensidpions will migrate over the AEM
and a pure anolyte, acid, would be obtained. mwork however, when referred to a two
compartment set up a CEM is considered. The reamenseveral but mainly the fact that
CEM are more robust and durably then AEM and traatlphate free caustic is
considered more attractive than a sodium free acid.

5.2 Three compartment electrolyzer

The limitation in conversion in the two compartmeall may be overcome by
combination of a CEM and an AEM in the same eldytimocell, Figure 5.3 The same
chemical reactions as above occur.

The products are pure caustic and pure sulphuiicracre or less free from sodium
sulphate. Thanks to the dual membrane arrangemmembnversion of sodium sulphate
into caustic and acid may be almost 100%. The daawis a far more complex cell
arrangement and as the distance and resistancedrette electrodes increases which
increases the power consumption and the operatomsal The higher power
consumption is somewhat compensated by the oftgrehcurrent efficiency, which
gives that the power consumption per kilo of praduight not differ considerably to the
two compartment set up.

In addition the electrolyzer itself is more expe&esand the technology not as developed
as for the two compartment case. The three compatteiectrolyzer is also a less
established technology. The complexity of the etdgter is higher why the systems
have not been put in practical use other thandoresfew applications. A second
aggravating circumstance is that the anion exchargyabranes are not as well-
developed as cation exchange membranes.

There are however commercial electrolyzers ancetber, despite the higher cost, this
solution may be more attractive than the two cortmpant arrangement.
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Figure 5.3The three compartment set

(NaOH)
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5.3

electrolyzers processes

Comparison between two and three compartment

Some parameters of the two processes are compefathlie 5.1

Table 5.1Comparison of two and three compartment electeslgystems for sodium

sulphate splitting.

Two compartment electrolyzer
system

Three compartment electrolyzer system

Figure 5.2

Figure 5.3

Electrolyzers available on
the market

Many different suppliers of
electrolyzers, the chlor-alkali
market is very large industry

Few suppliers have three compartment
electrolyzers available. Only a few
applications exist.

Membranes

Cation exchange membranes
many different and well proven

—Same cation exchange membranes.
Needs also anion exchange membranes

membranes exists. which are more sensitive to harsh conditions
Anode reaction H,O — 2H" + 10, + 26
Cathode reaction 20D +2e - 20H + H,
Possible conversion of 50-60%, limited by loss of Almost complete
sodium sulphate to acid | current efficiency when proton
gradient over the membrane
becomes too high
Current efficiency 50-70%
Cell voltage 3-6V/cell
Operating temperature 60-80 °C
Current density 2-5 KA/nf
Energy consumption 4000 kWh/ton NaOH*
Caustic purity Comparably to commercial NaOH
from membrane plants.
Caustic strength Up 10-15 wt% NaOH
Acid purity Contains approximately 50/50 | Pure HSQO,, may be very high purity.
/H,SOy
Acid strength Up to 20 wt% 430, containing | Up to 20 wt% HSO,, no NaSQO,.
30 wt% NaSQ,.
This is equivalent to 50 wt%
NaHSQ
Hydrogen purity Pure, concentrated
Oxygen purity Concentrated, scrubbing from @cessary if feed N80, contains chloride
Hypochlorite by-product Depends on chloride impukével in the feed stock
Investment cost Comparable to chlor-alkali plapSignificantly higher due to arrangement for
cell rooms of the same installed extra compartment (feed/outlet system and
electrode area. extra membrane).
Maintenance cost Comparable to chlor-alkali planHigher cost, due to mid-compartment and
cell rooms 1 extra membrane.
Overall economics Depends on integration to millgéneral it might be considered that despite the

higher capital cost for the three

integration to the mill and hence a better econahuogption.

compartment systeese offers better

*Should be compared with energy consumption inGhéorAlkali process 2200 kWh/ton NaOH

(Oloman 1996)
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54 Brief description of the electrochemical process

The steps in the overall process are (Sgare 5.4):

1. Sodium sulphate feed stream
2. Pre-treatment to remove impurities
3. Anolyte system
4. Electrolyzers
5. Catholyte system
6. Post-treatment of gas streams
[ 025
Water E

Anolyte
tank
Catholyte

tank

= ]
(5 ]
Electrolyzer

Salt
dissolver

lon exchange
unit

Na2504 tank

Caustic
tank

Acidic sulphate
tank

Figure 5.4 Process flow diagram

Steps 1 and 2 (dissolving and pre-treatment) asgdad inChapter 7 and Step 6 is
discussed ilChapter 8. Steps 3-5 which concerns the electrolysis arertesd below.

The two compartmerdlectrolysis system can be divided in three parisjyte, catholyte
and electrolyzer system. The anolyte recirculates the anode side of the electrolyzer.
The catholyte recirculates over the cathode sidbetlectrolyzer. The sodium sulphate
solution is feed into the anolyte circulation amakeup. The product acidic sulphate is
bleed from the same circulation to the acid buté@k. A main purpose with the anolyte
tank is to separate the oxygen from the anolyte.
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On the catholyte side circulation is maintainedraveatholyte tank. The catholyte is -
sodium hydroxide solution produced. In the cathotgink hydrogen formed in tl
electrolyzeris separated from the cathol» The hydrogen is removeddr further use ir
e.g. the lime kiln (se Chapter 8). The catholyteetsirned to the ce¢. The produce
caustic stored in a new storage and buffer

The electrolyzer may be ch-alkali type electrolyzers, preferably commerciab!
compartment zergap technology membrane cells for c-alkali production. Eac
electrolyzer is made out from a larger number ddef Figure 5.2) stacked in serie:
Figure 5.5 For sulphate splitting the anode electrodes aygen evolution electrode
whilst the céhodes are standard cl-alkali hydrogen evolution electrodes. The ano
and catholyte compartment is separated with amc&bio exchange membra

The three compartmentectrolysis system is very similar to the abovecti®ed twc
compartment systenit also contains anolyte, catholyte eelectrolyze system, but in
addition there is a midempartment system in which the sodium sulphaeldtec
(instead of in the anolyte system). From the-compartment system a small purg
taken to allow contl of impurities which cannot pass over the memész

ION EXCHANGE
MEMBRANE IIEHJ

S
H2+NaOH ~
MANIFOLD

RECYCLE BRINE
MANIFOLD

Figure 5.5 n-BiTAC Chlor alkali (two compartment) electrolyzer, picture courtesy of Permelec
Electrode Ltd.
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5.5 Feed sodium sulphate requiremen
5.5.1 Acidic or neutral saltcake

It is beneficial to use neutrsaltcake rather than acidic (sesé)tcak as feed material
to the salt split unit. This is in order to achidugh current efficiency in the electrolyz
and to produce as much caustic as poss

If the sodium sulpha raw material would be sessulphate (SVR-ITE or R8 pocess)
or even more acidispent acid (H-A or Mathieson process) the protons in the sulp
raw materiahas to be consided. This wil limit the possible conversicthe salt split;
else the cuant efficiency will quickly erode. This is elucidat by the examples belc

Example A: A neutral sodium sulphate is fed to a two compartreattsplit unit, the
neutral sodium sulphate will be converted in toigtane of sodium sulphate at
sulphuric acid, with the HNa" ratio of for instance 1/1Stoichiometric amount ¢
protons and caustis produced, as describecReaction 1 In addition the SCW un
will produce sulphuric aci. In the example describedkigure 5.6, you start with
mole of sodium sesquisulphate, after the metatheargion in the SCW process step !
have two process streapone 00,5 mole of sulphuric acid and one of 1,5 mols
sodium sulphate. The neutral sodium sulphate isde¢le salt plit unit where half of th
sodium ions are going to be exchanged to hydrogas, hence 1,5 mole of protons ni
to be producedequiring 1,5 mole of electrons. Stoichiometric amio(1,5 mole) o
caustic is cqproduced simultaneousIThe salt mix prodct out of the salt split un
contains 0,75 mole of sulphuric acid mixed withriole of sodium sulpha

0,5 mole H,S0, x\r 5 mole e
0,75 mole Na,S0O,

SVP 1 mole NazH(S0;), SO [1:5 mole NausO, Salt 0,75 mole H,S0y
>
Sp|lt 1,5 mole NaOH
Figure 5.6 The unit operations and forms of sulphate salt in the different process steps when

neutral sodium sulphate is fed to the salt split unit at a conversion of 50%, i.e.
H*/Na" ratio of 1/1.

Example B: The salt split unit is fed with 1 mole of sodiume@sulphate instead ai
the goal is a mixture with the same conversiomasse a, i.e. 50% conversion ¢
H*/Na’ ratio of 1/1, se€igure 5.7. The salt is already acidiand hence less sodium ic
are needed to be exchanged with hydrogen ionsatthrédne same conversion. To re.
the conversion of 50%, one mole of protons is neéedde produced requiring 1 mole
electrons. Stoltometric amount of caustic (1 mole) is-producedHence, 33% les
caustic and 20% less acid is produceExample B compared tBxample # (counting
also the acid out of the SCW unit,Example A but also 33% less electrons are nee
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x 1molee

1 mole Na,S0O,

] & Na,H(SO.) Salt 1 mole H,S0,
mole Na- 4)2 a
SVP )
Sp||’[ 1 mole NaOH
Figure 5.7 The unit operations and forms of sulphate salt in the different process steps when

sodium sesquisulphate is fed to the salt split unit, at a conversion of 50%, i.e.
H*/Na" ratio of 1/1.

There is a possibility to produce as much caustic Example A also with the starini
material of sodium sesquisulphate by going to adiigonversion i.e. a higher'/Na’
ratio. InExample C, the steting material is 1 mole of sodium sesquisulphatediegictly
to the salt split unitKigure 5.€). The same amount of caustic agExample A will be
produced, i.e. 1,5 mole of caustic, this will regul,5 mole of electrons and 1,5 mole
protons will be cgproduced. Hence 1,5 mole of the sodium ions irsdsguisulphat
will be exchanged to hydgen ions. This will give an HNa' ratio of 5/3 and :
conversion of about 63%. Hence the acid salt prodicbe a mixture of 0,75 mole «
sodium sulphate and 1,25 mole of sulphuric i The higher the conversion, the large
the losses of protons thugh the membrane and the current efficiency dridpsce, the
energy consumption iBxample C will be significantly higher than iExample A even
if the amount of electrons required are the sarhe.tdtal production of caustic and a
is the same as ilBxample AandC.

x 1,5 mole e
0,75 mole Na,S0O,

1,25 mole H,S0O,

1 moleNa;H(SO,), | Salt
Sp||t 1,5 mole NaOH

SVP

Figure 5.8. The unit operations and forms of sulphate salt in the different process steps when
sodium sesquisulphate is fed to the salt split unit, at a conversion of ~63%, i.e.
H*/Na" ratio of 5/3.

5.5.2 Estimated purity required of the sodium sulphate

It is not fully explored what the detailed requiremtsfor the raw material a. Impurities,
sud as multivalent ions, suspeld material, chloride ions, carbonates organics, need
to be controlled. If not, the membrane life timeynba shortened imposing significa
costs for membrane exchar

Based on literature dat®Brien et al. 2007 and DuPont 2(), an estimate of the puri
required of the sodium sulphate raw material iginTable 5.2
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Failing to meet purity may result in:

« Multivalent ions precipitating insiddéie membrane. As the Keons migrate in
the potential field it will encounter the high hgaide concentration (high pH)
within the membrane on the cathode side. Hence ostwill precipitate in the
membrane as hydroxides or carbonates. If the ptatgps very fine as with
highly insoluble material, the membrane voltagd initrease. This is caused by
cations with very low solubility like magnesium.tife impurity is moderately
soluble it can precipitate in the membrane in @aigstarge enough to disrupt the
polymer. This will cause a decline in current aéficcy. Calcium is a common
cation causing this type of failure. Eventually tmnductivity and/or current
efficiency will be too low and the membrane mustégaced.

* Suspended material constitutes a risk for foulByecifically in the three
compartment system a purge will be needed.

» Chloride ions can be oxidized on the anode, crgatiemental chlorine. Hence
the oxygen must be treated (above mentioned scrigystem), and the resulting
liquid be safely taken care of. In addition, thegance of elemental chlorine may,
as always, create chloroorganics (AOX). Chloridefnally a major parameter
when it comes to controlling corrosion.

