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ABSTRACT
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In this thesisresearchis done to determine if it is possible to increa$féciency of a
sodium chlorate manufacturing process with software optimizafiois.thesisaims to
makean initial design ofoptimizationand energy efficiencymonitoring software for
Kemira Chemicals Joutseno siféhe optimizatioris donein the sodiunchloratemanu-
facturing process on the site and thenitoring part includetheentire site.

The major objective for optimization and monitoring software wd@do increase site
energy efficiency and reduaperatingcosts.The optimization pantequires a dynamic
model for the steam and hydrogen balances and this thesis provides all information for

creating such models.

For the monitoring parg survey was ta&n to research the energy awareness of the op-
erators of the Joutseno sifdso, personnel hadnopportunityto affectthe designs cre-

ated in this thesis.

As the outcomghis thesis presents a solid starting pointtfi@development process of
optimizaion software. The monitoringoftware could bénplementedwith little effort
to the current automation systeilcan be used to refingkills of personnel to further

improve site efficiency.
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HakusanatNatriumkloraattienergi@ptimointi, energidgehokkuus

Taman opinnaytetyon tarkoituksena suunnitella lahtokohta optimointja energiate-
hokkuuden seurantasovellukseKemira Chemical9y:n Joutsenortehdasalueellga
selvittda voidaanko sen avullarpataa tehdasalueen tehokkuu@atimoimin kohteena
on tehdasalueen natriumkloraattituotantolijgeseurantasovellus kattaa koko tehdasalu-

een

Optimointt ja seurantasovelluksen tarkein tavoitepamantadehdasalueen tehokkuutta
ja pienenta&ayttokustannuksiaSovelluksen optimointiosa tarvitségnaamisesimu-
laatiomallt tehdasalueen vetya héyrytaseesta. Tama tyo sisalt#@dittavat tiedot sopi-

vien mallien kehittamiseksi.

Sovelluksen energiatehokliden seurantaosaa varten kartoitefiiosessihenkilokunnan
energiaymmarrys. Taman lisdksi henkilokunnahaettiin mahdollisuus vaikuttaa ohjel-

mistojen kehitykseen.

Lopputulemana tdma ty@ntaa hyvan lahtékohdan kloraattiprosessin optimointisovelluk-
selle. Energiatehokkuuden seuranta voitaisiin toteuttaa osaksi nyRyostéssinohjaus-
jarjestelmé&a. Sen avulla voidaparantagrosessihenkilokunnan taitoja paosessirte-
hokkuutta.
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SYMBOLS AND ABBREVIA TIONS

Latin alphabet

A Area, nv

¢ concentratiory/!l

Co Specific heat capacity abnstant pressure, kJ/kgK
E Energy, J

Thermoneutral voltage, V
Faradags constantC/mol
Molar mass, g/mol

Mass, kg

Pressure, Pa

Ideal gas constan¥molK
Heat ofvapoization kJ/kg

— »w g T 3 < T

Temperatur e,

—+

Time, s

<

Electrochemical potentiaV

Heat flow, W

Electrical charge, C

X gas content, %o

z number of electrons transferred in the reagtion

Greek alphabet

currentefficiency, -
equivalence ratio,
efficiency,-
Density, kg/m

N O q) (@)

Abbreviations

AKD alkyl ketene dimer
avg average

Ca calcium



Clz
evap
Hz
H202
H-0
HCIO
HCI

Na
NacCl
NaClO
NaClOs
NaCr207
NaOH
NTP
Oz

sat
VO2

chlorine
evaporation
hydrogen

hydrogen peroxide
water

Hypochlorous acid
hydrochloric ad
sodium

sodium chloride
sodium hypochlorite
sodium chlorate
sodium dichromate
sodium hydroxide
normal pressurand temperature
oxygen

saturation

oxygenconsumptiomate



1 INTRODUCTION

1.1 Background

In the nearfuture moreelectricity is producedh environmentally friendly wayso de-
crease greenhouse gas emissidhgre are predictions, thespacitesof solar and wind
power are going tancreasanost rapidly which can be seefor examplefrom figure 1
(Demirel 2016, p. 50)
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Figure 1. History and projection of distributions of renewable energy sources for electricity generations
in the U.S. in billion kwhDemirel 2016, p. 50)

In figure 1, thedistribution among renewable energy sources for electricity genenation
the UnitedStatesis shown Both wind and solaare non-controllableand weatherde-
pendent This requires moréad or generatiorthat can be easily regulated, whicér-

tainly will haveaneffect inthe pricing of electricity inbalancing power market

Power grid must be constantlylialanceBalance of the grid means tredéctricitygen-
erationand consumption must be almost ecatalll times. The imbalance in system can
be monitoredin frequencychangesf systems voltage. Ithe Nordpool area frequency

changes between 49,9 and 50,1 Hz are acceptable, where 50 Hz is desired value. The
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balance is achieved with regulating bids fritvabalancing power markets and by reserv-

ing capacity(Fingrid 2017)

Based orthe EU Commission regulation (2017/21@#)transmission system operator
shall apply the imbalance settlement period ofrfibutesin all scheduling areby end
of 2020.Electricity market in Nordpool market ar&agoing toimplement15-minute
settlemenfperiodafter second quarter of 203&nerginet et al. 2017Currently power
balancing markets done in 6@minute period 15-minute period will allow balancing
power marketto adjustthe powerbalancefaster. Finnishtransmission system operator
hasalsostarteddiscussions ofaisingthemaximumday-aheadmarketprice ofelectricity
to 99990 / MWh 3000w /mM WHingrid 2016) The poposed maximum price &ur-

rently used widely irfEurope

For any energyntensive process, these updates to the power balancing system can cause
expenses if the local power management system and infomfltw around it are not

fast enough. Although, these updates can also be an advantage fofieteagjye man-
ufacturing processes with good abilities for power regulation via an increase in price var-
iation in power balancing market. If all these chartg&s place, there can be situations
where minimizing power consumption and selling reserved power to grid can bring a

significant profit.

Sodium chlorate is manufactured from three main ingredients, which are saltangter
electricity. It is manufacturedh theelectrolysigprocess and the manufacturing process is
very energy intensive. Sea or mountain salt used in sodium chlorate electrolysis is rela-
tively cheap, which means that most of the production costs comeHegpnice of the

electricityalone

Manufacturingprocess of sodium chloratan be alseasily power regulatedherefore

it is suitable fobalancing power markeNowadaysconomicbenefitscan be achieved
with carefulplanning of production, bubr future more advantageous systems are nec-
essary inargescaleproduction These systemswyould allow maintainng ability to par-
ticipate efficiently tahepower balancing marketven with15-minutesettlement periad

In this thesisresearchs done to find base requirements &oroptimizatiorsoftwarethat
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helps forecast process state aetermine lockpowerbalance in multiple sodium chlo-
rate production linedn addition,this kind of optimization software can be used as pow-

erful tool tomake profit in power balancing market.

1.2 Objectives

The purpose ahastethis thesiss to determine which parameters are mandatory to make
anautomated system that gives instructions to operatmstobalance sodium chlorate
production lines with givetotal power. To achieve this, fundamental knowledge of so-
dium chlorate process energy consumption is requiksa, in this thesissoftwarefor

data collectiorandmonitoringefficienciesis introduced.The purpos@f monitoting in-
terfaceis to give operat@reattime information ofsite efficiendesand therefore help to

spotcauses for lowered efficiency

The hesiswas conducted at Kemi@hemicalsJoutseno siteéOn Joutseno siteshlorate
pl ant suppl i e shlokhaikal plantgremsatommaenistéae detwork with
sit eds oThdrefore, tpplaafunttisnal energy managemeystem for sodium

chlorate production linesydrogen and steam balances must be taken into consideration

For Kemira Chemicals, this theggesentsoftwareimprovementandoptimizationand
monitoring softwareéhat couldmprovedriving habits of operatoi@nd therefore increase
site efficiency.Also, this thesispresents aolid starting point fothe devebpmentof
advancedproduction forecasand optimizatiorsoftware Theaim of the softwareis to
reduceoperational costs of plants and impra@nomicefficiency in sodium chlorate
productionwhile maintaining stable operatia@mthe site

1.3 Structure of the thesis

The thesis can be dividadto three major parts. Chapte34o 4 present th@rocessand
theoryused insodium chloratenanufacturingln those chapters, sodium chlorate manu-
factuiing process isntroducedandthe energy balance is generat@adinly based on lit-

erary references



12

In chapter$ to 8, Joutseno sitalong withsite-specificsteam, hydrogen and energy bal-
ancesareintroduced In those chaptergvery major energy application is covered and
balances for hydrogen, steandenergyare generatedThese balancesre researched
for theinitial design of simulation software.

The last major part adhe thesiscontains the information about the simulation tool and
interviewsof operatorsThe intervievs were done to determire@ergy awareness of shift
personnel and to involve operatorsie desgn process of monitoringhterface which

is later presented in this thesls. this thesisno completesoftwareis createdout most

relevant requirements and potential approachealtulationsare proposed.
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2 SODIUM CHLORATE

Sodium chlorate is colorlesand odourless crystalline powdersiimndardatmospheric
conditions (1 atm and 25 ). The main use o
dioxide, which is used in paper bleaching process. B&gercent of sodium chlorate

produced worldwide ionsumedto manufacture chlorine dioxidéCEFIG-Sodium

Chlorate 2009

Chlorine dioxide cannot be compressed becaoseentrated chlorine dioxide is explo-
sive. In addition, chlorine dioxide isan unstable gas that dissociates into chlorine and
oxygen gaseshereforet cannot be effectivelpr safelytransportd andmust bemanu-
factured at the point of us@Vorld Health Organization 2000

First records of sodium chloratéectrolysisexperimentslates teearly 19th centuryrirst
commercial electrolysis cells were patented in 1851 by ®vakin 1886 firscommercial
chlorate production plant was built Yllers-St. Sepulchre irBwitzerland This plant
used about 15 MWh of energy to produce one tqrotdssiunthlorate whereasmodern
plants use abo@6 MWh/ton.(Burney 1999p. 8.) Potassium chlorate &chemical with
comparable propertige sodium chlorate and it is manufactured with exact technologies,
only ingredientdiffer.

2.1.1 Properties

Like mentioned before, pure sodium chlorate is fully odorless and colorless crystalline
powder, but in industrial applications, sodium chloratgightly yellowish. The yellow
color comes from chromium, which is added to process to prevent oxygen mgenerat
during electrolysis. More on electrolysis reactions and auxiliary chemicals later in chapter
3. The melting point of sodium chlorate in
boiling point of sodium chlorate is irrelevant because it starts to dexs@ gt about 300

when there is no sign of boiling (Eka Che

chlorate are presented in table 1.
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Sodium chlorate is strong oxidizer, but Aiteammable on its own. It is also listed as dan-
gerous to the environmedtie it beingphytotoxic to all green plants. For a human, so-
dium chlorate is toxic only if ingested. Toxicity comes from sodium chlorate being oxi-
dizer which leads to methaemoglobin formation. This can lead in most severe cases to
haemolysis, which ultimaly can even result in death if left untreated. (Ranghino et al.
2006.)

Table 1. Most common properties of pure sodium chlorate. All values are inddméd-
tions. (Eka Chemicals 1998

Property Value

Molar mass 106,45 g/mol

Melting point 248

Density 2460 kg/ni

Specific heat capacityin solid state 104,6 J/mol K
0,98kJ/kgK

Specific heat capacity in liquid state  134,10J/molK
1,28 kJ/kgK

Chemical formula NaClGs

Heat of solution -23,45kJ/mol

-220,27 kJ/kg

Standard enthalpy of formation -365,4 kJ/mol

The maximum amount of sodium chlorate soluble in water is presented irRtdlile
solubility of sodiumchlorate to water ia function of fluidtemperatureSodium chlorate

is also soluble to glycerol and ethan8bdium chloratecan behandledeither as an
agueoussolution or as dry powder. Aqueous solutions are used in cases where transpor-

tation distance ttheend user ishort
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Table 2. Sodium chlorate sability in water asafunctionof temperature (SeidedindLinke 1952)

The Mass of sodium chlorateén 100 Mass of sodium chloratan a

temperature ml fully saturated solution[g]  kilogram of fully saturated aque-

of water [ ] ous solution [g]

0 79 441,3
10 89 470,9
25 105,7 513,9
40 125,0 555,6
100 220,4 687,9

Fromthevaluesof table2, anequation of saturation curve for sodium chlorataqneous
solutioncan be formedThis is presented ithe equation (1) belowThis equation catve
also presented iaform wheresaturation temperature is a variable. This equation is rep-

resented inhe equation (2)

G chtfivpt thpy (1)

Y omit m@yx p Yot 2)
where mis solubleamount of NaCl®@to one kilogram othe solution [0]

T is temperaturef the solution [ ]

The density of sodium chlorased chloridesolution can be calculatedagiventemper-
ature with equatiof3) (Eka Chemicals 1998%odiumchlorideis included in this equa-

tion becausd is dften presenin solutiors of sodium chlorate manufacturing process

o Mweew e e o T e ©)
cu Y th nmurho ©
where | is densityof sodium chloratand chloridesolution [kg/m?]
x is amountof sodium chlorate in solution [wt-%0]
y is amountof sodium chloride in solution [wt-%0]

T is temperature®f the solution [ ]
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A correlationof specific heatapacityin constant pressurfer sodium chlorate irsolid
formis presented in equation (4) liquid form, the specific heat capacity can be assumed
to be constandndwas presented itable2. (Campbell and Kouwe 1968Equation (4)
gives the densityn imperial unis andequation(5) in metric units.

- y . - AAI (4)

w i TmMPI'Y pitwg T+

v - v - * (5)

W i quhIoofn)T[YruhpooﬁJr
where Co(S) is specific heat capacity for solid stat [cal/molK] or [J/molK]
2.1.2 Uses

As earlier mentioned, thaain use of sodium chlorate is manufacturing chlorine dioxide.
To manufacture chlorine dioxide, sodium chlorate is mixed anticid solution, such as
hydrochloricacid Thegeneratiorof chlorine dioxide with sodium chlorate and hydro-
chloric acid is reprgented ireactionequation(6).

AR G(#OH1 L BH L AwIC ©)
Due to sodium chlorates phytaxicity, it can be used as herbicidésowever,it was
bannedrom thepublicin EU in 2008becausét can be used to create homemasplo-
sives.The kan is stillin force and onlyproductswith 40 % orlower concentration of
sodium chlorate cabe soldto the public by EU regulation No 98/20138ut in other

areasfor example in the United Statgmire sodiunthloratecrystalsare publicly avail-
able(Foxall 2010)

Sodium chlorat@and other chlorates can be usedtmreandregenerateoxygen.When
heatedsodium chlorate starts to decompose and form sodium chloride and oxygen gas.
This process is exothermic, which medhat it releases heat, so decomposing continues
without an externalheat sourceThe oxygen generation reaction can be seenantion

equation(7) below.
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. A#10 ¢. A#lol/ (7)

This methodis used for example in airplanes aphce stationdecause dhigh oxygen
to weight ratio and simple storade one kilogram of sodium chlorgtéhereareapprox-
imately 450 grams of pure oxygeges.Therefore,one cubicmeter of sodiumchlorate
contairsapproximately 110kilograms ofoxygen gaswWith normal oxygen consumption
rateestimaed by Nickson,this amountof oxygengasallowsa 75 kg adult to breathe for

over two daygNickson 2014. This is calculated in equatisfB8) and @) below.

0 s
a 5 z” Zpa  pp Mm®Q ®)
s O (e ot 9
° = T opTmtuE] ¢QTr Q
where Moz2is mass of oxygen in one cubic metre of sodium chlorate [kg]

Moz is molar mass of oxygen in sodium chlergt46 g/mo)
VO2agis average oxygen consumption of 75 kg adult [I/min]
tis time [min]

J o2 is densityof oxygen [kg/m?]
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3 THEORY OF SODIUM CHL ORATE PRODUCTION

In this chaptera manufacturingprocessof sodium chloratés explained,and all major
process equipmemind phaseare introducedin theoretical calculationshe main focus

is on theenergyconsumption of different partsf the manufacturing process.

Sodium chlorate process can be dividetirto parts which are electrolysis process and
crystallizationcombined withpostpraessing In addition to these processes, there are
many more subprocessdike hydrogen scrubbing and coolifighese are not included in
this thesis A general process chart of maacturing process is presented in fig@re

below.

Hydrogen Chlorate solution

ﬁ Cell solution ﬁ

; SN . :r ‘:;;:, Crystallization and
Brine Brine treatment | |  Electrolysis 1I

postprocessing
ﬁ __ Mother liquid

DC current Auxiliary
chemicals

Figure 2. Sodium chlorate manufacturing proc¢Esiropean Commission 2007,515).

In industrial scalenanufacturing process there are always amount of imptigs, for
examplecalcium, magnesium and sulphdatéajor part of the impurities come along with

salt (European Commission 20(7. 516) The concenation of these impurities will rise
alongtime as manufacturingrocesss semtclosed loopThese impurities affect process

in many waysfor example they can lead to unwanted reactions that reduce efficiency or
mess up crystallization process this tresis effect of impuritieds neglectedinless oth-
erwise is stated. This is justified because most of the calculations are performed to find

out optimal values.

To avoid impuritiesthe sodium chloride solution is filtered before entering the electrol-

ysisprocessand cell solution is cleaned regularly with different methdahy. impurities
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in sodium chloride solution that is fed to the electrolysis can cause lowered efficiency and

other problems in the manufacturing process.

3.1 Sodium chloride electrolysis

3.1.1 Electrolysis reactions

Sodium chlorate is manufactured with sodium chloride electrolysis prdelessrolysis

is atechnique thatlirives normally norspontaneous chemical reactions with direct elec-
tric current.Electrolysis takes place in eledyrtic cellsand finalreactionshappenn re-
actionand retentiortanks. There arananysidereactions that occur icertaincircum-
stances and lower the overall efficiency of electrolysis prodésse reactions apge-
vented with auxiliary chemicals or maintaining desjpeaperties irelectrolyte.(Burney
1999)

In sodium chlorate manufacturing procesiectrolyte, also called cell solution,ague-
ous solutiorof sodium chloride and sodium chlorafes electrolysis reactions take place
in theelectrolysiscells, theconcentratiorof sodium chbrateincreases andoncentration

of sodium chloride decreas@$e concentration of sodium chlorideimput cell solution

to the electrolysisellsis kept atdecentevelto ensure that electrolysis reaction can hap-
pen In addition to sodium chlorate and chloridell solution also includes impurities

and auxiliary chemicals.