« Certain organic impurities in brine can swell themtbrane, which results in a
reduction of current efficiency. Organics in thelismn sulphate might in case of
two compartment cells form “AOX”, see previous ktillin the three
compartment system most organics will stay in theé-compartment system and
must be purged from the system. In addition, orgamight cause fouling of the
membranes.

e Carbonates needs to be removed when using ESRglastirce of sodium
sulphate to avoid extensive carbon dioxide gas &bion upon acidification in the
salt split process.
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Table 5.2 Purity requirements of sodium sulphate raw material

Impurities Typical lim it | Typical limit Physical effects Performance
<4kA/m*? 4-6kA/m? effects
Calcium <30 ppb <20 ppb Precipitates in May reduce
Combined Combined membrane CE to 80%
Ca+Mg Ca+Mg
Magnesium | See Ca See Ca Precipitates in Increases
membrane voltage
Strontium <500 ppb <400 ppb Precipitates in Less severe
membrane than Ca
Barium <1 ppm <500 ppb Precipitates in Less severe
membrane than Ca and Sr
lodine <1 ppm <200 ppb Is oxidized to iodate in | Reduces CE to
anolyte and forms 80-85%
periodate in
membrane. At higher
conc. paraperiodate
will precipitate
damaging the
membrane.
At lower conc. iodine Less severe
may precipitate with loss in CE
alkaline earth cations.
Aluminium Al <100 ppb | Al <100 ppb | Under acidic May reduce
Silica SiO,< 10ppm | SiO,< 6ppm | conditions aluminium CE to 90-93%
will dissolve and
combine with silicates
and precipitate in
membrane
Sodium <20g/dm*® <20g/dm*® Increases
chlorate chlorate in
caustic

Du Pont (2000) "Nafiofi Perflourinated Membranes User's Guide”
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6 Sources of sodium sulphate in the mill

There are many streams in a pulp mill containindjism and/or sulphate. In practice
however the two relevant sources are the by-pradoit the chlorine dioxide process,
commonly referred to as “saltcake” after the fill@nd the particles captured in the
electrostatic precipitator on the exhaust gas frle@recovery boiler (ESP dust).

Both streams are interesting as raw material faglactrochemical process splitting
sodium sulphate into sulphuric acid and causticqNa

6.1 Saltcake from CIO,-production

The amount and composition of sodium sulphate loghpet from the chlorine dioxide
manufacturing process depend on the type of praresfiow optimum this is run (Pelin
et al. 2010, Pelin 2011). In practice the sulplshiguld be concentrated and in neutral
shape (cf section 5.5.1), why the process in geghibuld be either SVP-SCW or R10 (or
possible SVP-HP or R11).

By use of chlorine dioxide processes giving nelgudphate, every ton of ChQives
approximately 1.1 ton of sodium sulphate (or slighdss, according to stoichiometry
1.05 ton NaSQy per ton CIQ). The neutral saltcake is preferably returnedenill
recovery system instead of severed, althoughnioisalways needed from a Na/S-balance
perspective. The saltcake however provides an @agaras it contains less contaminants
than e.g. the ESP dust. If the corresponding amafuBSP dust is severed instead of the
saltcake, a net reduction of K and ClI in the closeélticycle can be achieved (see
Chapter 8.6). This may be accomplished also with sesquisugghait then sulphur free
make-up is required to balance the lower Na/S iattbe saltcake.

In most softwood mills typically either a SVP-LITdE an R8 CIQ plant is instead
installed. These processes give sodium sesquidelphgstals, NgH(SOy)2(s), as a by-
product. Sesquisulphate are typically used in thksrtall oil plant to supply part of the
acid demand. Alternatively it may be used as atitthé bleach line, however then the Na
and S are emitted with the effluent. As mentionieova, sesquisulphate should
preferably be first converted to neutral sulphate electrolysis, but the conditions at
each mill has to be evaluated case by case. Byecting the SVP-LITE to SVP-SCW or
the R8 to R10 process the acid sulphate, sodiuqusedphate (NdH(SOQy).) is
converted to neutral sodium sulphate and reledpbutc acid which is brought back to
the chlorine dioxide reactor by the reaction:

2 NgH(SQy)2 2 3 NaSO, + H,SO,

This so called metathesis reaction is often berais the consumption of sulphuric acid
for the chlorine dioxide manufacturing processes@gses by approximately 25% (Pelin
2010). It hereby offers a significant reductiortlué sulphate to the total mill mass
balance, why these neutral salt processes oftelnesueficial from a sustainability aspect
(Tegstedt 2011).
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In most eucalyptus mills SVP-SCW or R10 is alreadyalled.

The Softwood mill model used in this report is lthea a SVP-LITE/RS8 providing a
bleach line charge of 16 kg Ci@er ADt, why saltcake going into the mill/modellig.8
kg/ADt.

The Eucalyptus mill model used in this report isdzthon a SVP-SCW/R10 providing a
bleach line charge of 15 kg Gi@er ADt, why saltcake going into the mill/modellis.7
kg/ADt.

The saltcake from the Clcplant is significantly less contaminated than B8P dust.
Some examples of trace elements in saltcakes fadmPVP-LITE and SVP-SCW
processes are found Trable 6.1(AkzoNobel analytical data).

Table 6.1.Example of trace elements in saltcakes from diffenaills (AkzoNobel).

Reference Mill A Mill B Mill C Mill D Mill E Mill F
South South South

Location America America Scand Scand Europe |America

Process SVP-SCW |SVP-SCW |SVP-lite [SVP-lite |SVP-lite |SVP-SCW

A mg/kg 0.19 0.23

As mg/kg 0.80

Ba mg/kg 0.17

Ca mg/kg 0.24 7.80 1.63 4.90 2.50 <0.5

Co mg/kg

Cr mg/kg 6.92 1.83 2.90 2.50 7.00

Cu mg/kg 0.19

Fe mg/kg 13.80 28.00 16.50 2.60 7.15 12.00

Mg mg/kg 0.02 1.00 0.24 <0.3 0.40 <0.3

Mn mg/kg 0.06 0.09 0.10 <0.03 0.06 0.04

Ni mg/kg 0.20 0.13 0.35

Si mg/kg 1.00

Sn mg/kg

Ti mg/kg 0.49

\ mg/kg 0.14

Zn mg/kg 0.67

6.2 Recovery boiler dust (ESP dust)

An alternative source of N80, in the closed system for electrolysis is the ES§t éfom
the recovery boiler electrofilters. This is a sfggant amount corresponding to in the
model mills 132 and 94 kg ESP dust/adt for thevemdid and eucalyptus case
respectively.

The ESP dust consists mainly of jS&, but may also contain considerable amounts of
NaCOs (up to 30%), chlorides and potassium. The Cl armbitent must be kept below
about 2 and 6 weight% respectively for reliablerapen of the mill. In addition to this

there is a number of other inorganic contaminanksveer concentrations. There can also
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be a small amount of organic carry-over from theovery boiler, but this is normally not
a problem in well-operated mills.

K is not assumed to cause any concern, but wifop@rsimilarly as Na in the
electrolysis process. Chloride will however be @sed to elemental chlorine
contaminating the produced oxygen. As the pH isl@d during electrolysis, the
carbonates in the ESP dust will react and form G@ch will dilute the produced
oxygen and chlorine stream. Since this reactiorseoes acid it will lower the net
production of HSO, from the electrolysis.

A number of different analyses of ESP dust aregmesl inTable 6.2.Most published
data is from softwood mills and only one publislséutly was found containing analyses
of trace elements in ESP dust from eucalyptus pglpi
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Table 6.2. Composition of ESP dust from a number of mills (part 1).

Brown et |Lundblad, |Lundblad,|Lundblad, |Lundblad, [Lundblad, |Lundblad, |Lundblad |Lundblad, [Lundblad, |Forssen et |Forssen et al, |Forssen et al,
Reference al. 1998 2012 2012 2012 2012 2012 2012 , 2012 [2012 2012 al, 2000 2000 2000
Location Canada Scand Scand Scand Scand Scand Scand Scand  |Scand Scand M&rrum Korsnds SP5 [Norrsundet
Feedstock SW? SW SW/HW |SW/HW |SW SW/HW [SW/HW [SW ? ? SW/HW SW/HW SW
S04 g/kg 593 540 564 398 592 578 511 588 575
CcOo3 g/kg 54 74 58 219 55 86 125 47 21
Cl g/kg 13 20 26 9 7 12 12 11 1 20 17 4
Na g/kg 263 294 312 303 323 291 307 313 284 255 279 279 285
K g/kg 318 40 38 44 39 64 42 48 55 21 57 56 44
Al mg/kg 11 15 9 10 8 4 8 7 33
As mg/kg
B mg/kg
Ba
Ca mg/kg 500 63 169 79 64 64 76 32 58 850
Cd mg/kg 3 3 5 2 2 3 1 4 4
Co mg/kg
Cr mg/kg
Cu mg/kg
Fe mg/kg 100 8 16 10 16 30 11 39 14 77
Mg mg/kg 39 73 46 130 46 69 65 49 640
Mn mg/kg 273 38 43 32 54 47 57 37 49 70
Mo mg/kg
Ni mg/kg
P mg/kg
Pb mg/kg
Sh mg/kg
Se mg/kg
Si mg/kg
Sn mg/kg
Ti mg/kg
Tl mg/kg
V mg/kg
Zn mg/kg 68 50 110 78 53 56 59 45 49 62
Organics mg/kg

*recalculated from amounts/adt to
mg/kg ESP dust assuming 94 kg
ESP dust/adt
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Table 6.2 cont. Composition of ESP dust from a number of mills (part 2).

Forssen et al, |Forssen et al, | Forssen et al, |Forssen et al, |Forssen et al, | Paleologou | Paleologou et|Dahlbom & Dahlbom & Rapp & Rapp & Ferreira et
Reference 2000 2000 2000 2000 2000 etal., 1996a |al., 1996a Wadsborn 2005 |Wadsborn 2005 | Pfromm 1998 | Pfromm 1998 [Ek, 2014 Ek, 2014 Ek al. 2004 [Doldan 2011*
Non-coastal Kraft, Southern [Kraft, Mid Kraft, North
Location Husum LDS _[Husum HDS _[Munksund Valivik ECF__|Vallvik TCE | mill Coastal mill__|Frovi, Swe Obbola, Swe USA USA Sweden Sweden Sweden Portugal _|Uruguay
Feedstock Sw SwW SW SW SW SW? SW? SW/HW SW ? ? ? ? ? Euca Glob [Mixed Euca
S04 alkg 635 527 557 441 320-370
Cco3 alkg 2 0 75 142 160-180
Cl alkg 4 12 4 6 6 7 149 1 4 38 43 50-70
Na alkg 301 306 294 29 29 300 302 304 378 263 268 307 331 338 30-40
K alkg 21 20 32 53 54 33 57 110 86 60 37 23 40
Al ma/kg ND <100 1 6 6 25 6 3 1 9
As mg/kg 3 3
B mg/kg 7 2
Ba 1 1 3 4 1 1 1
Ca ma/kg 90 40 11 10 7 174 209 149 186 137
Cd ma/kg 2 2 4 1 1
Co mg/kg 0 1
Cr mg/kg 20 20 <0.4 0
Cu ma/kg <0.02 1 1 5 2 2 1
Fe ma/kg 70 600 <0.02 2 16 46 11 6 17
Mg ma/kg 30 20 7 20 28 41 105 71 95 46
Mn ma/kg 30 20 1 8 24 24 48 33 42 22
Mo mg/kg 1 2
Ni ma/kg 1 20
P ma/kg 19 65 23
Pb ma/kg 4 9 4 1 1
Sb mg/kg 3 1
Se mg/kg <2.2 <11
Si ma/kg 11 48 126
Sn mg/kg <15 <7.8
Ti mg/kg 1 2
Tl ma/kg 3 <0.59
\ mg/kg 3 12
Zn ma/kg 23 78 78 62 51
|Organics mg/kg up t. 0.9 %-w| 0.1 %-w

*recalculated from amounts/adt to
mg/kg ESP dust assuming 94 kg
ESP dust/adt
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6.3 Selection of model ESP dust

The composition of the major elements in the ES® (Nia, K, Cl, S@Q CG;) is defined

in the model mill and changes with the balanceutatons.Table 6.3lists the levels for
the SW reference case (1a) and the eucalyptuereieicase (1b) with ESP purge for
control of K and Cl levels. Note the low levelskofind Cl in the SW ESP dust compared
to the eucalyptus ESP dust.

Since only one reference for ESP dust trace elesyamitent from eucalyptus pulping
was found and it does not deviate significantlyrfrthe softwood case, it was decided to
use an average composition of all analyses fotrtioe elements contefitable 6.3 The
highest and lowest value were removed before ciagl the average.

Table 6.3. Composition of the ESP model dust for two reference cases without electrolysis.
ESP dust SW ref case Euca ref case

components (1a) (1b)

Na (%-w) 33 30

K (%-w) 2.1 6.0

SO, (%-w) 56 55

CO; (%-w) 9 6

Cl (%-w) 0.4 2.6

Al (mg/kg) 9 9

Zn (mg/kg) 45 45

Si (mg/kg) 83 83

Ca (mg/kg) 128 128

Mg (mg/kg) 58 58

Mn (mg/kg) 34 34

Ba (mg/kg) 3 3

Fe (mg/kg) 32 32

Cu (mg/kg) 2 2
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7 Pre-treatment before electrolysis

7.1 Demands on the pre-treatment process

Pre-treatment of the sodium sulphate stream is itapbfor the economy and runnability
of the electrolysis process. The extent and typerefireatment depends on what sodium
sulphate source that is used, e.g. ESP dust recigeificantly more pre-treatment than
saltcake.

7.1.1 ESP dust

Membrane lifetime and current efficiency is affectyy the purity of the ESP dust
solution. In particular multivalent metal ions amgjanic material that can precipitate in
and/or on membrane surfaces are problematic. litiaaldchloride ions should be
removed to avoid formation of £dluring electrolysis.

The presence of carbonate in the ESP dust leatie formation of carbon dioxide

during electrolysis. Since the G@ould dilute the formed &Cl,-stream formed and also
consume chemicals in the gas treatment systenmathemrates should preferably removed
before entering the electrolysis.

7.1.2 Saltcake from CIO,-generation

Saltcake from the Clé&plant generally has only low levels of impuriteesd does not
require extensive pre-treatment. In this casecierchange is probably the only required
step to bring impurities down to the required l@wdl for electrolysis. To protect the ion
exchange resin residual chlorine dioxide or soditmorate must be destructed. This may
be done by addition of sodium bisulphite in thesdiging step.

7.2 Pre-treatment of ESP dust before electrolysis

A pre-treatment process of ESP dust before elgsimlbased on the commercially
available PDP (Precipitator Dust Purification) pres by NORAM (NORAM 2012,
Jemaa et al. 1999) followed by additional step®toove carbonates and further lower
the multivalent metal ion content, is proposed &adiog toFigure 7.1

ESP dust is dissolved in water at a concentratiosedo saturation (N8Qy). If

necessary the carbonate level and/or the pH istejuThe remaining solids are
removed using a pulse filter. Chloride ions areaeed from the clear filtrate in a
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Recoflo ion-exchange resin bed to the necessaey. [€he first steps of the pre-treatment
are identical with the commercially available PDBgess marketed by NORAM which
is currently installed in at least two locationdNarth America Figure 7.2). The solution

is further purified with ion exchange to remove egning metal ions before entering the

electrolysis unit.

Recycle to dissolving tank to

H,0 for
dilution A 1
minimize chemical losses

Optional:
l NaOH, Na,CO;

ESP
dust l

Pulse filter

Dissolving

EE—
tank

H,0 for
regeneration

H,0 for

Recoflo CI Recoflo Cl

ion- ion-

exchange exchange
> >

regeneration

H,SO, for H,S0,/Na,S0,
regeneration  (from
(from e-lysis?) ~ electrolysis) o,
Cat-ion Purified ash
zzgh;"ge‘ solution to
several steps electrolysis
B

10-15 %-w to mix
tank (optionally to
green liquor sludge
filter)

To evaps

Cl-rich stream to
external treatment

Carbonate
removal

A4

To H,S0,/
Na,SO, product
stream from e-
lysis?

Figure 7.1. Proposed process for pre-treatment of ESP dust before electrolysis.

Figure 7.2 . PDP process installation at RockTenn mill in Demopolis, USA (Mathis and Futterer

2013)

7.2.1

Dissolving in water

The first step is dissolving the ESP dust in warater (40-60 °C) to produce a salt
solution close to saturation (~30 %-w). Not altleé dust is soluble. What remains in
solid phase is mainly hydrocarbon residues (unbmaterial) and insoluble compounds
of multi-valent metal ions (e.g. Fe, Ca, Mn, ZnjoBn et al. 1998. The resulting solids
concentration in the solution is in the order ofgm&ude several hundred ppm.
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7.2.2 Solids separation

NORAM proposes that the solids separation fromdiksolved ESP dust solution is
performed using a pulse filter. This filter is rattsimilar to the white liquor tube filters
(e.g. Clarifil) used in the pulping industry. Thedtssolution is introduced into the tube
and is filtered through polypropylene "socks” oe thbe elements. A filter cake is
formed on the outside of the socks while the céadirsolution passes through and is
collected at the top of the filter. When the preedlifference increases above a preset
level the inlet flow is stopped and the filter takae backflushed with filtrate, thus
removing the filter cake which then settles inte Hottom of the filter. Periodically,
sludge is removed from the bottom of the filteaaolids concentration of 10-20 %-w.
The maintenance and cleaning requirements aresuilar to the Clarifil type of filters
(e.g. periodic acid wash and eventually replaceroétite socks due to accumulation of
acid insoluble residues and wear).

7.2.3 Removal of impurities in the solids separation step

In order to reduce e.g. the calcium content higiaglbonate content in the ESP dust is
beneficial (Landfors et al. 1996).Tests on ESP disstolved in warm water at 65 °C
followed by solids separation showed that the ocatctan be reduced by 88-97%,
manganese almost completely and barium by 90-10§8érdling on carbonate
concentration and pH. This study also claims thatdontent of aluminium and
phosphate is reduced to a "considerable extenti dweugh no experimental data is
given. One option to optimize/maximize the metahogal could also be to adjust the pH
with sodium hydroxide in order to further precipianetals as hydroxides. In the
suggested separation system

A similar approach is used by Paleologou et al9¢b) showing reduction levels of Fe
99%, Mn 98%, Mg 98%, Cr 91% and Ni 82%. Jemaa.€t8P9) dissolved ESP dust in
water and also reported high reduction levels ¢fGd, Ba, Cu, Fe, Mg, Mn, Si and Zn.
This is also in line with information from Metso e#te it is stated that the major part of
the heavy metals stays in the solid phase in #stirleaching process (the Metso process,
however, works at a different solubility level kegpmost of the sodium sulphate in
solid phase).

Treatment with active carbon is suggested in cimleemove organic material from the
solution (Paleologou et al. 1996b). Organic cargyas normally not a problem in a
modern well-operated recovery boiler.

Table 7.1shows the estimated reduction level of a numbé&nptirities based on
experimental data from the studies mentioned above.

Table 7.1. Expected reduction of undesirable elements by separation of undissolved material.

Element Al Ba | Ca Cr Cu Fe Mg | Mn Si Zn
Expected reduction
level (%) | 77 49 91 91 |995] 99 82 95 77 1995
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7.2.4 Removal of chloride by ion exchange

The "heart” of the PDP process is a Recoflo ionkexge resin bed (patented by EcoTec)
where sodium/potassium chloride is separated frasolution Figure 7.3). The
separation is conducted using two steps. In tisé $tep the ESP salt solution is pumped
up through the resin bed where sodium/potassiunridel is taken up by the resin. In the
second step water is pumped down through the bextjemerate the bed. To improve the
efficiency, the first displaced volumes both frame fupstroke” and "downstroke” are
collected separately and sent to the dissolvinkg.tan

By changing the re-cycling conditions the so cal&1lJ) (Salt Separation Unit)-unit can
either maximize chloride removal (at higher losseggninimize losses (at about 20%
lower chloride removal. In the conventional PDPgexss there is one ion-exchange step.
In the pre-treatment process an additional st@paposed to further reduce the chloride
level going to electrolysis to minimize gbrmation.

N2,S0,+Na,C0, Hz2O
| |
ErEEE®E
Na,S0, + Na,CO4+ NaCl Macl
Sorption Desorption

Figure 7.3 . Eco-Tec ion exchange principles.

7.2.5 Cation exchange

The solution from the SSU-units is further purifiecconventional cation exchange units
(one or several steps, as required) to reduce thigvalent cation content to the levels
required for the electrolysis process. This techgyplis established and well-proven for
purifying salt solutions as feed to the membrarerehlkali process to the required
levels. lon exchange is best made at temperatbmae0°C.

Regeneration is normally made in two steps by tewgthe resin to acid form with
hydrochloric acid, (HCI) which eluates the multieal metals. One option could be to use
a small part of the produced sulphuric acid/sodsuhphate stream for re-generation. The
resin is then neutralized with caustic and revettetthe sodium form and ready to use
again.
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7.2.6 Resulting salt stream after pre-treatment

Table 7.2shows the composition of the resulting dissohadti tream after pre-treatment
according to the proposed scheme in the procesglaas some intermediate streams
(example fromCase 4. The product salt stream can be used as is (@uthr

membrane life/performance) or treated further wahon exchanger to the high quality
demand required for chlor-alkali membranes (tosgeilar membrane life
time/performance).

The only added component in the pre-treatment goewater (8.4 ton/ton ESP dust
treated)

Table 7.2. Streams in the pre-treatment process based on 1 t ESP dust entering the process
(example from Case 4b).

ESP After After | After SSU - | After ion Feed to

dust in dissolving | filter units exchange electrolysis
Flow (t/h) 1.0 3.9 3.8 3.4 3.4 4.6
Na (%-w) 30.4 8.5 8.5 7.3 7.3 6.3
K (%-w) 5.0 1.4 1.4 1.2 1.2 1.1
S04 (%6-w) 55.7 15.3 15.3 13.9 13.9 14.5
Co3 (%-w) 7.7 2.1 2.1 1.9 1.9 0.0
Cl (%6-w) 1.2 0.7 0.7 2.0E-03 2.0E-03 1.5E-03
Al (mg/kg) 9 2.4 0.5 0.5 3.4E-02 2.6E-02
Zn (mg/kg) 45 10.9 0.1 0.0 3.5E-03 2.7E-03
Si (mg/kg) 83 31.2 7.2 6.5 8.9 6.8
Ca (mg/kg) 128 33.8 3.2 2.9 0.2 0.2
Mg (mg/kg) 58 12.1 12.1 10.9 0.8 0.6
Mn (mg/kg) 34 5.4 0.3 0.3 1.8E-02 1.4E-02
Ba (mg/kg) 3 0.6 0.3 0.3 2.1E-02 1.6E-02
Fe (mg/kg) 32 8.0 0.1 0.1 5.1E-03 3.9E-03
Cu (mg/kg) 2 0.5 0.0 0.0 1.6E-04 1.2E-04
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8 Integration of Na,SQO, electrolysis processes in the
pulp mill

8.1 System constraints

When looking at possibilities with electrolysis&SQ, it is necessary to include the
constraints of the chemical balances:

» Balance for the closed liquor system must be meiath in = out
* The ratio of Na/S (“sulphidity”) in the mill muselmaintained.
« K and Cl must be maintained at acceptable levels.

These boundary conditions were taken into accaoutita calculations. The maximum
levels of K and CI to ensure safe operations ofdloevery boiler was set to 6 and 2 %-w
of the ESP dust respectively.

Depending on the feed to the electrolysis procesisc@ke or ESP dust) the effects of
integrating the process with the pulp mill can bdéecent.

8.2 Studied cases

A number of potentially interesting cases werertadiand are summarizedTiable 7.1,

all using two compartment technology. In the dgsmn (a) denotes the SW mill, (b) the
eucalyptus mill with ESP purge, (c) the eucalyptus with ash treatment system and (d)
the eucalyptus mill with ash treatment system wiseitghuric acid is used to remove
COsin the ESP dust.

The cases 2a-5a are compared to the corresporefargmce mill (1a-b). Cases 7a-b are
compared to the reference mill with LignoBoost udgd (6a-b).
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Table 7.1. Studied cases.