In electrolysis cells, @sitively chargedcomponents oflectrolytetravel toa negatively
charged electrode or cathodend negatively chargetbmponents travel ta positively
charged electrode or anodéis breaks the ionibonds in ionic substances afell solu-
tion. This reactionfor sodium chloridds represented in reactia@guation(10) and for

water in reactiorequation(11).
A®1. A 4 (10)

(7roC I (11)
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On the surface of anodehlorate is produced. The following reactiequations(12) to
(16), presenthe electrochemical reactions that produce chlaoateAlso, & the anodic
side reactions whicliorm oxygen ga®ccur The most significant of thesetlsereaction
where water discharges to hydrogen and oxygen gas. This reaespnesented earlier

asreactionequation(11). (Burney 1999

Reactionequationg14), (15) and (16) are balanced by cell solutions/plde. The opti-
mal range for phvalue is 5,86,4.Within these pHsalues side reactions are kept minimal,

which ultimately means higher electrolysis efficien@ivistd 2011, p. 2

c#l O #Hl A (12)
#MooIC (P (1 #I(C # (13)
(1 #1( # o/ (14)
c(/ #l# 1P #0 c#l ¢ (15)
¢c(/7° 1 1A ¢ (16)

In sodium chlorate electrolysizoth hydrogen and oxygen can be generaieahixture

of hydrogen and oxygen become smtplosive whera concentratiorof oxygen rises
above 5 volo (Schroeder and Holtappels 2005, p. Bhis is one of the reasons why
oxygengeneration should be kept minimal. Oxygen generation also lowechltrate

ion generation efficiency{Hedenstedt 201p. 9.

On the surface dhecathodethere is one major reaction, this reactioprissentedbelow
in reactionequation(17). In thisreaction watermoleculeseduceto hydrogermolecule

and hydroxide ion(Burney 1999)

¢(/ chAo( ¢l (17)

In addition to reactioerquation17), there are also twinportant side reactiorieat occur
on the surface ahe cathode Theseare presentedn reactionequationg18) and (9).

Reaction equation(18) represents reductionof hypochlorite and reactioequation(19)
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reduction of chlorate. Both lowehe chlorate ion generatiogfficiency and are sup-

pressed by auxiliary chemicatsindustrial scalelectrolysis (Burney 1999)
#1 (1 cAo#l ¢/ (18)
#h  o( /1 @A o#l @l (19

Perchlorate formation by oxidation of chlorate ocatiew rate However,the concen-
trationof the perchlorate in cell solutionsay grow highenough twviolatetheproduction
process Perchlorate formation reaction is presented in rea@oration(20) below.
(Hedenstedt, 20173. 9)

#locl( o#A  # ([ (20)

Negatively chargedhlorate ion and positively charged sodium ion widimbine toso-
dium chlorate when there is eaternal force preveimyg it. In practicethis reactioncan
occurwhen ions leave electrolysis cell. This reaction is presdreénlv, reactiorequa-
tion (21).

A #0 O A#I (22)

Current efficiency can be used to me&@theamountof unwanted reactions and therefore
to determinghe amountof energy lossesaused by these reactions literature, there

are several different methods presented to calculate current efficiency.

Jasic et al(1969)proposecequation22) below to calculate current efficiency. This equa-
tion requires measurement lmydrogen,oxygen and chlorine content in the gas that is
produced in the electrolysis cellsn equation 23) is arevisedand simplifiedversion of
equation 22) by Tilak and Chen(1999) but has proven to give decent results this

equationno chlorine measurement is required

PTMTMOD (W (22)
PIMITTW
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RS (23
()
where Uis current #iciency [-]
Xo2 IS 0Xygen content in the gas [%0]

Xcr2 is chlorine content in the gas [%0]

XH2 is hydrogen content in the gas  [%]

3.1.2 Electrolysis cells

Electrolysis cellcurrentefficiency hasa major impact in manufacturing process effi-
ciency. Therefore, margell designs are corporative secrets. Many of the biggest sodium
chlorate manufacturers have their own desk@esignscan be separated to monopolar
and bipolar designs. In monopolar desigriectrodes irthe cell have only one polarity,
negative or positiveln bipolar designsall but two electrales that bring current in and

out of cell, have positive charge in the one end and negatikie ather end( @den et

al. 2007 p. 388) Differences of monopolar and bipolar cell designs are presented in fig-

ures 3 and4.

Figure 3. Monopolar (left) and bipolar (right) electrolysis cell examg®szhou Fenggang Titanium
Products and Equipment Manufacturing Qad 2014)
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@ Anode
@ Cathode

=

U=3Vv U= 3V

Figure 4. Anode and cathode r@ngement in different electrolysis cell desigmeonopolar on left and

bipolar onright.

In industrial scalenanufacturing process,many monopolar cells are electrically in se-

ries to achievéigh overall voltage of electrolysis unitligh voltage is wanted to lower
electricalcurrent of system. Electrical losses am@redependent on systémcurrenthan
voltageand thereforéower currenteads to smalleglectrical losse. O6 Br i en, et al
p. 388)

In bipolar cell unitthere are specific number widividual cells inside one unit. There-

fore, a voltage over celinitis higher and lossesmaller than in monopolakesgn. De-

pending on design, units can be arranged electrically in series or p&rdléd.Br i en et a
2007, p. 388) Both cell desigmis havetheir advantages andisadvantagewhich are pre-

sented belowvin the table 3
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Table 3. Cell design differences O6 Br i en ,p.890.al ., 2007

Monopolar Bipolar

+ Each cell can be monitored separately - Only units can be monitored sef
rately

+Eachcell can be repaired separately, - Cell repair requires a shutdown

some designs without shutdown

- More instruments required (= higher ce + Fewerinstruments required

ital cost)

- Higherunit voltage(more expensiveec- + Lower overalloltage(less expen:

tifiers) sive rectifiers)

+/- Rectifier pricing more suitable fo +/- Rectifier pricing more suitable

large-scaleplants for small/medium scale plants

3.2 Crystallization

Crystalizationis another main part of sodium chlorate manufacturing pro¢assmost
common way to crysthze sodium chlorate froroell solution is vacuum crystallization
in strong tank called crystallizer. In crysta#ir, water is evaporated mnear vacuum at
moderate temperatures. Thigisesthe concentration of sodium chloratetie solution

andallowscrystallizationof sodium chlorate(European Commission 2007,516.)

Any crystallization procedsasthree major phases, which occur simultaneousiydos-

trial scaleapplications. These three phases are attainment of metastability, the formation
of nuclei and crystal growtliDuke 1981) These phases must be kept in balance to main-
tain stable operational conditions in the crystallizer. In vacuum crystallization, a rate of
crystallization can be adjusted by alternatihgpressure anfurthermore théempera-

tureof crystallizer and by adjusting residence timsadium chloratén crystallizator
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Legend

@ Flow to heat exchanger, cold
@ Flow to heat exchanger, hot
O Cell solution

Sodium chiorate
O Water vapour

Q Water

@ Condensator
Vaccuum
pump

Crystallizer

Heating
circuit

Sedium chiorate to the
prethickening

Cell solution rom
storage tank

Figure 5. Crystallizer unit without evaporator

In the simplest design of crystallizéike one presented in the tige 5, the cell solution

is fed to thecrystallizerfrom the bottomA strong vacuum starts the water evaporation
in the solution andvatervaporexits with suction of vacuum creating units through the
top. When water is evaporatém the solutiona concentration of sodium chlorate and

chloride risesAs the concentration of sodium chlorate starts to rise, crystals start to form.

These crystals haveehigherdensity than cell solution and therefore stalling to the
bottom. To keephe bottom of the unit asfluidized and to bring small crystals to the
surface ofthe solution an agitatoris implemented at the bottorA. solution with high

sodium chlorate concentration exits from the bottditine crystdizer.

During the crystallization procesa crystallization of sodiunchloride shouldbe kept
minimum, becausehe amountof sodium chloride ira productis one of the quality fac-
tors.To prevent crystallization of sodium chloridaustmutualsaturation curvéor so-

dium chloride and chloratee known for a specifictemperature.
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Sodium chloratesolubility to wateris heavily temperature related whasesolubility of
sodium chlorate stayamost constarih variable temperatureSodium chlorideand so-
dium chlorate share a sodium iomhich have effect in mutual solubyitin this thesis
phase diagram faodium chloraté sodium chloridé water ternary systeis recreated

with data fromliterary sourcgBurney 1999) Recreated phase diagram is presented in

the figure 6.
= 200 "
— 3
180 ~ ——503
N 703

160

140

120

X

80 \\\\

400 450 500 550 600 650 700 750 800 850 900
Sodium chlorate composition [g/l]

Sodium chloride composirion [g/

Figure 6. Phase diagram farodium chloraté sodium chloridg water ternargystem

Crystallized sodium chlorate is washedne-thickeningcentrifuges After washing so-
dium chlorate isitherdissolvedin wateror dried and then delivered end userThe

reason for washing is to prevent asodium dchramateto leave the process.

3.3 Other process equipment

3.3.1 Reactiontank and storage tank

In the reaction tankpH adjustmentsccur,and sodium chloride solution is added to the
cell solution. In many designs, the cells are fed ftbebottomof reaction tank and e
solution that exits from electrolysis cells is fed to the top of the tank and hydrogen is
separated from cell solution before reaction tank. Also, all auxiliary chemicals, mother

liquid (returning solution from crystallizatiorgnd sodium chloride solion are added
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from the top of the tankilhe @ncentratiorof sodium chlorate iell solution increases

in areactiontank and cell solution exits from the tank continuously from the upper pa

The tank is kept atnalmostconstant level, which means that the flow rate of cell solution
from the tank isa sumof flow rates that are fed to the tank. Therefore, flowsrafe
reaction tanknlets and outlethavea significant impact othe processSodium chlorate
manufacturiig process can be illustrated as one seobsedcircuit, where mother liquid

circulatesnside procesdsA typical arrangement dhe processs presented ifigure 7.