Case Model Feed to electrolysis Acid Caustic K/Cl-handling
mill
1. Reference la | SW - Purge ESP dust
1b | Euc - Purge ESP dust
1c | Euc - Ash leaching,
conventional
1d | Euc - Ash leaching, H,SO4
added
2. 2a | SW Saltcake To CIO,, whole demand To closed part Purge ESP dust
produced
2c | Euc Saltcake To CIO,, whole demand To closed part Ash leaching,
produced conventional
2d | Euc Saltcake To CIO,, whole demand To closed part Ash leaching, H,SO,4
produced added
3. 3a | SW Saltcake To CIO,, whole demand K/NaOH Electrolysis
produced. Acid corresponding to
Purged ESP dust corresponding e-lysis of e-lysis of ESP dust
ESP dust to bleaching. to bleaching, rest
to closed part.
3b | Euc Saltcake To CIO,, whole demand K/NaOH Electrolysis
produced. corresponding to
Purged ESP dust ) ) e-lysis of ESP dust
Ac[d corresponding e- to bleaching, rest
lysis of_ ESP dust to to closed part.
bleaching
4. 4b | Euc ESP dust To CIO,, whole demand K/NaOH to Electrolysis
produced. bleaching.
Corresponding
fresh caustic to
closed part.
5. 5a | SW Saltcake Whole H,SO,demand in K/NaOH to Electrolysis
closed part covered (CIO, | bleaching.
ESP dust and tall oil separation) Corresponding
fresh caustic to
closed part.
6. Reference + 6a | SW - - - Purge ESP dust
LignoBoost
6b | Euc - - - Purge ESP dust
7. 7a | SW ESP dust Whole H,SO,demand in K/NaOH to Electrolysis
closed part covered (CIO, | bleaching.
LignoBoost and tall oil Corresponding
separation) fresh caustic to
closed part.
7b | Euc Saltcake Whole H,SO,demand in K/NaOH to Electrolysis
closed part covered (CIO, | bleaching.
ESP dust and LignoBoost) Corresponding
fresh caustic to
closed part.
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8.3 Summary of balances

Flow sheets for all cases are giverAppendix 1 while Na/S and K/Cl-balances in table

form can be found iAppendix 2.

8.4

Electrolysis process

A summary of the expected consumption and produactionbers in the electrolysis plant
for the different cases is shownTable 8.2

Table 8.2. Expected consumption and production numbers in the electrolysis plant for the

different cases.

Case

la

1b

1c

1d

2a

2c

2d

3a

3b

4b

5a

6a

6b

7a

7b

Electrolysis
unit:

Feed electrolysis:

-ESP dust

(kg/adt)

7.8

21.7

49.4

28.3

96.8

65.6

-Saltcake ClO,

(kg/adt)

17.8

16.7

16.7

17.8

16.7

17.8

17.8

Power
consumption

(KWh/adt)

58.8

55.2

55.2

71.9

90.1

82.0

107.0

226.4

111.1

Produced NaOH
(as 100% NaOH)

(kg/adt)

10.0

9.4

9.4

12.2

15.3

13.9

18.2

38.5

18.9

Produced H2S0O4
(as 100%
H2S04)

(kg/adt)

12.3

115

115

14.1

16.7

115

18.8

34.7

15.3

Hydrogen
production

(kg/adt)

0.3

0.2

0.2

0.3

0.4

0.4

0.5

1.0

0.5

Increased steam
for evaporation
demand

-for conc. of
H,SO, in C|02
plant

(ton/adt)

0.05

0.05

0.05

0.05

0.05

0.00

0.05

0.05

0.00

- for evap of
water from pre-
treatment process

(ton/adt)

0.004

0.010

0.022

0.013

0.044

0.030

The power consumption for electrolysis amountsetwien 55 to 206 kWh/adt, naturally
dependent on how much sodium sulphate that isetleatthe electrolysis plant. Since the
total power consumption of the model mill is 719 lklAbt this means an increase in

power consumption with 8-30% for the mill whichhighly significant. The steam
consumption is comparatively low, in particular fbe additional evaporation required

for water from the pre-treatment process.

It should be noted that in the cases where saltisaddectrolysed the sulphuric acid

production per amount of feed is higher than faesavhere ESP dust is treated. The

reason is the carbonate content of the ESP dushwbacts with some of the acid to
form CQ, during pre-treatment.
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8.5 Effects on make-up chemicals (Na/S-balance)

The effect on the chemicals consumption in the mi#lhown inTable 8.3(kg/adt) and
Table 8.4(savings in chemicals, kton/y). In most of the ggddcases the chemicals
consumption is significantly reduced compared ®dbrresponding reference case. A
negative number means that there is a net outphierhicals going from the closed
system and used in the open part of the bleachard.p

Note that the purged dust/CRP corresponds to tloatthat is severedirectly from

the closed part of the mill. There is in many camesutgoing stream of Na from the
closed part, but instead of being severed it i$ teetihe bleach plant in the form of useful
chemicals that will replace fresh chemicals andabye reduce the total salt amount
released to the recipient with a corresponding arhdn the case3a and3b where

H.SQO, is sent to the bleaching plant (mixed with,8&;), the NaSO, is an inert stream
that will bypass the bleaching plant without reahgcihe chemical charge and should be
counted as severed. The amounts are written im{heass inTable 8.2.

In one case3b) where all saltcake as well as the purged amoluBS® dust is
electrolysed the amount oL,80, produced is slightly larger than the consumptiothe
bleach plant. To compensate for the sodium anchsulipst a significant amount of
sodium sulphate make-up has to be purchased.

The reference cases where a LignoBoost plant isded 6a and6b) clearly shows the
strong negative impact on the Na/S-balance fromrist@llation. The input of both
H,SO, and NaSQO, as well as the amount of purged dust is signiflgancreased
compared to the references without LignoBodstgndl1b). With the installation of an
electrolysis plant, most of the chemicals neededbeaproduced internally. In the case
7b, only ESP dust is electrolysed, and a similarlteésira would be obtained if saltcake
was included as feedstock as well (the amount &f &$st is too small to supply the
LignoBoost and the Cl&plant with sulphuric acid).

A detailed summary of Na/S in and outputs is giveAppendix 2.

Table 8.3. Effects on chemicals consumption in the mill (including the H,SO4 demand in both the closed
arts of the mill and the bleaching plant and NaOH demand in the bleaching plant for reference.

Case la |1b 1c 1d 2a |2c 2d 3a 3b 4b 5a 6a 6b 7a 7b
H2S04 (kg/adt) [19.3| 115 115|129 65|00 | 33|47 | -52 | 0.0] 0.0 |34.6|26.8]| 0.0 |11.5
NaOH (kg/adt) [15.2| 6.6 58 |67|21|-39|-24|-01]| -92 |-51|-40]30.8|21.4]|-4.0]| 5.9
Na2S04 (kg/adt) 0.0 5.7 00]00[00(236]206] 02 | 230 |53[32]00]00]31]00
Purchased oil

to lime kiln (kg/adt) [34.9| 349 |34.9|34.9(34.0[34.1|34.1|33.8| 335 |33.7]33.3|34.9|34.9]|31.4]33.2
Purged

dust/CRP (kg/adt) |31.2| 225 |154]16.9|1 80 | 0.0 | 0.0 |(8.1)|(21.6)] 0.0 | 0.0 |58.9 |43.1| 0.0 | 14.4
H2S04

demand,

closed part (kg/adt) ]19.3| 115 |11.5]129

H2S04

demand,

bleaching (kg/adt) 4.0 5.0 5.0 | 5.0

NaOH

demand,

bleaching (kg/adt) |20.0| 15.0 |15.0]15.0
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A general conclusion is that the total chemicalssconption is reduced more in the
softwood mills where the disturbances in the Nafaitice caused by the comparatively
high sulphuric acid consumption in the closed eyttle leads to high make-up chemicals
consumption and a significant ESP dust purge. talgptus mills where the Na/S is
more or less in balance already before installimggelectrolysis process, the internal
generation of chemicals has to be compensatedangtieater intake of make-up sodium
sulphate, since sodium is removed from the systeform of NaOH to the bleaching
plant.

8.6 Effects on K and CI

Electrolysis of ESP dust can be an efficient kidfaeyK and CI (se&igure 8.1where an
example fromCase 4bis shown) and also gives a possibility to continel sodium
balance in the mill. The chloride is removed in pine-treatment process to an extent of
85-90%. In the electrolysis, K behaves approxinyatet same way as Na and migrates
through the membrane and forms a mixture of KOHMa®H. If the produced K/NaOH
is used in the open part of the bleach plant inlstédresh sodium hydroxide, and the
corresponding amount of fresh sodium hydroxidaket into the closed parts of the mill
instead, there will be a significant purge of pstas1. Approximately 52-56% of the K in
the ESP dust entering the electrolysis processheilburged in form of a useful chemical
in this approach (with the assumption that the mamd has the same selectivity for K as
for Na).

0,/cl, Ha

Water to dilution, ion
exchangeregen &
NaOH-prod

NaOH/KOH
1.2 t ESP dust Pretreatment+ . 178 kg Na
1.0 t Na,50, Electrolysis 30 kg K
369 kg Na »
225 kg S H;504/Na;S0,
15 kgd 122 kg Na
93 kgk Back to Bleed to 189 kg S
s onemal 21 koK
Bleed stream to evaps Cl-rich bleed stream Purge efficiency/loss:
50 kg Na 19 kg Na K 54 %
27kgS 10kg s cl 87 %
7.2kg K 2.6kgk Na 0.0 %**
1.8kgd 13 kg C S 4.2 %

Figure 8.1 Pre-treatment and electrolysis of ESP dust adrel for K and Cl (example

from Case 4b).
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Some sodium is lost together with the chloride-sti@am in the pre-treatment plant.
There is also a significant input of sodium in NMeCIO; stream to the Cl@plant which
has to be balanced by the KOH produced and byaptdacing some of the NaOH sent to
the bleach plant together with the KOH.

8.7 Effects on CIO,-generation

One possible use of the acidic anolyte stream ti@oncompartment cell concept is to
replace the fresh sulphuric acid for the chlorirexiie production. This has
consequences for the Glplant since the sulphuric acid is diluted as wvaslicontains a
significant amount of N&O..

If the feed stream from electrolysis is assumeoktalosed to saturated at 60°C with a
composition of approximately 45wt% water, 23 wt%SK, and 32 wt% HSO,, replaces
the fresh acid in a 24 tpd SVP-SCW unit the conseges would be:

* In the alternative scenario there is 2 kg waterkgeacid. Hence the steam
consumption increases with about 2 kg steam p&l&g (normally almost 6
kg/kg is required so this is an increase with aln2086). The steam is in the
normal case needed to evaporate the water in theatd feed and water used for
flushing ducts etc in the slurry system.

* The sulphate load increase to the double amoumtetdre the filter systems will
have to be twice as large as if fresh acid is uSedquifilters, sulphate filter and
all pumps and vessels needs to be either replagearallel capacity installed.

* The increased water balance requires the rebodedenser and circulation
pumps to be increased. Also the generator vesaselaler needs to be increased
by approximately 20%.

* Due to the increased condensate flow the laterttguiag into the absorber will
increased why the cooling water temperature neebs tlecreased by
approximately 1°C.

Hence the 24 tpd generator system would essentiaéig to be replaced by a complete
50 tpd generator and salt system — which is a lpageof the chlorine dioxide plant. This
leads to a significant investment. In additionite investment, the operating costs would
increase, mainly for steam and cooling water. Feav mstallations the fresh acid system
still needs to be installed (and maintained) aackup system.

8.8 Handling of gas streams from electrolysis
8.8.1 Hydrogen gas stream as lime kiln fuel
The generated hydrogen gas can be used to pargaligce other fuel in the lime kiln. In

the model mill the lime kiln fuel is assumed todaak/wood. However, it is a more
common situation that the lime kiln is fuelled withineral oil.
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As an example in Case 5a where 49 kg ESP dust/adtated about 0.35 kgAddt is
generated from the electrolysis. This correspoad®tMJ/adt which is about 3.6% of the
total fuel demand for the lime kiln (assuming 3dgofuel oil/adt). The yearly savings
would be about 750 t fuel oil or, if the oil priceassumed to be 650 SEK/barrel, about
3.6 MSEK/y, which can motivate a smaller investmdiat fire the hydrogen gas, a
separate burner would likely have to be instaltagether with feeding system from the
electrolysis plant to the lime Kkiln.

Another option is to fire the produced k the recovery boiler.
8.8.2 Oxygen stream

Oxidised white liquor is commonly used as an alkalirce to oxygen delignification
(~18-25 kg/Adt). The oxidation is normally condwtigsing air although pure,@s also

a possibility.

Electrolysis of purified ESP dust solution leads$hte generation of an oxygen gas stream
(~38 kg Q/ton ESP dust treated) containing in the order afjnitude 2% GI(~0.7 kg
Cly/ton ESP dust treated) as contaminant if no akdga is assumed. This is a negligible
amount from a mill balance perspective.

This gas stream can be utilised/purified in a whéfgor scrubber (using a surplus of
white liquor) to produce partially oxidised whitgdor which is subsequently sent to the
existing white liquor oxidation plant. With Case &aexample, 49 kg ESP dust/adt is
treated to generate an amount of oxygen that querdidrm approximately 10-15% of the
oxidation required to supply the-®leaching plant with alkali. The chlorine gas itsac
with sodium hydroxide in the white liquor to forrmdium hypochlorite. The hypochlorite
reacts further with sulphur species in the whigeidir to form thiosulphate and/or
sulphate and sodium chloride.