4

Water

Vapour|

© Mother Mother liquid Crystalizator

liquid
tank

Hydrogen separation

Reaction Retention Storage
tank tank tank

Electrol\,sm cells @ NaClO5

O

Figure 7. Simplified sodium chlorate manufacturing process.

The flow ratesof circulationare adjusted so, that the sodium chloride concentration of
cell solution is high enough to ensure a proper function in the electrolysis cells and low

enough to preversgodium chloridecrystallization ina crystallizer

332 Pre-thickening centrifuges

Sodium chlorate solution from the crystallizer is fed toprethickeningcentrifuges. A
typical pre-thickeningcentrifuge can be seenfigure 8. The mainpurpose oficentrifuge
is to separatanysodium dichromatand cell saltionresiduefrom crystals Beforecen-
trifuging it is ideal to separatenyliquids from sodium chlorate crystate allow better
washing ofsodium dichromate a centrifuge
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Figure 8. D-ACT® Type PD80 pre-thickeningcentrifugeby Ferrum(Ferrum 2018)

A centrifugeis mechanical equipentthat has a basket madeasfmallholed webwhich
rotates at moderate speeds. The cell solution is fed to the laasldkie to the rotation

the remainingdiquids escape through the web and only crystals are kept inside the basket.
The basket mechanism pushes the crystals onward on the basket apcebgyiie noz-

zles wash oncoming crystals to remove any left@eslium dichromateThe solution,
which is removed itthe pre-thickeningprocess is returned to the procdsgto it's high
concentration othemicals such aodium dichromatand sodium chloride

333 Crystal dissolvingand drying

After pre-thickeningcentrifugessodium chloraterystals are either dried orssolved to
the pure water. Drying processnsumesnergy to generate enough heat to allow all
water to be evaporatedlso in dissolving heat is required to raise solution temperature
to allow better solubilityAfter drying, the concentration ad sodium chloratecrystalis
nearly 99,36 wherea smallamount of impurities isncluded(McKetta and Weismantel
1995) Typical analysis report of dry sodium chlorate crysimihown intable4.
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Table 4. Typical analysis report of dry sodium chloratgstals(McKetta and Weismantel 1995, p. 180)

Substance w-%

NaClOs 99,5
NaCl 0,2
H20 0,1

NaCr.07 0,0025
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3.4 Typical auxiliary chemicals

Typical auxiliary chemicals ancbnsumption of each per tonne of sodium chlorate pro-

duced are presented belowtable5.

Table 5. Typical auxiliary chemical§CEFIC-Sodium Chlorate 2004).

Substance Chemical for- Consumption (kg/tnacios)
mula
Sodiumcarbonate  NaCO3 0,047 2
Calcium chloride CaCb 07 0,46
Bariumchloride BaCk Sometimes used instead of calcium chlori
Sodium dichromate Na&Cr.07 0,017 0,15
Sodium hydroxide  NaOH 157 30
Hydrochloric acid HCI 157 30
Hydrogen peroxide H202 173
Nitrogen gas N2 0,47 6

Sodium carbonate, calcium chloridedbarium salts are usddr precipitationof impu-
rities incell solution.Consumptiorof these chemicalgariesonthefiltering method used
in theplant.

Sodium dichromatés used to protect electrolysis celithodesand to reduce oxygen
formation in electrolysisSodium chromate helps maintairnthepH value of cell solution
in adesiredrange, which prevents undesired reacti¢ggsropean Commission 2007, p.

519) Use of sodium dichromate is well regulathekto its toxicity to environment and
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living organsms(Hedenstedt 2017, pp. ID1). Sodiumdichromate is recirculated the

manufacturingorocess, butiny amountsof it exit from the processwith the product

Process pH adjusting is usually done with hydrochloric analsodiunmhydroxide.These
two chemicals arsuitablefor sodium chloratenanufacturingprocess because eprcbd-
ucts from reactionghatadjustpH value arethe samechemicalghatarealreadypresent
in cell solution such as sodiunThese two chemicals are used alsthmcell acid wash

process. Thigs one of the way® remove impurities from electrolysis cslirfacs.

Hydrogen peroxide is used tieform sodium hypochlorit&Sodium hypochloriteés de-

formed befordo protect various steel parts in later parts of the process. (Kivistd 2018.)
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4 ENERGY BALANCE OF SODIUM CHLORATE PROCES S

The major part othe energy consumptiom sodium chlorate process é®@nsumedn
electrolysis Electrolysis usesnly electricity and produces heat which carubkzed in
other parts irthe processTypically, electricity consumption dhe manufacturingoro-
cess is dividedhto two parts which areconsumption oélectrolysis and auxiliary equip-
ment.Most ofheatenergyused irntheprocesss usedto evaporatevaterin crystallization
In addition,lesser amountsf heatis also used to keep sodium chloratution hot

enough to preveninwanted crystallization ithe circulation and storage vessels

4.1 Energy consumption of electrolysis

Majority of dectric energy ixonsumedo the break ionic bind in sodium chlorid&his
requiresa lot of electrical energy as previously mentioned. Eleity consumption of

anyelectrolysisprocess can bealculatedvith equation(24) below.

; Foo (24
where P is electric energy used per time unit [W]

Q isamount of electric charge [C]

Vs electric potential [V]

t is timeof reaction [s]

Electrical harge required to creatmit masof desired chemicatith electrolysiscan be

obtained fromFaragab s Law, 25equation (

, o 0 (25
a 0 &
. aa’o
0 — (26)
0
where mis massof product [ka]

zisthenumber of electrons used per chlorate ion [-]
F is Faradaysanstant(=96500 C/mol) [C/mol]

M is molar mass of sodium chlorate [mol/kg]
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Now one carcalculatethe amount of energy needed to prodanenit massof sodium
chlorateby combiningequationg24) and @6) to form equation 27).

~ 000w (27)
0 —
0o

Equation 27) givesthetheoreticalamount ofelectricalenergy needed to produaeinit
massf sodium chlorate. Itherealworld applicationsthis energy ivastly differentdue
tovariousside reactions that occur in electrolysis. To compensate thatent efficiency
canbe added to equatio27) to makeit more usable imealworld calculations Current
efficiency can be obtained froaxperimentatests and normally ranges betwé&io 95
percentdependingon cell design (Hedenstedt 2017, p.)8quation with current effi-

ciency is represented in equati@8)

, @& 0w (28
° To-
where Uis current efficiency  [-]

Current efficiency can also be calculatexin asubstance balanddowever, his method
requires accurate substance balance to acquire reliable regitth ischallengingin

industrial scale applications.

Now, the theoreticaminimum specificenergyconsumption can be calculated. This can
be done by assuming thao side reactions occud€ 1) and calculatinghe lowestcell
voltage required to produce sodium chlorat@s voltage is also known as thermoneutral
voltageO . Thermoneutral eltage of sodium chlorate or any other substance can be cal-

culated with equation9), which is presented belo{Hedenstedt 2017, p.)8

o ®9 (29
o P W
where O isthermoneutral voltage [V]

@G is thedifferenccof Gi bbos free [@mdlf gy
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Therefore, minimum energy consumption f@nerating one tonne of sodium chlorate
can be obtained by using thermoneutral voltage as electrical potential in equatitn (27)
form equation (30)Furthermorefrom this equatiorthe specific energy consumption of
sodium chlorate electrolystalculated which is shown in equation 13 Equation(30)

can be used to calculasenount of generatesbdium as function of electrolysis current

like shown in equation @.

RO (30)
Do

o

00 cpﬁucpt(hﬂhsﬁ)kq)mo pTI 0D WwQ (3D
B p Tthp W € Q crcprtnC olb

<

dog@®@ . 4O © 0 (32)
0 — 00 —/——4v - —
0o 0o a 0o
" ot L1 MOl o)
5 ?ﬁf P O T
p iy g~ 0 ¢
where mis mass of sodium chlorate (0°g pQ [g]
zis the number of electrons used per chlorate(#06) [-]
F is Faradays constant (=96500 C/mol) [C/mol]
M is molar mass of sodium chlorate (= 185gImol) [g/mol]
tistime €E3600s 1h) [s]
| is electrolysis current [A]

Furthermore equation 2B can be used tcalculate production rate in industrial applica-
tions asa function of electrolysis current, current efficiency andhber of sodium chlo-

rate cells. This is presented in equation (33) below.
® - (33)
ol
puP Py

where MnaciosiS production rate adodium chlorate [t/h]

| is electrolysis current [kA]
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Ncenl IS NumMber of electrolysis cells [-]

Uis current efficiency [-]

Modern sodium chlorate electroly$iasan operationalvoltage withinthe rangeof 2,85

to 3,30 V and current efficiency therangeof 92 to 95 %Therefore specific consump-
tion of modern chloratelectrolysis cell is withitherangeof 4,5 MWh/t to 5,4 MWHht.
(Hedenstedt 2017, p..8)

4.2 Crystallization

Crystallizationcanbe assumetb requireonly heat energyA small amount of electricity
is used forcirculatingthe solution inside crystallizetn crystallization the concentration

of sodium chlorate in cell solution is increasetil it starts to form crystals that can be

separated from cell solution. In most casamcentration is increased by evaporating

waterin anearvacuum, which allowshe use ofow temperatures crystallizator. And
furthermore,low temperaturesillow the useof secondary heat sourcé&s heaing the

crystallizator.

The energyrequired to crystallize sodium chloratepend$ieavily ontheamountof wa-
ter need to be evaporatdelvaporationheat of waters 2257 kXg or 40,66 J/molThe
energyneeded to vaporize fluid to gas can be calculated with equanwhich is

presented below.
0O i a i ¢ (34)

where sw is specificheat ofevamrationfor specific fluid  [kJ/kg]
Smol IS molar heat oévaporatiorfor specific fluid  [J/mol]

nis molar quantity [mol]

In this casethe ideal amount of water to be evaporated can be obtained $mdrum
chloratei sodium chloridg waterternarysystemchart presented earlier in this thesis

figure 6.
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Figure 6. Phase diagram farodium chloraté sodium chloridé water ternarygystem

Thetemperaturef cell solution beforerystallizations between/0to 80 and contains
approximately 575 g/bf sodium chlorate and 100 gif sodiumchlorite in industrial

applicationgBurney 1999, p. 3. If solubility followsthecurvein figure  specific heat
consumption of crystallizatiocanbe calculatedasa function of incoming cell solution

compositionandcrystallizertemperature

Fromdata infigure 6, equations35) and 36) can be formedrhese equations present the
concentration of sodium chlorate and chlorida atitonicpoint asa functionof temper-
ature The aitonicpointrepresents the compositionadolutionsaturated with respect to
both saltyDeVoe 1998)

& i o ¢ p 'Y ¢ clpo (35)
® i i p PYp oft &Y ¢ ole (36)
where MnaciozsatiS concentratiorof sodium chloratén eutonic point[kg/Ix20]

MiacisatiS concentratiorof sodium chloriden eutonic point  [kg/lH20]

T is temperature [ ]

Furthermorean equation(37) can beformedfrom the data of figure6. This equation
represents the saturation line of sodium chlorate given temperature in this ternary

system.
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& Ppgd @ 5 @© (37)
where Cnaclis concentratiorof sodium chloride [kg/IH20]
Cnaclosis concentratiorof sodium chlorate [kg/lhz0]
A

Water vapour output

\ A
QFU

)

[
Output to prethickening
cnaciozmz NaClOsz (1)
cnacimz NaCl (1)
m2Hz0 (I}
c1m1-cnzoioamz NaClOs (s)

Figure 9. Crystallization unit mass balance

hEEINCY

Input from C1ma NaCIO;{I}/\
electrolysis ~ ©2™? NacCl (1)
m1 H20 (I)

Equations (8) and (%) and crystallization mass balance can now be used to determine
the amountof water that is required to evajate during crystallization. Crystallization

unit mass balance ibustratedin figure 9.



38

Concentrationf the outlet flow can be obtainedvith equations(38) and (39) for
idealizedcase In industrial scal@pplicationsa safetymargin is present in sodium chlo-
ride concentrationEquation (3) can be used to determimalues foroutlet concentra-

tions.

To maintain the mass balandegtatio betweenncoming and outgoing sodium chloride
flows must be equal, which allovisrming equation(38) and furthermore equatidB9),

which presentthe amountof generatedvatervapor in the crystallizatioprocess

. - wa
Ha b G+ d e (38)
W
a a — (39)
where C2is concentration sodium chloride at inlet [kg/lH20]
myis inlet mass flow [ka/s]
e is outlet mass flow [kg/s]

MH20yaporiS Mass flow of watevaporform system  [kg/s]

Forinlet flow, previously introducedverageconcentratiorvaluescan be usetb calcu-
late theoreticaknergy consumptiom a averagecrystallization procesas function of
crystallizaor outlettemperatureThis is presented in figurg0. Part of the heat require-
ment is obtained from enthalpy flow@éll solutioninto crystallization.In industrial scale
processescompositionof incoming fluidis also determined partlyybelectrolysis tem-
peratureput more by sodium chloride concentratidhis is kept at certain level to pre-
vent issues in electrolysis cells caused by toododium chloride concentration.
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Figure 10. Specific heat consumption of crystallization

Thewatervapor, which is evaporated from cell sailon, is condensed and then returned
to process. The condensation requires cooling to function. Amount of cooling is reverse

to amount of heating energy required to evaporate water.

In industrial plantsthe crystallizationprocesscan be done in twphasesseparatedy
different pressure levelfor exampleat 100mbarabs)and30 mbailabs). The crystalli-
zationreaction itselis intended to happen in the finpdlaseof the crystallizationprocess
and the firsiphaseonly evaporategxcessvaterwith none to very little crysthzation.

Thereforethefirst phasewith higher pressurkevelis called vaporiation

When using two differentrystallizers (vaporizer and crystallizexd) different pressure
levels, the maximum temperature of cooling watar be higher, with same evaporation
capacity.This can be verifiedyy returningto two example values mentioned earlier. As-
suming thatvaporizerworks in pressure of 10fnbalabs) andcrystallizatorat 30

mbaxabs), the temperature of cell solution follogusve presented in figure 11
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Figure 11. Two-phase crystallizatioprocess

Water \aporization pressure as a functionerhperature is presentedfigure 12. Values
for curve arebtained fromAugustRocheMagnus approximatigrwhich is presented in
equation 40). From this figure can be sedghge water evaporation temperature asrect
tion of pressurand viceversa.From this figure temperatudevelsfor figure 11 or any

other crystallization processin be obtained
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Figure 12. Vapoiization pressure of water
y h 40
R w— “9
where Pvap IS Vaporization pressure of water [mbai
T is temperature [ ]

4.3 Energy balance

Electrolysis and crysthzationconsumemajor part of process energy consumptibine
rest of energy consumptiandivided amonglifferent auxilary processes and equipment.
No research is done within this thesis to precisely determirsuogtion of thes Con-
sumption of these equipment is omalfew percerd of total electricity consumptio(Eu-
ropean Commission 2007, p. 518)ow simplified energy balance of sodiumlafate
process can be madehis is represented in figuls.
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Figure 13. Simplified energy balance of sodium chlorate manufacturing process

In simplified energy balancenergy flows into the systems are enthdilpyv of sodium
chloride solutiorand other chemicalglectric energy teectifier(s) heat to crystallization
and electricity to auxiliary equipmeriinergy flows from system are entpg of sodium
chlorate solutiongxcess heat from electrolysiad heat generad from losses of AC/DC

conversion aneévaporated heat from different surfaces of process equipment

The temperature of cooling water from el ect
than enough to evaporatater at near vacuum pressuréis allowsthe useof electrol-

ysis cooling wateasa heat source igrystallization If heat transfer unithave enough

capacity cooling water from electrolysis cawencoverall theheaing in crystalization.

This decreasethe specificexternalenergyconsumption of manufacturing proce$se

excess energy of electrolysis cooling watan alsdoe utilized in differentapplications

for example in district heating.



43

5 JOUTSENO SITE

Figure 14. Joutseno sitgKemira2017)

Joutseno site consisige chloralkali, onealkyl ketenedimerand one chlorate planthe
site also includes powerplant withtwo different hydrogeboilersand onébackpressure
turbine.In figure 14, sodium chlorate production lines atisible in front two big white
buildings, a hydrogen powerplant in the middimaller blue buildingand in the back
the chloralkali plant. Thefirst buildings were built iraround 19750 the site and since
thennew production lines and capacity increms have been made to site.

5.1 Chlorate plant

The chlorate plant in Joutseoonsistof three separate production lindkl, N2andN3.
Newest of these lines, N3, isarseparatethuilding, therefore it is separated totally from
production lines N1 and Nlder production lines N1 and N2, are constructethe

samebuilding and they share many procesgiipment

The main products of chlorate plaresodium chlorate as solid aadanaqueousolu-
tion. Also, a significant amount of hydrogen is generadedngthe manufacturingpro-

cessas sideproduct which isconsumedn chloralkali plant and irboilers on site
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5.2 Chlor-alkali plant

The dlor-alkali plant wasthe second production linef Joutseno site. Therhas been
severaimodernkzationsand process modification§he main products dhe chlor-alkali

plant are sodium hydroxigdéydrochloric acicandsodium hypochlorite

Sodium hydroxide isa productof electrolysis inthe chlor-alkali plant. However,the
electrolysigrocess is different compared to the chlorate electrolysis. In-atdali plant
cells havea specialmembrane, which keepg/droxide ion and chloringeparatedElec-
trolysis reactions presented in the equatiofil] below. Chlorine from electrolysis is
used to create hydrochloric acid and sodium hypochldrtie. main use ofsodium hy-
droxide produced in Joutseno is in pulp process in cellulose separation.

CA#ARN (1 ARO . A/ AR g#i c g( c (41)
Sodium hypochlote is manufactured by chlorinating sodium hydroxide. This reaidion
presentedh reaction equatior@) below.Manufacturing of sodium hypochlorite is well
suited tothe Joutsenasite, becausall the chemicals, which are used to producere

madelocally on site Sodium hypochlorite can be usedsaisinfectantor asahousehold

bleachingagent.
#1C ¢. A/ ANo . A#AN . A# AN (/ AN (42)

Hydrochloric aail is created itnydrochloric acidburners.Theseburners burn hydrogen

in chlorine gas, with no oxygen present. The product of this reaction is hydrogen chloride
gas. This reaction is presented belaweaction 43). Hydrogen chloride is dissolved in
water to create hydrochloric acidydrochloric acidis used in various applications, for
example to make steel, aan auxiliary chemical in other processes and in many other

applicationg American Chemistry Counci2003)

( C #l COc(#IC (43)
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5.3 Hydrogen power plants

Thereis one hydrogen power plaimt Joutseno sitevhich contains two boiler unit¥he
bigger, HK21, is top fired furnace which cgmwoduce up td.8,5MW heat energy. It also
featuresa4 MW backpressure turbinevhich can be bypassed in caseasteam short-
age The smalleboiler, HK20, is a fire-tubeboiler and can also be fired with oil in case
of ahydrogen shortag&laximum heat fom thesmallerboiler is10 MW. Hydrogen used

in boilersis producedexclusivelyin sodium chlorate plants.