This does not lead to any significant savings iarapng costs but the capacity of the
white liquor oxidation system is increased anddbsts for handling the €bas from the
electrolysis would be rather small.

An alternative to the white liquor scrubber is @bghlorite scrubber system which is
standard design in the chlor-alkali process. This caustic scrubber with recirculating
solution over a chiller. Here hypochlorite is fomgy the reaction:

Chlorine hydrolysis: G+ OH - CIO +H + CI
The released oxygen is hence free from chlorinecandbe released to atmosphere or
used elsewhere. Caustic is used as make up ircithieb®r. Alternatively sodium
bisulphite may be used.
If only saltcake is used as feed to the electrslifse gas stream will be more or less pure

O, which can be used in either the recovery boilenlmastion air system or in the white
liquor oxidation plant.
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8.9

Three compartment electrolyzer (qualitative effecty

Application of three compartment cells was nottedan detail since it is further from
commercialization. Using a three compartment systewever, opens new integration
opportunities mainly because of the “clean splitfare pure ES0O, is produced instead
of a mix of SO, and NaSQy. A few interesting examples are given here:

No additional sesquifilters, sulphate filter anthted pumps and vessels would be
needed if pure p80, from a three compartment process is used for CIO
production (which is a significant part of the aduhal investment required).
The produced diluted sulphuric acid can be usetdearbleaching plant (without
loss of sodium) while the corresponding amount ofgrconcentrated sulphuric
acid can be used in the Glplant. If only saltcake is used for electrolysise
sulphuric acid used in bleaching is about 40% eftthal acid needed in the GIO
plant. This would limit the increase in evaporataapacity needed in the GO
plant.

Higher conversion of sodium sulphate to NaOH ap8® can be achieved with
a three-compartment electrolyzer, which gives nppoeluced chemicals for the
same amount of supplied salt. This is interesting.g.Case 3aand3b where
ESP dust that is currently purged from the systetreated. More chemicals
would be produced for the same amount of feedstock.

With the higher conversion rate, the purge efficieaf potassium will improve
and less ESP dust needs to be treated to achiewathe kidney function.
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9 Economic evaluation

The economic evaluation is based on the two commeaant set-up. It should be
remembered that the assessment is made for moliiel anid that each mill needs to be
evaluated on a case by case basis because otddts in chemical charge, losses,
background levels of NPE’s, etc.

9.1 Assumptions economic evaluation

The cost for chemicals, electricity and utilitiesed in the study are summarised able
9.1 It should be remembered that these are estiratgsand that real prices are
dependent on the current state of the market, atepgeographic location (a rough
division for South America and Scandinavia was mddgistics etc. Possible deposit
costs/environmental fees for purging ESP dust isnabuded in the primary assessment,
but is treated in the parameter stu@népter 9.4).

Table 9.1. Estimated costs used in the economic assessment.

Cost

Iltem Unit Scandinavia | South America
NaOH SEK/ton 3120 5560
H,SO, SEK/ton 790 1660
Na,SO, SEK/ton 1800 2000
Electricity | SEK/IMWh 412 308
Steam SEK/ton 60 60
Deposit

cost SEK/ton 0 0
Qil price SEK/MWh 450 450

Other estimates used are:
* 4 ton steam/ton recycledHO, to the CIQ plant for evaporation.
« 3.1 ton water/ton ESP dust treated will go bactheoevaporators.
* Steam consumption in the evaporators correspon@s8ttmn water/ton steam.

* Produced hydrogen replaces fuel oil in the lima.kil

9.2 Estimated operating costs

Using the prices and assumptions given in 9.1dted bperating costs have been
estimated (see Tab®2). Under the assumptions given in 9.1, all cases lagoositive
economy with between 20-45 MSEK/y annual savingye feference case with
LignoBoost installed has very high costs in makeshi@micals compared to the other
cases.
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Table 9.2. Estimated operating costs (SEK/adt and MSEK/y) and annual savings
(MSEK!y).

Case la |(1b |1c |1d |2a |2c 2d 3a |3b 4b 5a 6a 6b 7a 7b
NaOH SEK/adt [47.4]36.8|32.5|37.1| 6.7|-21.9|-13.4| -0.5|-51.2|-28.4|-12.6| 96.0 119.3| -12.5]| 32.8
H,SO4 SEK/adt [15.3]19.0]/19.0|/21.4| 5.1| 00| 55| 37| -86| 0.0] 0.0] 274 44.4 0.0]19.0
Na,SO, SEK/adt | 0.0]/11.4] 0.0] 0.0] 0.0] 27.2]| 21.2| 0.2] 46.0] 10.7| 5.8| 0.0 0.0 56| 0.0
Deposit cost | SEK/ADt| 0.0 0.0] 0.0] 0.0] 0.0] 0.0/ 0.0] 0.0] 00| 0.0] 0.0] 0. 0.0 0.0] 0.0
Evaporation:
-ClO, SEK/ADt| 0.0] 0.0] 0.0] 0.0] 29| 28| 28| 29| 28| 00| 29| 0.0 0.0 29| 0.0
-Pretreat SEK/ADt| 0.0] 0.0] 0.0] 0.0] 0.0] 00| 0.0] 02| 06| 13| 08| 0.0 0.0 26| 18
H, SEK/ADt| 0.0] 0.0] 0.0] 00| -39| -36| -36|-48| -6.0] -54| -71| 0.0 0.0| -15.0] -7.3
Power SEK/ADt| 0.0] 0.0] 0.0] 0.0]/24.3| 17.0| 17.0|29.6| 27.7| 25.2| 441| 0.0 0.0 93.3]34.2
Total cost SEK/ADt | 62.7|67.2|51.5|58.5|35.1| 21.4| 29.4|31.5| 11.3| 35| 34.0/123.4 163.7| 77.0| 80.4
Total cost MSEK/y [40.9(43.9(/33.6(38.2(22.9| 14.0| 19.2(20.6| 7.4| 23| 22.2| 80.6 106.9| 50.3|52.5
Total
saving vs.
reference MSEK/y 18.0| 19.7| 19.0|20.4| 36.5| 41.6| 18.7 30.3| 54.4
related to
LignoBoost | MSEK/y 11.5| 12.7
9.3 Estimated investment and pay-back times

An estimated total investment for the process @ithto pre-treatment, electrolysis and
ClO,-rebuild is given inTable 9.3 A scaling factor (S) of 0.6 for the pre-treatment
process and 0.3 for the electrolysis was usedjtesafbr different sizes of the plants
according to the equation:

Capacityl)S

Cost; = Cost (—
o5t 05t Capacity,

The cost for re-building the Clcplant is assumed to be constant between the cases
(same amount of $$0, going in for all cases). There is high uncertaifotyall the
estimates (at least +30%)

There is a significant investment involved in akes, between 120-240 MSEK. The
economy is still positive with straight pay-bacakés between 3.2 and 9.4 years, see
Table 9.3 It is interesting to notice that the two bestesa@inder the conditions applied)
are eucalyptus mills where the saltcake is notdredn general, the eucalyptus cases
(denoted b) have better pay back times than thegponding softwood case. This is due
to the higher price levels of chemicals in Southekica (Brazil). For the LignoBoost
cases, in particular for the eucalyptus mill, tbg-pack times are low.

54




Table 9.3. Estimated investment and pay-back times.

Case 2a |2c |2d |3a |3b |4b |5a |[7a |7b
Investment
Pre-treatment | MSEK 0 0 0| 14| 26| 42| 30| 63| 50

Electrolysis MSEK 78| 76| 76| 87| 98| 106| 104 | 136| 123
Rebuild CIO, | MSEK 43| 43| 43| 43| 43| 43| 43| 43

Sum MSEK 121| 120| 120 144 | 167 | 191 | 177| 242| 173

Total savings | MSEK/y [18.0[19.7]19.0]20.4|36.5|41.6|18.7]|30.3|54.4

Pay-back
time y 67| 6.1] 63| 7.1| 46| 46| 9.4| 80| 3.2
9.4 Parameter study

The most important parameters in the study in teshexonomy (costs for NaOH,
H.SOy, NaSO, and electricity together with CAPEX) was variedhe range 50% to
150% of the baseline value (sEable 9.1andTable 9.3 to see impact on the pay-back
times. In addition, the impact of a possible dejposst/environmental fee between 0 to
1500 SEK/ton was evaluated. The complete resudtsitaached ilppendix 3.

The NaOH price is an important variable for allessexemplified foCases 2a2c and
4b in Figure 9.1, 9.2 and9.3respectively. The electricity price is naturallgaan

important factor for an electrolysis process. Imewf the cases (in particular for the
eucalyptucases 2c¢, 2énd4b) the Na2S0O4 price also has a significant impadtenh
other cases the effect is minimal. The H2SO4 psiad less importance in all cases.

A deposit cost/environmental fee for purge of E&Btavould be a significant driver for
an electrolysis process (s€able 9.4). Already a cost of 500 SEK/ton would bring the
pay-back time for all except one case down belogwdrs. At the highest level all cases
are interesting.

No additive effects etc. of several variables wesated and there are also other factors
that impacts the process economy.

Table 9.4. Impact of a deposit cost/handling fee on the payback time for the different cases.

Deposit cost/fees | Cases
(SEK/ton) 2a |2c |2d|3a|3b|4b |5a|7a|7b
Payback time (years)
0 6.7 |6.1|6.3|7.1/4.6|3.6/9.4(8.0|3.2
500 47 14.8|4.9|4.7|41|3.0/6.1|4.9|2.6
1000 3.7 |4.0|4.0|35(3.8|26|45(35|22
1500 3.0 [34|34|28|35|23|3.6(2.8]|1.9
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10

Conclusions

The most significant conclusions from this studymégrating an electrolysis process in
a model mill (either SW or Euca) are:

Integration to the mill

Using electrolysis to split sodium sulphate to sadihydroxide and sulphuric
acid can effectively reduce make-up chemicals comsion () and reduce ESP
dust/salt emissions (60-~100%).

The total chemicals consumption is reduced mossaftwood mills where the
disturbances in the Na/S balance caused by theamatiyely high sulphuric acid
consumption in the closed mill cycle leads to higdike-up chemical costs and a
significant ESP dust purge.

Electrolysis of ESP dust can be an efficient kidfaxyK and CI.

o Approximately 52-56% of the K and 85-90% of the(@flthe amounts fed
to the electrolysis process) can be removed withinmal net losses of Na
and S.

0 The potassium kidney function requires that the &@H stream is used in
e.g. the open part of the bleaching process aridiibdresh NaOH used
there is taken into the mill as replacement instead

The power consumption for electrolysis varied betB5 to 206 kWh/adt in the
cases studied. Since the total power consumptidmeomill is about 720 kwWh/adt
this means a highly significant increase in powsrstimption with 8-30%.

Using the two-compartment cell set up produces eerdiduted HSO,-stream
which also contains a considerably amount of3\@. If the HhSOy-stream is
used in the Cl@plant it requires significant additional filterdevaporation
capacity. If the capacity is lacking the existing@é&plant has to be extensively
rebuilt.

The electrolysis process gives two by-product gEams:

0 The H stream can be used as a lime kiln fuel. In ondé@tases studied
here 3% of the lime kiln fuel can be replaced fonhe of about 3
MSEK/y (assuming fossil oil at 650 SEK/barrel).

o The QJ/Cl,-stream can be effectively treated in a white liggerubber, at
the same time performing part of the oxidation wb®WL is used as
alkali source in the mill.

Economic evaluation

CAPEX was estimated to between 120-220 MSEK depgnain case. The yearly
savings was estimated to between 20-60 MSEK whasie gtraight pay-back
times between 3-9 yrs depending on case.
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Price for NaOH, electricity and in some of the dyptus cases, N&O, were
found important in terms of operational costs.ddition, a deposit cost for ESP
dust would significantly improve the process ecogpom

Despite larger savings in chemicals for the softvoases, the eucalyptus cases
still show better pay-back times due to the higireze level for chemicals in
South America (Brazil).

Electrolysis process

A two-compartment electrolysis process was chosdhexmain focus since it is
well-proven technically in the chlor-alkali indugt@nd many well-proven cation
exchange membranes are available.
A process, based on proven technology, where ESBgitreated to reach purity
levels required for a successful electrolysis hreenlproposed and evaluated.
The three-compartment cell set up technology coesptr the two-compartment
variant as:
o Increased technical uncertainty (less proven pgjces
o Smaller rebuild of the Cl@plant required (evaporation capacity but not
filter area).
0 More freedom in use of the producegS;-stream which can be sent to
e.g. the open part of the bleaching process iNdS-balance allows this.
o0 A “clean” split of sodium and sulphur which allowsen better control of
the Na/S-balance.
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APPENDIX 1. FLOW SCHEMES FOR EVALUATED CASES.