These boilers can utiliz@ughly60 percent of hydrogen of sodium chlorate lines at full
production speedin increase of power generation capacity cdaddne way to increase

hydrogen usagand theréore increase¢he overall efficiency ofthe entiresite

5.4 Alkyl ketenedimer plant

Alkyl ketenedimeror AKD plantwas moved to Joutseno2913. In Joutseno siteAKD
plant is located withithechlor-alkali plant. The mosgeneric fornof theseorganic com-
poundsis awaxy solid particleas part of thesolution that containastabilizer It is most
commonly usedin the sizing of paperand hydropholization of cellulosefibers. In

JoutsenpAKD is madein the non-continuougprocess

Solid raw materials arbeated inthe reactor.After heating additives are added the
reactor tcstabilize and to adjust ptalue ofthesolution Whenthesolutionleaves reactor
it is emusified and cooledCooling ofthe solutionat this point is considereaba crucial
point, which determine the product quality The most relevant part tfie AKD process
for this thesis is heating, which is done with steam and thereésian effecton the site

steam balance.
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6 STEAM AND HYDROGEN BALANCE S

Steam is produceah the Joutsengite in two different boilers, HK20 & HK21. Steam is
used in all plantentheJoutsenaite. The steam production and major steg@plications

are shown in figur&5 below.

Chlor-alkali plant HK20 HK21

Brine heating

DH

NaOH evaporation

N3

Figure 15. Joutseno siteteam consumption map.

Steam networlon Joutseno site contains two different pressure levels, 8 b@i(d)
pressurgand 3 bar(g)low-pressurg Most applications use lepressure steantigh-

pressuresteam is used mostly in vacuum creating units.

Steam consumption can be divideetween cldr-alkali plant applications and sodium
chlorate applicationsSteam usage of AKD plant is irregular. Steam is used in reactor

heating and in cases where pipelines or other process equipment must be heated for clean-

ing.

6.1 Steam production

Al l s i t erdy $s prbdecad frore mydrogeturing normal operational conditions.
Theoretical heat energy from burning hydrogen4$,80MJ/kg HHV). Hydrogen con-
sumption of heat generation can be obtained from equdddi¢lowand it is presented

in the equation44).

0 nyg O — (44)
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0 (45)
Nk O
where Pheatis generated heat from combustion [MW]
N  is massflow of hydrogen to boiler [kg/s]
‘O is higherheat value of hydrogen [MJ/Kkg]
— is thermal efficiency of boiler [-]

Both hydrogen boilers shatke same principle to calculate heat generation, but boiler
efficiencies vary between two unitg. Joutseno site steam is produeadording to the
consunption and in normabperatng conditions there is hydrogen excess.

6.2 Chlor-alkali plant steam usage

The dlor-alkali plant uses steam to heat sgpdium chloride solutiomnd to evaporate
waterfrom sodium hydroxide solution tmise its concentrationSteam consumptioaf
sodiumchloride solution heatingis a function of outdoor temperature and electrolysis
current Seamconsumption oevaporation unit in sodium hydroxigaporations de-

terminedby the massflow of sodium hydroxide to evaporation

The energy consumptigrertime unitof sodium chloride solutioheating can be calcu-
lated with equatioif46) below.The mass flow o$odium chloridesolutionis adjusted by
electrolysiscurrentand temperature target after heat exchanger is determineatlby
temperature of sodiumydroxidesolutionafter electrolysis cellsA temperaturgise of

sodium chloride solution in electrolysis cells is determimgdlectrolysis current.

0 ne o YR (46)
where Porine IS heatconsumption ofodium chloridéneating [kw]

Om,brineiS Mass flow through the heat exchanger [ka/s]

qol is temperaturalifference over heat exchanger [ ]

Cpbrine IS Specific heat capacity sbdium chloride solutio(F3,25 kJ/kgK
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In chlor-alkali plant sodium chloride solution is ithe closedcircuit and therefore any
energy losseduring the circulatiomust be compensated with heating. Major losses hap-
penin thefacility where more sodium chloride is added to¢heulationand when chlo-

rine gas is separated frasndium chloridesolution after electrolysis cells.

The other significanapplication of chdr-alkali plant that uses steamdsaporation of
excess waten 50 %sodium hydroxidenanufacturingln this process concentratio
sodium hydroxide solutiois increased from 33 % to 3@. Energy consumption of evap-

oraion canbe calculated witlequation 47).
O a i (47)

where EnaoH IS energy that is required in 50 % sodium hydroxide pro¢k¥g|
MH201S Mass ofvater to be evaporated [kg/s]

Sw is enthalpy of vaporization of water [kJ/kg]

In thechlor-alkali plant evaporations done imanearvacuum this allowstheuseof heat
of sodium hydroxide t@vaporate water. In addition of heat flow of sodibyaroxide,
steanis required Steam consumption can be determined Wigenergybalanceof evap-

oration systemwhich is presented in figur6.
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Figure 16. The energybalance okvaporatiorin 50 % sodium hydroxide manufacturing process.

Steam consumption can be calculatgth equation 48) presented belovi temperatures
before and aftethe evaporatiorprocessare known This equation cate simplified if
reference state is set to be outlet stateutflow of sodium hydroxide solutiorOutflow
watervaporcan be als@onsidered to be fully saturated. Supating of the waterapor

is very unlike dueo a strongvacuum in the watesteam separators.

66 a6 p 2460 , Sa @ o (“48)
o o
where ms is mass flow of steam into system [kg/s]
ghsis enthalpydifferenceof incoming steam tthe system [kJ/kg]
mis massflow of incoming solutiorto the system [kg/s]

ghszw is enthalpydifferenceof incoming solutiorto reference staf&J/kg]
ghsox is enthalpy difference of outgoing solution to reference Staiég]

g 28 is enthalpy difference of wateaporto reference state  [kJ/kg]

Enthalpy difference of 33 % sodium hydroxide can be obtainedthethissumptiorthat
pressure of incoming 33 % solutiortl®sameasthepressuref outgoing 50 % solution.

The error caused by this simplificatiorr&her smallForexamplefor water, thespecific
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ent hal py abar(a)s104,9 kJikgadd diesameemperaturgbut at20 baga),
the specific enthalpy i1406,7 kJ/kg.In evaporatiornprocess of sodium hydroxidéhe
pressure difference of incomiagd outgoing sodium hydroxideakld notbemore than
afew bas, so enthalpy difference caused by pressure differeneeeis smaller than in

example with water.

Amount of steam that is used in preheating can be obtéioerthe energybalance of
preheater. In preheater 33 % sodium hydroxide solution is heated and temperature differ-
ence can be obtained fromeasurement$Steam from heater one can be assumed to be

fully saturatedbefore preheateand to condensatesituepreheater.
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6.3 Sodium chlorate production line steam consumption

The main use in sodium chlorate plant for steam is crystallization. The theoretical heat
consumption for crystallizatiomaspresented in chaptdrBased on calculati@of chap-

ter 4, steamconsumption ra can be calculated witkequation(49). This equation is
formed inasimilarmanner like equatior#8) was for chloralkali pland steam consump-

tion of sodium hydroxide evaporation procddswever thereareheat recovery systems,

which reduce the consumption and therefore are included in this equation.

& 0 & WwQ v (49)
i
where msis steam consumption ofystallization [kg/s]
Q is heatconsumption otrystallization [kW]

mes is massflow of cell solution to crystallization  [kg/s]
gdesis specific enthalpy difference of cell solution [kJ/kg]
Quris quantityof heat recovery [KW]
sw is enthalpy of vaporization of water [kJ/kg]

In Joutseno, production lines N1 and N2 shargystallization unit that contains one
vaporizer and twarystallizatos. In the newest production line N3, there is vaporizer and

one crystallizator.

Steam consumption in chlorate process is depenitet workloadof the crystallization.
A loadof crygallization can be handled aseparateainit from electrolysis. Therefore, a
steam consumption is not directly a function of electrolysis cyrtaumtthere isa
correlationbetween steam consumptiand sodiunthlorate productiomatein electrol-

ysiscells.

In short term, some variation is acceptai@éveen crystallization rate and sodium chlo-
rate productionrate mai nly because Jout deeentellsslu-t eds ch
tion storage capabilitieslowever, inlong-term, sodium clorate production in electrol-

ysis cells should be equal to sodium chlomtgputfrom the crystallizer
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7/ HYDROGEN BALANCE

Hydrogen issideproduct on both chlealkali and sodium chlorate manufacturing pro-
cesseslt is used to create hydrochloric acid in chétkali plant and to generate energy
in boilers orthesite Thereforeabalancébetweernydrogen production and consumption
is critical to maintain stable production on all production lioeghe siteHydrogen net-

work of Joutseno site is presented in figlivdoelow.

rrrrrrrr
adjustment

Option

v

To
|custumer5 | HCI3 | ‘ HCl4 HCI5 ‘
T T HK20 HK21 N1N2 N3

Chior-alkali plant

Figure 17. Map ofhydrogenconsumption application in the Joutseno site

From figurel7 can be seen that there are two separate hydrogen netwodksitseno
site. Onds specific to chlealkali plant only and another one supplies one hydrochloric
acid burner andoth steam boilersin general, there is hydrogen excessetwork but

in situationan whichsodium chlorate production lin@serunning with low electrolysis

current sufficiency of hydrogen can becoraehallenge

7.1 Hydrogen production

Electrolysis process of sodium chloratas presentedn chapter3 andthe electrolysis
reaction ofthe chlor-alkali plantwas also presentedn chapter 5From thoseeaction
equations can be seen thgtrogen generatiorateis a function of electrolys current.