Shown figures for Na include K calculated as Na
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Case la Softwood
Base case
Wood MgSO4 3.12 0.00 NaClO3 26.64
kag/ADt K 0.81 S 0.63 0.00 H2S04 16.17
Cl 0.12 1.02 0.00 Na 5.75
S 0.16 | 2 S 5.28
Make-up
as Na " Tall oil plant CIlO2 prod __0.00
NaOH 15.21 8.7 A
Na2S04 0.00 0.00)
as S 0.00]
'y
Closed mill
- 0.00 H2sO4
A 4
Losses
0.00 Electrolysis
NaOH Salt cake
y y LignoBoost 0.00
0.00 Precip dust 0.00 -
Kwool 2.1%
Dust Clwool 0.4% -
Purge 22
H2S04
Ash treatment Electrolysis
Precipitator dust H2S0O4  0.00 0.00
Na 0.00
S 0.00 H2S04 0.00
K 0.00
NaOH to Heach plang Cl ion removal To bleach plant S 0.00
Na 4.86 Na 10.12 Na 0.00 Na 0.00 0.00 Na 0.00 Na 0.00
S 1.50 S 5.59 S 0.00 S 0.00 0.00 S 0.00
K 0.18 K 0.63 K 0.00 K 0.00 0.00 K 0.00 NaOH 0.00
c v 0.02 Ccl Y 010 Cl 0.00 Cl 0.00 0.00
NaOH 0.00 H2S04 0.00]
v VL | v

H2S04

H2S04



Case 1b

Euca
Purge
Wood MgSO4 H2S04 0.00 0.00 NaClO3 24.98
kg/ADt K 1.83 S 0.00 Na 0.00 H2S04 11.48
Cl 0.70 S 0.00 0.00 Na 5.39
S 0.17 2 S 3.75
Make-up
as Na » Tall oil plant CIlO2 prod . 0.00
NaOH 6.61 3.8 X
Na2S04 5.70 1.8
as S 1.28]
a
Closed mill
< 0.00 H2SO4
A 4
Losses
0.00 Electrolysis
NaOH Salt cake
y LignoBoost 0.00
0.00 Precip dust 0.00 <
Kwool 6.0%
Dust Clwoo| 2.6% -
Purge A 4 A 4
H2S04
Ash treatment Electrolysis
Precipitator dust H2SO4  0.00 0.00
Na 0.00
S 0.00 H2S04 0.00
K 0.00
NaOH to Heach plan§ Cl ion removal To bleach plant S 0.00
Na 4.84 Na 7.28 Na 0.00 Na 0.00 0.00 Na 0.00] Na 0.00
S 1.36 S 3.84 S 0.00 S 0.00 0.00 S 0.00]
K 0.52 K 1.31 K 0.00 K 0.00 0.00 K 0.00] NaOH 0.00
c v 0.13 cl Y 057 c v 0.00 Cl 0.00 0.00
NaOH 0.00 H2S04 0.00]
4 VL v

H2S04

H2S04



Case 1c

Make-up

NaOH
Na2S04

Na

Euca
CRP
kg/ADt
Wood MgSO4 H2S04 0.00 0.00 NaClO3 24.98
K 1.83 S 0.00 Na 0.00 H2S04 11.48
Cl l 0.70 S 0.00 0.00 Na 5.39
S 0.17 2 S 3.75
as Na » Tall oil plant CIlO2 prod . 0.00
5.83 3.3 X
0.00 0.0
as S 0.00|
a
Closed mill
< 0.00 H2SO4
A 4
Losses
0.00 Electrolysis
NaOH Salt cake
y LignoBoost 0.00
18.83 Precip dust 0.00 <
Kwool 6.0%
Dust Clwoo| 2.4% -
Purge A 4 A 4
H2S04
Ash treatment Electrolysis
Precipitator dust H2SO4  0.00 0.00
Na 0.00
S 0.00 H2S04 0.00
K 0.00
NaOH to Heach plan§ Cl ion removal To bleach plant S 0.00
4.84 Na 2.57 Na 2.42 Na 0.00 0.00 Na 0.00] Na 0.00
1.36 S 1.36 S 1.20 S 0.00 0.00 S 0.00]
0.52 K 0.47 K 0.49 K 0.00 0.00 K 0.00] NaOH 0.00
0.11 cl Y 018 c v 0.40 Cl 0.00 0.00
NaOH 0.00 H2S04 0.00]
4 VL v

H2S04

H2S04



Case 1d Euca
CRP H2S0O4
kg/ADt
Wood MgsSo4 H2S04 1.43 0.00 NaClo3 24.98
K 1.83 S 0.00 Na 0.00 H2S04 11.48
Cl l 0.70 S 0.47 0.00 Na 5.39
S 0.17 v S 3.75
Make-up
as Na P Tall oil plant CIlO2 prod . 0.00
NaOH 6.67 3.8 A A
Na2s04 0.00 0.0|
as S 0.00]
A
Closed mill
< 0.00 H2SO4
v
Losses
L 0.00 Electrolysis
NaOH Salt cake
T LignoBoost 0.00]
13.20 Precip dust 0.00 -«
Kwoe] 6.0%
Dust Clwool 2.4% -
Purge \ 3
H2S04
Ash treatment Electrolysis
Precipitator dust H2S04  0.00 0.00
Na 0.00
S 0.00 H2S04 0.00
K 0.00
NaOH to Heach plan§ Cl ion removal To bleach plant S 0.00
Na 4.84 Na 3.83 Na 1.63 Na 0.00 0.00 Na 0.00 Na 0.00
S 1.36 S 2.03 S 1.00 S 0.00 0.00 S 0.00
K 0.54 K 0.72 K 0.33 K 0.00 0.00 K 0.00 NaOH 0.00
c v 0.12 Cl Y 029 Cl 0.29 Cl 0.00 0.00
NaOH 0.00 H2S04 0.00

y

H2S04

H2504



Case 2a

H2S04

H2S04

Electrolysis
Salt cake from CIO2
Softwood
kg/ADt Wood MgSO4 H2S04 6.48 0.00 NaClO3 26.64
K 0.81 S 0.63 Na 0.00 H2S04 0.00
Cl l 0.12 S 2.12 0.00 Na 5.75
S 0.16 2 S 0.00
Make-up
as Na . Tall oil plant ClO2 prod . 0.00
NaOH 2.14 1.2 ) )
Na2S04 0.00 0.0
as S 0.00]
I
Closed mill
< 12.26 H2S0O4
A 4
Losses
10.01 Electrolysis
NaOH Salt cake
T LignoBoost 0.00]
0.00 Precip dust 0.00 <
Kwoel 5.0%
Dust Clwoo| 1.0% 'y
Purge A 4 A 4
H2S04
Ash treatment Electrolysis
Precipitator dust H2S04  0.00 0.00
Na 0.00
S 0.00 H2S04 0.00
K 0.00
NaOH to Heach plan§ Cl ion removal To bleach plant S 0.00
Na 4.86 Na 2.60 Na 0.00 Na 0.00 0.00 Na 0.00 Na 0.00
S 1.48 S 1.42 S 0.00 S 0.00 0.00 S 0.00
K 0.43 K 0.39 K 0.00 K 0.00 0.00 K 0.00 NaOH 0.00
c v 0.05 cl Y 0.08 Cl 0.00 cl 0.00 0.00
NaOH 0.00 L H2S04 0.00 |
v v




Case 2c

H2S04

H2S04

Electrolysis
Salt cake from CIO2
Euca
kg/ADt Wood MgSO4 H2S04 0.00 0.00 NaClo3 24.98
K 1.83 S 0.00 Na 0.00 H2S04 0.00
Cl l 0.70 S 0.00 0.00 Na 5.39
S 0.17 4 S 0.00
Make-up
as Na » Tall oil plant CIlO2 prod . 0.00
NaOH 0.00 0.0 ) )
Na2S04 13.58 4.4‘1
as S 3.06
a
Closed mill
- 11.49 H2SO4
A 4
Losses
L 9.38 Electrolysis
NaOH Salt cake
y'y LignoBoost 0.00
29.33 Precip dust 0.00 <
Kwool 6.0%
Dust Clwos| 2.2% -
Purge 3 \
H2S04
Ash treatment Electrolysis
Precipitator dust H2S04  0.00 0.00
Na 0.00
S 0.00 H2S04 0.00
K 0.00
NaOH to Heach plan§ Cl ion removal To bleach plant S 0.00
Na 4.84 Na 0.00 Na 3.76 Na 0.00 0.00 Na 0.00 Na 2.26
S 1.35 S 0.00 S 1.88 S 0.00 0.00 S 0.00
K 0.53 K 0.00 K 0.77 K 0.00 0.00 K 0.00 NaOH 3.94
c v 0.11 Cl Y 0.00 Cl 0.59 Cl 0.00 0.00
NaOH 0.00 H2S04 0.00
v v v




H2S04

H2S04

Case 2d This sulphuric acid goes to the
Electrolysis ash treatment process (added
Salt cake from ClO2 here to simplify calculation
Euca procedure
A
kg/ADt Wood MgSO4 H2S04 3.30 0.00 NaClo3 24.98
K 1.83 S 0.00 Na 0.00 H2S04 0.00
Cl l 0.70 S 1.08 0.00 Na 5.39
S 0.17 4 S 0.00
Make-up
as Na » Tall oil plant CIlO2 prod . 0.00
NaOH 0.00 0.0 ) )
Na2S04 10.60 3.4;
as S 2.39
a
Closed mill
- 11.49 H2SO4
A 4
Losses
L 9.38 Electrolysis
NaOH Salt cake
y'y LignoBoost 0.00
29.86 Precip dust 0.00 <
Kwool 6.1%
Dust Clwoe| 2.2% 'y
Purge 3 \
H2S04
Ash treatment Electrolysis
Precipitator dust H2S04  0.00 0.00
Na 0.00
S 0.00 H2S04 0.00
K 0.00
NaOH to Heach plan§ Cl ion removal To bleach plant S 0.00
Na 4.84 Na 0.00 Na 3.68 Na 0.00 0.00 Na 0.00 Na 1.38
S 1.35 S 0.00 S 2.29 S 0.00 0.00 S 0.00
K 0.56 K 0.00 K 0.75 K 0.00 0.00 K 0.00 NaOH 241
c v 0.11 Cl 0.00 Cl 0.59 Cl 0.00 0.00
NaOH 0.00 H2S04 0.00
v v v




Case 3a

H2S04

H2504

Electrolysis
Salt cake + dust purge
Softwood
kg/ADt Wood MgSO4 6.48 0.00 NaClo3 26.64
K 0.81 S 0.63 0.00 H2S04 0.00
Cl l 0.12 2.12 0.00 Na 5.75
S 0.16 4 S 0.00
Make-up
as Na P Tall oil plant CIlO2 prod . 0.00
NaOH 2.08 1.1 A A
Na2S04 0.12 0.04
as S 0.03
A
Closed mill
< 12.26 H2SO4
v
Losses
L 10.01 Electrolysis
NaOH Salt cake
T LignoBoost 0.00]
0.00 Precip dust 7.81 -«
Kwoo] 5.0%
Dust Clwos| 1.0% -
Purge \ 3
H2S04
Ash treatment Electrolysis
Precipitator dust H2SO4 181 0.00
Na 1.17
S 1.45 H2S04 0.00
K 0.19
NaOH to Heach plan§ Cl ion removal To bleach plant S 0.00
Na 4.86 Na 0.00 Na 0.00 Na 1.28 0.05 Na 1.28] Na 0.00
S 1.48 S 0.00 S 0.00 S 0.00 0.00 S 1.45]
K 0.43 K 0.00 K 0.00 K 0.19 0.01 K 0.19 NaOH 0.00
c v 0.05 Cl Y 0.00 Cl 0.00 Cl 0.00 0.08
NaOH 2.22 H2S04 1.81]
L 2 v