In this thess, study is taken only in sodium chlorate hydrogen production bed¢hase
chlor-alkali plant hasa separate hydrogen netwotkydrogen production speed can be
obtained from sodium chlorate electrolysis reagtwhich is shown imeactionequation
(50) below.

CA#AN o( /| ARO . A#1 o( C (50)
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Fromthisreactionequationit can be seen that for one molecodsodium chloratghree
molecules of hydrogen gaseproducedFrom molar masses of these substare rela-
tion betweerthe productionspeed ofsodium chlorate and hydrogen can be found. For
each kilogram of sodiurohlorate 0,0568kilograms of hydrogen gas is producéthis
rate can be combineslith therateof chlorate production asfunction ofthe currentof
electrolysis(equation33) to determinea relationbetween current and hydrogen produc-

tion rate.

In equation $1) is presentedydrogen production rate asunction of electrolysis current

of chlorake production lines N1, N2 and N3. It is noteworthy that this equates not
present theoretically accurate amount of hydrogen productionbnatét isa sufficient
estimation This equation does not include any losses as it assumes that only reaction

electrolysis igheone presented in equatiosly.

G Tt v (pg?v— g 9— & 9— ¢ (53)
Y plv p plv p
where mu2is hydrogerproduction rate [kg/h]
Uk« is currentefficiency ofchlorate linex [-]
Inx is electricalcurrent ofchlorate linex [KA]
Nnx is number of cells irthlorate linex [-]

7.2 Hydrogen gpplications

Main uses for hydrogen orthesite are hydrochloric acid productiandenergy produc-
tion. In addition to thesesome ofthe hydrogenproduced irthe chlor-alkali plantis sold
directly to the customerddydrogen consumption ithe steamgeneration was presented

earlierin equation 45).

Hydrogen consumption of hydrochloracid burnercan be obtained frorthe reaction
equation(52). This representthe formationof hydrochloric acid ira burner.Fromthis
reaction equatiorthemolarratio betweerinlet hydrogen gas amsltlethydrochloric acid
can be obtainedt is noteworthythatinside hydrachloric burneris typically hydrogen

excess Therefore hydrogen consumption is little high#ran what is obtainable from
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reaction equation (52T his can be compensated with multipbeA correctedrersion of

hydrogen consumption of hydrochloric burner is presented in the eq(&4)o

( C #l COc(#IC (52)
(¢ #l cocg(#IlC p _( C (53)
a a E?— 4
_0
where M2 IS hydrogen consumption rate in HCI burner [kg/h
mu2 is HCI production rate in HCI burner [kg/h]
adis chlorinehydrogenequivalence ratio [-]
Mu2is molar mass of hydrogen [kg/mol]
Mz is molar mass of hydrochloric acid [kg/mol]

In thechlor-alkali plant, there are two hydrogen compressors, which are used to compress
hydrogen to transportation vessélydrogen onsumption of these is not relevamthis
thesis because they are not located on the same hydrogen network with sodium chlorate

plants.
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8 SITE ENERGY BALANCE

According to theEuro Chlor(2017) installed chloringoroduction capacityn Joutseno
chlor-alkali plantis 75kilotonnes otthlorine annuallyWith averagenergy consumption
of membrane celiechnique which is used in Joutser® maximum annual consumption
can beroughlyestimated to b200GWh (Brinkmann et al. 2014, p. 67)

A similar calculation can be done feodiumchlorateplant although there iso accurate
public data for annual production rate. Production rate is assumedthe imaximum
rate, which was estimated dhyg the expansiornprocessof sodium chloratgroduction
capacity(KaakkoisSuomen ELYkeskus 2016)For energy consumptioran average
valuefor modern chlorate electrolysis procga®sented earlier in this thegian be used.
Therefore,the maximumenergy consumptionf sodiumchlorate lines is roughly 850

GWh annually

Theseelectrolysisprocessesombinedform a majority of total electricity consumption
Althoughit is noteworthy that calculated values abaweestimatiors of theoreticamax-
imum consumption ratesvhich contain many estimations aae:presentedor illustra-
tive purposes onlyeven thoughthe value clearlyrepresentshe energyintensity of the
site.

8.1 Energy production

Like earlier mentionedthere are two steam boilers on the Joutsenaasitéurbine at-
tached tathe steam networkThe current maximum poweutlet from the turbineis 4
MW. In an optimal scenario, the turbine produgpower at maximum rate constantly
According to the steam and hydrogen balance calculatibissshould be possible #t

least two sodium chlorate lines are producing hydregamoderateate.

In addition to theboiler wunits, there are several heat regeneration cycles on the site. Most
significant oftheseareheat regeneration from cell solution of chlorate production lines
N1 and NB and heat regeneration froeell circulationin thechlor-alkali plant.
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8.2 Energy consumpton

8.2.1 Electrical energy

Like mentioned earlietheelectrolysigproces consumeshe majority of total electricity
consumpion. There are also many pumps and fans that consume electricity. Consumption
of this equipments often referredas auxiliaryequipmentpower, which is specific for

each production line

For sodium chlorate processtypical rangéor auxiliary equipmenglectricity consump-
tion is from 100 to 500 kWh per tonr@ sodium chlorat@roduced European Commis-
sion 2007, p. 51&nd forachlor-alkali processrom 60 to 600 kwWh per tonref chlorine
producedBrinkmann et al. 2014, p. 71Auxiliary equipmenglectricalconsumption can
be expected to helativelyconstant andan besstimatedf annual production ratef the

plantis known.

The only major loss ielectricalenergyis AC/DC conversion loss itmansformer rectifi-
ers.The dficiency of large current transformer rectifier varies witliire rangeof 94 to
98 depending on type, voltagadload.(Rodriguez et al. 2005s sodium chloratand
chlor-alkali electrdysis have similar operational voltagesficiencies of transformer rec-
tifiers of both production plants areithin the range presented.

822 Heat energy

Heat is used in many applications thee site On the chlofalkali plant consumpion is
focused on two majapplicationswhich aresodium chloriddneatingandevaporationn
the manufacturingprocess of 50 %sodium hydroxideHeat is recovered fronthe
electrolyteandis used 6 heatloadingbays andsodium chloride, where directly de-
creases steam consumptibmnaddition some areas require heating during wimemths,
butthis energy consumptida neglected in this thesis because of little and irregular con-
sumption.It is alsonoteworthythatmostof heating required for many partstbt plant
is generatedy process equipment. Insulatihgt surfaces to improvihe efficiency of
the manufacturingorocessand replace heating with more modern equipnoentd be

topicfor future researchlThe AKD plant uses steam to heat process solutions.
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On the sodium chloraggroductionlines, theheatconsumption focuses on crystallization
unit andon dissolvingand dryingof sodium chlorateln the sodium chloratplant,there
are several heat recovery systems. In thetidre is one district heating heat exchanger
attached to cooling water circulatiofhe cooling water of cell solution of N2 can be used
to heat N1/N2 crystallizator ariibat fromN3 cooling circuit is useth multiple applica-

tions for example in crystékzation. These reduce steam consumption significantly

There is one district heating heat exchanger attached direttightpressuresteam net-
work (KL1) and another one in one of the sodium chlorate lines (KL2). District heating
is the only outgoing eargy flow fromthe site (enthalpy flows of products can be ne-
glected) Thereareno direct inputs for hedb thesite andthereforeall heatrequired by

the process produced within the site.

There are good measurements about of district heptingrbecause it istrade item.
Heat flow to district heating is dependedtbre usage of the district heatingjhe stable
operation of processes |®ioritized over steam input to the district heatirfidhe reat
exchanger ofhesodium chlorate plant works agrimarysource for district heating, and
one onthesteam network works only ifecessary

8.3 Energy and heatbalance

When all applications that produce or consume energy are separategly balance for

thewholesite can be formedhe energy balands presentedh the equation(55).

O © O O (55
where Einis input energy into the site [MJ]

Egenis amountof energy production on site [MJ]

EconsiS €nergy consumption on site [MJ]

Eoutis outletenergy fronthesite [MJ]

Energy flows can be separatetb electricalandheatenergy. This is essential to form a

more specific energy balance.
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Oy ©Op 0 O j 0 0 (56)
where Eeiinis electricity input to the site [MJ]

Eeituro IS electricity production of the turbine [MJ]

Quenis generated heat in the steam boilers [MJ]

Eel,consiS electricity consumption on the site [MJ]

Qconsis heat consumption on the site [MJ]

Qon is heatoutletfrom the site to district heating [MJ]

The heatand electricaknergybalance can befurthermoreseparated fronthe energy
balancepresented in equation (56)eat balance is represented in equatiof. (The re-

maining part of equatiorb{) forms the energy balance of electrical energy, equdi®n (

(e}
C

0

(57)

Or 0Oy O ; (59

8.3.1 Heat balance

The heat is transported in site eitath steam or hot wateOnly relevant application
that usea significantamount ofhot waterare the crystallizatorof N3, the district heat
exchanger in Nandthe sodium chloride heat exchangetthe chloralkali plant In case
of hot water shortageall thesecan be heated with steaifhe teatbalance igpresented
in equation %9).