H2S04

H2S04

Case 3b Softwood
Electrolysis
Salt cake + dust purge
No CRP
kg/ADt Wood MgSO4 H2S04 0.00 0.00 NaClO3 24.98
K 1.83 S 0.00 Na 0.00 H2S04 0.00
Cl l 0.70 S 0.00 0.00 Na 5.39
S 0.17 4 S 0.00
Make-up
as Na o Tall oil plant ClO2 prod . 0.00
NaOH 0.00 0.0 - A
Na2S04 22.98 7.
as S 5.18
a
Closed mill
< 11.49 H2SO4
A 4
Losses
9.38 Electrolysis
NaOH Salt cake
'y LignoBoost 0.00|
0.00 Precip dust 21.71 <
Kwool 6.0%
Dust Clwoo| 2.6% =
Purge Y
H2S04
Ash treatment Electrolysis
Precipitator dust H2S0O4 5.17 0.00
Na 3.05
S 4.01 H2S04 0.00
K 0.62
NaOH to Heach plang Cl ion removal To bleach plant S 0.00
Na 4.84 Na 0.00 Na 0.00 Na 3.41 0.37 Na 3.41 Na 1.87
S 1.35 S 0.00 S 0.00 S 0.00 0.00 S 4.01
K 0.53 K 0.00 K 0.00 K 0.62 0.07 K 0.62] NaOH 3.26
Cl 0.13 cl Y 0.00 c v 0.00 Cl 0.00 0.57
NaOH 5.94 H2S04 5.17]
v v




Case 4b

H2S04

H2S504

Electrolysis
Only precipitator dust
Euca
kg/ADt Wood MgSO4 H2504 0.00 0.00 NaClo3 24.98
K 1.83 S 0.00 Na 0.00 H2S04 0.00
Cl l 0.70 S 0.00 0.00 Na 5.39
S 0.17 4 S 0.00
Make-up
as Na P Tall oil plant CIlO2 prod _11.48
NaOH 8.83 5.0 A A
Na2S04 5.35 1.7
as S 1.20]
A
Closed mill
< 0.00 H2S04
v
Losses
L 0.00 Electrolysis
NaOH Salt cake
T LignoBoost 0.00]
0.00 Precip dust 49.38 -«
Kwool 5.4%
Dust Clwos| 1.3% -
Purge \ 3
H2S04
Ash treatment Electrolysis
Precipitator dust H2SO4  11.50 11.48
Na 7.25
S 9.15 H2S04 0.00
K 1.30
NaOH to Heach plan§ Cl ion removal To bleach plant S 0.00
Na 4.84 Na 0.00 Na 0.00 Na 8.01 0.41 Na 0.01] Na 0.00
S 1.36 S 0.00 S 0.00 S 0.00 0.00 S 0.02
K 0.46 K 0.00 K 0.00 K 1.30 0.07 K 0.00 NaOH 0.00
c v 0.06 Cl Y 0.00 Cl 0.00 Cl 0.00 0.64
NaOH 13.94 H2S04 0.02
v ¥ v




Case 5a
Electrolysis for all H2SO4
Salt cake + dust purge

H2S04

H2S04

Softwood
kg/ADt Wood MgSO4 0.00 6.48 NaClo3 26.64
K 0.81 S 0.63 0.00 H2S04 0.00
Cl l 0.12 0.00 2.12 Na 5.75
S 0.16 v S 0.00
Make-up
as Na » Tall oil plant CIlO2 prod . 0.00
NaOH 4.16 2.3 ) )
Na2s04 3.23 1.0
as S 0.73]
a
Closed mill
< 12.26 H2SO4
A 4
Losses
L 10.01 Electrolysis
NaOH Salt cake
y'y LignoBoost 0.00
0.00 Precip dust 28.25 <
Kwoo| 3.6%
Dust Clwo| 0.4% 'y
Purge 3 \
H2S04
Ash treatment Electrolysis
Precipitator dust H2S04  6.52 6.48
Na 4.42
S 5.28 H2S04 0.00
K 0.50
NaOH to Heach plan§ Cl ion removal To bleach plant S 0.00
Na 4.86 Na 0.00 Na 0.00 Na 471 0.07 Na 0.03 Na 0.00
S 1.49 S 0.00 S 0.00 S 0.00 0.00 S 0.03
K 0.30 K 0.00 K 0.00 K 0.50 0.01 K 0.00 NaOH 0.00
c v 0.02 Cl Y 0.00 Cl 0.00 Cl 0.00 0.10
NaOH 8.20 H2S04 0.04]
v v




Case 6a

H2S04

H2S504

Base case
LignoBoost
Softwood
kg/ADt Wood MgSO4 H2504 3.12 0.00 NaClo3 26.64
K 0.81 S 0.63 Na 0.00 H2S04 16.17
Cl l 0.12 S 1.02 0.00 Na 5.75
S 0.16 4 S 5.28
Make-up
as Na P Tall oil plant CIlO2 prod . 0.00
NaOH 30.81 17.7, A A
Na2S04 0.00 0.0
as S 0.00
A
Closed mill
< 0.00 H2S04
v
Losses
L 0.00 Electrolysis
NaOH Salt cake
T LignoBoost 0.00]
0.00 Precip dust 0.00 -«
Kwool 1.3%
Dust Clwos| 0.2% -
Purge \ 3
H2S04
Ash treatment Electrolysis
Precipitator dust H2S04  0.00 0.00
Na 0.00
S 0.00 H2S04 15.31
K 0.00
NaOH to Heach plan§ Cl ion removal To bleach plant S 5.00
Na 4.86 Na 19.09 Na 0.00 Na 0.00 0.00 Na 0.00 Na 0.00
S 1.51 S 10.58 S 0.00 S 0.00 0.00 S 0.00
K 0.11 K 0.71 K 0.00 K 0.00 0.00 K 0.00 NaOH 0.00
c v 0.01 Cl Y o011 Cl 0.00 Cl 0.00 0.00
NaOH 0.00 H2S04 0.00

y




Case 6b

H2S04

H2S504

Base case
LignoBoost
Euca
kg/ADt Wood MgSO4 H2S04 0.00 0.00 NaClo3 24.98
K 1.83 S 0.00 Na 0.00 H2S04 11.48
Cl l 0.70 S 0.00 0.00 Na 5.39
S 0.17 v S 3.75
Make-up
as Na P Tall oil plant CIlO2 prod . 0.00
NaOH 2144 123 A A
Na2s04 0.00 0.0|
as S 0.00]
A
Closed mill
< 0.00 H2SO4
v
Losses
L 0.00 Electrolysis
NaOH Salt cake
T LignoBoost 0.00]
0.00 Precip dust 0.00 -«
Kwoe| 3.6%
Dust Clwool 1.5% -
Purge \ 3
H2S04
Ash treatment Electrolysis
Precipitator dust H2S04  0.00 0.00
Na 0.00
S 0.00 H2S04 15.31
K 0.00
NaOH to Heach plan§ Cl ion removal To bleach plant S 5.00
Na 4.85 Na 13.95 Na 0.00 Na 0.00 0.00 Na 0.00 Na 0.00
S 1.38 S 7.54 S 0.00 S 0.00 0.00 S 0.00
K 0.32 K 151 K 0.00 K 0.00 0.00 K 0.00 NaOH 0.00
c v 0.08 Cl ' 0.62 Cl 0.00 Cl 0.00 0.00
NaOH 0.00 H2S04 0.00

v




Case 7a
LignoBoost. Electrolysis for all H2SO4
Salt cake + precip dust

H2S04

H2S04

Softwood
kg/ADt Wood MgSO4 H2S04 0.00 6.48 NaClO3 26.64
K 0.81 S 0.63 Na 0.00 H2S04 0.00
Cl l 0.12 S 0.00 2.12 Na 5.75
S 0.16 y S 0.00
Make-up
as Na " Tall oil plant ClO2 prod 0.00
NaOH 24.48 14.0 A
Na2S04 3.12 1.0
as S 0.70]
A
Closed mill
< 12.26 H2SO4
A 4
Losses
10.01 Electrolysis
NaOH Salt cake
'y LignoBoost 15.31]
0.00 Precip dust 96.83 <
Kwool 1.4%
Dust Clwos]l 0.1% 'y
Purge 3 L
H2S04
Ash treatment Electrolysis
Precipitator dust H2S0O4 22.44 22.44
Na 15.98
S 18.28 H2S04 0.00
K 0.69
NaOH to Heach plang Cl ion removal To bleach plant S 0.00
Na 4.86 Na 0.00 Na 0.00 Na 16.39 0.07 Na 0.00] Na 0.00
S 1.49 S 0.00 S 0.00 S 0.00 0.00 S 0.00]
K 0.12 K 0.00 K 0.00 K 0.69 0.00 K 0.00] NaOH 0.00
Cl 0.01 cl Y 0.00 c v 0.00 Cl 0.00 0.11
NaOH 28.49 H2S04 0.00]
v v v




Case 7b Euca
LignoBoost
Electrolysis for LignoBoost only
Precip dust
No CRP
Wood MgSO4 H2S04 0.00 0.00 NaClO3 24.98
kg/ADt K 1.83 S 0.00 Na 0.00 H2S04 11.48
Cl 0.70 S 0.00 0.00 Na 5.39
S 0.17 4 S 3.75
Make-up
as Na o Tall oil plant ClO2 prod . 0.00
NaOH 24.78 14.2 ) X
Na2S04 0.00 0.0
as S 0.00]
a
Closed mill
< 0.00 H2S04
A 4
Losses
0.00 Electrolysis
NaOH Salt cake
'y LignoBoost 15.31]
0.00 Precip dust 65.64 <
Kwool 3.3%
Dust Clwo| 0.8% =
Purge Y
H2S04
Ash treatment Electrolysis
Precipitator dust H2S04 15.29 15.31
Na 10.24
S 12.28 H2S04 0.00
K 1.06
NaOH to Heach plang Cl ion removal To bleach plant S 0.00
Na 4.84 Na 4.68 Na 0.00 Na 10.86 0.35 Na -0.01 Na 0.00
S 1.38 S 2.56 S 0.00 S 0.00 0.00 S -0.02
K 0.28 K 0.46 K 0.00 K 1.06 0.03 K 0.00| NaOH 0.00
Cl 0.04 cl Y o011 c v 0.00 Cl 0.00 0.54
NaOH 18.89 H2S04 -0.02
v v

H2S04

H2S04
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CASE la

In Na + K S K Cl

Wood 0.48 0.16 0.81 0.12

Make up

NaOH 8.75

Na2S04 0.00 0.00

MgS04 0.63

Tall oil plant 1.02

Clo2 5.75 5.28

LignoBoost 0.00

Sum in 14.98 7.09 0.81 0.12

Out

General losses 4.86 1.50 0.18 0.02

Dust purge 10.12 5.59 0.63 0.10

CRP purge 0.00 0.00 0.00 0.00

Electrolysis SC purge 0.00

Clion removal 0.00 0.00 0.00

Acid out from PD el 0.00 0.00 0.00

NaOH from PD el. 0.00 0.00 0.00

Sum out | 14.98 7.09 0.81 0.12

CASE 1b

In Na + K S K Cl
Wood 1.08 0.17 1.83 0.70
Make up

NaOH 3.80

Na2S04 1.85 1.28

MgS04 0.00

Tall oil plant 0.00

clo2 | 5.39 3.75

LignoBoost 0.00

Sum in 12.12 5.21 1.83 0.70
Out

General losses 4.84 1.36 0.52 0.13
Dust purge 7.28 3.84 1.31 0.57
CRP purge 0.00 0.00 0.00 0.00
Electrolysis SC purge 0.00

Clion removal 0.00 0.00 0.00
Acid out from PD el 0.00 0.00 0.00

NaOH from PD el. 0.00 0.00 0.00
Sum out 12.12 5.21 1.83 0.70




CASE 1c

In Na + K S K Cl
Wood 1.08 0.17 1.83 0.70
Make up

NaOH 3.35

Na2S04 0.00 0.00

MgS04 0.00

Tall oil plant 0.00

clo2 | 5.39 3.75

LignoBoost 0.00

Sum in 9.83 3.92 1.83 0.70
Out

General losses 4.84 1.36 0.52 0.11
Dust purge 2.57 1.36 0.47 0.18
CRP purge 2.42 1.20 0.49 0.40
Electrolysis SC purge 0.00

Clion removal 0.00 0.00 0.00
Acid out from PD el 0.00 0.00 0.00

NaOH from PD el. 0.00 0.00 0.00
Sum out | 9.83 3.92 1.48 0.70
CASE 1d

In Na + K S K Cl
Wood 1.08 0.17 1.83 0.70
Make up

NaOH 3.35

Na2S04 0.00 0.00

MgS04 0.00

Tall oil plant 0.00

clo2 | 5.39 3.75

LignoBoost 0.00

Sum in 9.83 3.92 1.83 0.70
Out

General losses 4.84 1.36 0.52 0.11
Dust purge 2.57 1.36 0.47 0.18
CRP purge 2.42 1.20 0.49 0.40
Electrolysis SC purge 0.00

Clion removal 0.00 0.00 0.00
Acid out from PD el 0.00 0.00 0.00

NaOH from PD el. 0.00 0.00 0.00
Sum out 9.83 3.92 1.48 0.70




CASE 2a

In Na + K S K Cl
Wood 0.48 0.16 0.81 0.12
Make up

NaOH 1.23

Na2S04 0.00 0.00

MgS04 0.63

Tall oil plant 2.12

clo2 | 5.75 0.00

LignoBoost 0.00

Sum in 7.46 2.91 0.81 0.12
Out

General losses 4.86 1.48 0.43 0.05
Dust purge 2.60 1.42 0.39 0.08
CRP purge 0.00 0.00 0.00 0.00
Electrolysis SC purge 0.00

Clion removal 0.00 0.00 0.00
Acid out from PD

el 0.00 0.00 0.00

NaOH from PD

el. 0.00 0.00 0.00
Sumout | 7.46 2.91 0.81 0.12
CASE 2c

In Na + K S K Cl
Wood 1.08 0.17 1.83 0.70
Make up

NaOH 0.00

Na2S04 4.40 3.06

MgS0O4 0.00

Tall oil plant 0.00

Clo2 5.39 0.00

LignoBoost 0.00

Sum in 10.87 3.23 1.83 0.70
Out

General losses 4.84 1.35 0.53 0.11
Dust purge 0.00 0.00 0.00 0.00
CRP purge 3.76 1.88 0.77 0.59
Electrolysis SC purge 2.26

Clion removal 0.00 0.00 0.00
Acid out from PD el 0.00 0.00 0.00

NaOH from PD el. 0.00 0.00 0.00
Sum out 10.87 3.23 1.29 0.70




CASE 2d

In Na + K S K Cl
Wood 1.08 0.17 1.83 0.70
Make up

NaOH 0.00

Na2S04 3.43 2.39

MgS04 0.00

Tall oil plant 1.08

clo2 | 5.39 0.00

LignoBoost 0.00

Sum in 9.91 3.64 1.83 0.70
Out

General losses 4.84 1.35 0.56 0.11
Dust purge 0.00 0.00 0.00 0.00
CRP purge 3.68 2.29 0.75 0.59
Electrolysis SC purge 1.38

Clion removal 0.00 0.00 0.00
Acid out from PD el 0.00 0.00 0.00

NaOH from PD el. 0.00 0.00 0.00
Sum out | 9.91 3.64 1.31 0.70
CASE 3a

In Na + K S K Cl
Wood 0.48 0.16 0.81 0.12
Make up

NaOH 1.19

Na2S04 0.04 0.03

MgS04 0.63

Tall oil plant 2.12

clo2 | 5.75 0.00

LignoBoost 0.00

Sum in 7.47 2.93 0.81 0.12
Out

General losses 4.86 1.48 0.43 0.05
Dust purge 0.00 0.00 0.00 0.00
CRP purge 0.00 0.00 0.00 0.00
Electrolysis SC purge 0.00

Clion removal 0.05 0.01 0.08
Acid out from PD el 1.28 1.45 0.19

NaOH from PD el. 1.28 0.19 0.00
Sum out 7.47 2.93 0.81 0.12




CASE 3b

In Na + K S K Cl
Wood 1.08 0.17 1.83 0.70
Make up

NaOH 0.00

Na2S04 7.44 5.18

MgS04 0.00

Tall oil plant 0.00

clo2 | 5.39 0.00

LignoBoost 0.00

Sum in 13.92 5.35 1.83 0.70
Out

General losses 4.84 1.35 0.53 0.13
Dust purge 0.00 0.00 0.00 0.00
CRP purge 0.00 0.00 0.00 0.00
Electrolysis SC purge 1.87

Clion removal 0.37 0.07 0.57
Acid out from PD el 3.41 4.01 0.62

NaOH from PD el. 3.41 0.62 0.00
Sum out | 13.92 5.35 1.83 0.70
CASE 4b

In Na + K S K Cl
Wood 1.08 0.17 1.83 0.70
Make up

NaOH 5.08

Na2S04 1.73 1.20

MgS04 0.00

Tall oil plant 0.00

clo2 | 5.39 0.00

LignoBoost 0.00

Sum in 13.28 1.38 1.83 0.70
Out

General losses 4.84 1.36 0.46 0.06
Dust purge 0.00 0.00 0.00 0.00
CRP purge 0.00 0.00 0.00 0.00
Electrolysis SC purge 0.00

Clion removal 0.41 0.07 0.64
Acid out from PD el 0.01 0.02 0.00

NaOH from PD el. 8.01 1.30 0.00
Sum out 13.29 1.38 1.83 0.70




CASE 5a

In Na + K S K Cl
Wood 0.48 0.16 0.81 0.12
Make up

NaOH 2.39

Na2S04 1.05 0.73

MgS04 0.63

Tall oil plant 0.00

clo2 | 5.75 0.00

LignoBoost 0.00

Sum in 9.67 1.52 0.81 0.12
Out

General losses 4.86 1.49 0.30 0.02
Dust purge 0.00 0.00 0.00 0.00
CRP purge 0.00 0.00 0.00 0.00
Electrolysis SC purge 0.00

Clion removal 0.07 0.01 0.10
Acid out from PD el 0.03 0.03 0.00

NaOH from PD el. 4.71 0.50 0.00
Sum out | 9.67 1.52 0.81 0.12
CASE 6a

In Na + K S K Cl
Wood 0.48 0.16 0.81 0.12
Make up

NaOH 17.72

Na2S04 0.00 0.00

MgS04 0.63

Tall oil plant 1.02

clo2 | 5.75 5.28

LignoBoost 5.00

Sum in 23.95 12.09 0.81 0.12
Out

General losses 4.86 151 0.11 0.01
Dust purge 19.09 10.58 0.71 0.11
CRP purge 0.00 0.00 0.00 0.00
Electrolysis SC purge 0.00

Clion removal 0.00 0.00 0.00
Acid out from PD el 0.00 0.00 0.00

NaOH from PD el. 0.00 0.00 0.00
Sum out 23.95 12.09 0.81 0.12




CASE 6b

In Na + K S K Cl
Wood 1.08 0.17 1.83 0.70
Make up

NaOH 12.33

Na2S04 0.00 0.00

MgS04 0.00

Tall oil plant 0.00

clo2 | 5.39 3.75

LignoBoost 5.00

Sum in 18.80 8.92 1.83 0.70
Out

General losses 4.85 1.38 0.32 0.08
Dust purge 13.95 7.54 1.51 0.62
CRP purge 0.00 0.00 0.00 0.00
Electrolysis SC purge 0.00

Clion removal 0.00 0.00 0.00
Acid out from PD el 0.00 0.00 0.00

NaOH from PD el. 0.00 0.00 0.00
Sum out | 18.80 8.92 1.83 0.70
CASE 7a

In Na + K S K Cl
Wood 0.48 0.16 0.81 0.12
Make up

NaOH 14.08

Na2S04 1.01 0.70

MgS04 0.63

Tall oil plant 0.00

clo2 | 5.75 0.00

LignoBoost 0.00

Sum in 21.32 1.49 0.81 0.12
Out

General losses 4.86 1.49 0.12 0.01
Dust purge 0.00 0.00 0.00 0.00
CRP purge 0.00 0.00 0.00 0.00
Electrolysis SC purge 0.00

Clion removal 0.07 0.00 0.11
Acid out from PD el 0.00 0.00 0.00

NaOH from PD el. 16.39 0.69 0.00
Sum out 21.32 1.49 0.81 0.12




CASE 7b

In Na + K S K Cl
Wood 1.08 0.17 1.83 0.70
Make up

NaOH 14.25

Na2S04 0.00 0.00

MgS04 0.00

Tall oil plant 0.00

clo2 | 5.39 3.75

LignoBoost 0.00

Sum in 20.72 3.92 1.83 0.70
Out

General losses 4.84 1.38 0.28 0.04
Dust purge 4.68 2.56 0.46 0.11
CRP purge 0.00 0.00 0.00 0.00
Electrolysis SC purge 0.00

Clion removal 0.35 0.03 0.54
Acid out from PD el -0.01 -0.02 0.00

NaOH from PD el. 10.86 1.06 0.00
Sum out | 20.72 3.92 1.83 0.70




APPENDIX 3. SENSITIVITY ANALYSES OF IMPORTANT ECONOMIC
PARAMETERS.



NaOH price

South
Scandinavia | America 2a 2c 2d 3a 3b 4b |ba 7a 7b
fraction » |» [ » [ | [ O
of base | (kSEK/ton) (KSEK/ton) | (y)
0.50 1.6 2.8| 25.71162.31147.54|30.37|21.52|7.27 |neg |neg. 6.63
0.75 2.3 42| 10.66(11.08|11.12|11.47| 7.55|4.77|19.75|19.26 4.30
1.00 3.1 5.6 6.72| 6.08| 6.30| 7.07| 458(355| 9.43| 8.00 3.19
1.25 3.9 7.0 491| 419| 4.39| 5.11| 3.28|2.83| 6.19| 5.04 2.53
1.50 4.7 8.3 3.87| 3.20| 3.37| 400| 256|2.35| 4.61| 3.69 2.10
H2S04 price
South
Scandinavia | America 2a 2c 2d 3a 3b 4b |ba 7a 7b
fraction V) » |» [ » [ | O v
of base | (kSEK/ton) (KSEK/ton)
0.50 0.4 0.8 8.24| 8.89| 8.67| 8.68| 6.08/4.17|12.85|11.35 3.76
0.75 0.6 1.2 741 7.22| 7.29| 7.80| 5.22(3.84|10.88| 9.38 3.45
1.00 0.8 1.7 6.72| 6.08| 6.30| 7.07| 458(3.55| 9.43| 8.00 3.19
1.25 1.0 2.1 6.16| 5.25| 554 | 6.47| 4.07(3.30| 8.32| 6.97 2.96
1.50 1.2 2.5 568| 462 494| 596| 3.67|3.09| 7.44| 6.17 2.76
Na2S04
price
South
Scandinavia | America 2a 2c 2d 3a 3b 4b |5a 7a 7b
fraction V) » |» [ » [ | O O
of base | (kSEK/ton) (KSEK/ton)
0.50 0.9 1.0 6.7 42| 4.6 7.0 35| 3.6 8.6 7.5 3.2
0.75 1.4 1.5 6.7| 50| 53| 71| 40| 36| 9.0| 7.8 3.2
1.00 1.8 2.0 6.7 6.1 6.3 7.1 46| 3.6 9.4 8.0 3.2
1.25 2.3 2.5 6.7 7.9 7.7 7.1 54| 35 9.9 8.2 3.2
1.50 2.7 3.0 6.7 11.1 9.9 7.1 6.6 35| 105 8.5 3.2
Electricity
price
South
Scandinavia | America 2a 2c 2d 3a 3b 4b |ba 7a 7b
(SEK/IMWh) | (SEK/MWh) | (¥) W | [ [ [ | | [
0.50 206 154 4.7 4.7 4.9 4.8 3.7| 3.0 5.3 4.0 2.6
0.75 309 231 5.5 5.3 5.5 5.7 41| 3.2 6.8 5.3 2.9
1.00 412 308 6.7 6.1 6.3 7.1 46| 3.6 9.4 8.0 3.2
1.25 515 385 8.6 7.1 7.4 9.3 52| 39| 15.3| 16.1 3.6
1.50 618 462 12.0 8.5 89| 135 6.1| 4.4| 40.8|neg 4.0




CAPEX

(case
specific, see
Table 9.3) 2a 2c 2d 3a 3b 4b | 5a 7a 7b
0.50 34| 30| 31| 35| 23] 18] 47| 40 1.6
0.75 50| 46| 47| 53| 34| 27| 71| 6.0 24
1.00 6.7/ 61| 63 71| 46| 36| 94| 80 3.2
1.25 84| 76| 79| 88| 57| 44| 118| 10.0 4.0
1.50 101 91| 94| 106| 6.9] 53] 141| 120 4.8
Deposit
cost/fees Cases
(SEK/ton) |2a 2C 2d 3a 3b 4b | 5a 7a 7b
0 6.7, 61| 6.3 71| 46| 36| 94| 8.0 3.2
500 47| 48| 49| 47| 41| 30] 61| 49 2.6
1 000 37| 40| 40| 35| 38| 26| 45| 35 2.2
1 500 30| 34| 34| 28| 35| 23] 36| 28 1.9