0 5 U j O ry O 5 O (59)

= CA
¢
(]
C

Heat production@gen) is a sumof heat output ofwo boilers.Smaller boiler unituns at
constant heabutlet which is manuallyegulatedand thelargerboiler unt is automati-
cally adjusted so that pressure of gteam network stays constalmtnormaloperational

conditions both steam boilers run on hydrogen



59

Currently there is no balancing automation betw#wtwo boilers. The wayheloadis
shared between units dependgiumoperator More research should be done to find the
most efficient way t@enerateenergywith current equipmentThe newer boiler, HK21
hasa turbine, which in optimal scenarios would run constantly at maximuntideaduce

hydrogen excess.

The recovery heat frol1 and N3 production lineandthe chlor-alkali plant can be
calculated if temerature difference and mafisw (or volume flow) ofheat exchanger
water sideareknownat certain points dheprocessForheatrecovery otheN1 produc-
tion line, quantitycanbe calculated from district heating circtirieat exchangeFor N3
the calculationganbe donewith data fromcell solution heat exchangdtor the chlor-

alkali plant there is als@noughmeaswemens available
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9 ENERGY EFFICIENCY ON JOUTSENO SITE

In this thesisresearch is done to find oiitthe site efficiencycanbe increased with
software changeand better monitoringThe majorincrease irthe efficiency could be
found from optimization software bfitst proper data must be collected. Currenihys
data iscollectedmanuallyto different spreadsheet§o automatze this processoftware
changesreproposed that will make important parameterstaegite balancesisible to

theoperatorsn reattime.

In this chapter requiremer for the monitoring and simulation software ampresented.
This chapteralso includegparameters that can be used to morihesite efficiencyand
the plantspecific efficienciesAs a part of this thesignterviewsandsurveywere made

to figure how operators and shift supervisarglerstangnergy efficiency.

9.1 Surveyand interview results

The questionnairaised in thesurveyis presented in appendlx Respamse rate othe
surveywas 35 %. Consequentlyresults arestatisticallynonsignificant andcannot be
usedto representthe whole group.Therefore, no accurate conclusicannd be made

from these resultghe surveyis neglected fronthis thesis.

Interviews were much more successful, with the participation rate of over 90 @eahe
majority of the shift supervisors and shift workers gave interviews. Therefore, results can
be considered statistically significant. Along with the interviews many innovative ideas
came out and they are presented later in this chapter. The pera@neeiterested in
energy efficiency and a majority had noticed the increase in the relevancy in energy effi-
ciency in the past few years.

The Chlor-alkali electrolysiss not able to withstand fluctuation of electrolysis current
easily as sodium chlorate electrolydibereforethe electrolysis current is hetdnstant
for extended periodandoperatos hasfewerclearways toaffectoverall efficiency.This

is reflectedn how muchpersonnel of the chlealkali plant thinls energyefficiency af-
fectstheir daily work routinesPersonnebf the sodium chlorate platitink thatefficiency

hasa significant role in their work routineslowever this does noreflect inknowledge
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and interest in efficiencpetween personnel dhe chloralkali and sodium chlorate

plants

Therewassome differencamong shift workersinderstood energy efficiencin shifts
were energy efficiency wasest understoodt leastone person mentiondtat personal
interest and personality drive towards thinking of plant efficiencgdutition,they reg-
ularly haveunofficial conversations where theharetheir ideas ad thoughts with su-
pervisorand ceworkers Conversations like this should be encouragedhere seems to

beacorrelation between energy awareness and these conversions

Shift supervisos haveat leasindirectcorrelation intheir shiftdideology inerergy effi-
ciency This could be noticedy comparing thenterviews of shift supervisawith his or
her subordinatesThey all had similar thoughts abowhat has the moseffect in effi-
ciencyand how it could be improved

When asked how shift supervisors amgkrators monitothe plantefficiency, answers
werequite different Therewasnocommoransver to the question. Many tifiepersonnel
mentioned that redglme measurement for steam usage coul@ geod meteror effi-

ciency monitoringbutcurrently only few reattime measuremenexist

After theinterviews operators and shift supervisors were asked to conom#Tginitial
designs ofthe softwareinterfacethatis presentedn chapterl0. The designsreceived
goodreceptionandsome enchantments wesaggestedAlong with the suggestiongo
improvethe designednterface several suggestions were introduced to imptheeur-
rentautomatiorsystem for example the standardation of units useth theautomation
systemand addinga few measurementshese measurements are introduced more pre-

cisely in chaptelO as theyarealso included in the monitoring interface

One of the most interestirggyiggestiorio improvethe site efficiency was implementing
of aheat pump system to recover heat from capluater at certain parts tifeprocesses.
Usually, thetemperature of cooling water after heat exchanger isigbtenougho be
utilized with a conventional heat exchanger in other partshefproceses The outlet
temperatureould be increasetby increasing heat transfeurface area andecreasing
mass flowin thewater side. Another way to utilize this heatiosisea heat pump process.
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A heat pump is a system, where heat enesgyansferred froma lower temperature
sourceto ahigher temperature with special refrigerant maddéfepurpose. This process
requires electricity to compress refrigeraftte Ratio of heating capacity and electricity
consumption is referred dise coefficient of performancer COP. New large capacity
designs coulgrovide COP valugvithin therange of3i 6 when usingnoderate tempera-
ture(0i4 0 heat sourc€Calefa, 2018)

9.2 Parametersto monitor the efficiency

For both electrolysis processdbge most valuable performance indicatorsggecific en-
ergy consumption per massit of product This can be dividethto specific electrical
andheatenergyconsumptionSpecific electrical energgonsumptions afunction ofcell

room total efficiencyandtransformer rectifier efficiency.

As impurities build upn electrolysis cellsthe electricalresistance ofhecell increases
Furthermoreoverall efficiency decreas@s moe of the electricity is used twercome
increasedesistanceOn Joutsencsite, the amount of impuritiesn electrolysis cellds
measured with dconstant. Kconstant representsurrent corrected voltage differenc
overanelectrolysis cell Current correctiomnlecreasethe error caused bgn increase in
optimum voltage when curreistincreasedThereforek-constant can be usesicompare

different production lines with different electrical curremtsre accurately

For heat energy, a steam consumption is the most relevant parameter to nibeier.
retical steam consumption for gacomponent could be calculated, baheat recovery
systems decreagbe steam consumptigrnt should be taken into consideratidks the
goal isto increaseeconomicefficiency and therefore decreabe steam consumptig@an
optimal specific steam consumption rate can be calcubgteeducinghemaximumheat

of recovery systemgom theoretical heat consumption

As mentioned in chapté; in thecrystallization processf sodium chlorate manufactur-
ing processwvater isevaporatd from thesolution As evaporation isnendothermic re-

action, heat is requiredhe quantity of heat isdirectly afunction of water amount that
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needto be evaporated.hereforemass of evaporated water can be comparéuetiate

of crystallized sodium chlorate to monitor efficiencytlod crystallizationprocess

This approach gives more information about water balansed@im chlorate manufac-
turing processhan presenting the efficienag aunit ofused heat per mass of crystallized

sodium chlorate.

9.3 Limitations

To determine thé&miting factors that affecthe production rate of sodium chlorate man-
ufacturing process, ¢hprocess should be split to electrolysis and crystallizatierso-
dium chlorate is formed in the electrolysshprt timed limitations in the crystallization
capacity can be overcome with no limitatiorthe electrolysis power if there is enough

free vdume in the cell solution storage tanks before crystallization unit.

There ardwo different factors which may limit production capacitytire electrolysis
process. Thegre misfunctiomg of auxiliary equipment or other electrical or mechanical

problems andhsufficient cooling capacity.

Production limitations from misfunction of process auxiliary equipment are not covered
within this thesis. This will have some impact in validly of threwdation software design.

These effects are represented later in this thesis.
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Figure 18. Simplified cooling circuit of Joutseno site

Cooling water for Joutsensiteis taken from nearby lake Saimaa. The water is pumped
to thecooling waterstorage tanks througtondensersf the N1 andN2 crystallization
unit. From these tankshe water igpumped taifferent applicationsCrystallization ca-
pacity isafunction ofthe cooling capacity of evaporatoiSonsequently, it is function

of a temperature ohcoming cooling water frofake SaimaaThereforethe temperature

of Saimaa a&ignificant factor that affectthe crystallizatiorprocessof N1 and N2

There are also amy cooling tower®n Joutseno sitefour in the sodium chloratelant
and five inthechlor-alkali plant.The ®oling capacityof a cooling towers a function of
thewet bulb temperaturef the outsideir (Environmental Defense Fund 2018pnse-
guently,relativehumidity and temperatui the air have alsampactin the total cooling

capacity of Joutseno site

Fromfigure 18, it can be seen thdbe cooling circuitsof N1 and N3sodium chlorate
production linesareequipped with coolingowers The cooling capacity othe crystalli-
zationunit of N1 and N2 islepended onlyrothe temperature of incoming cooling water

from SaimaaCrystallization of N3 is included in the coolirgcuit of N3 electrolysis
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and therefore is equipped with cooling towansl is not depended on the temperature of

lake Saimaa

During ahot summer seasom temperaturef lake Saimaaan rise to the level where
condensation capacityf the crystallizationunit of N1 andN2 decreases significantly
This may limit the maximum production ratdn addition, a prolonged hot seascan
make it difficult tocool N1 and NZelectrolysisbecause there are no powerful cooling
towers in their cooling circuitddowever, n Finlandhot summer periods tend to be rela-
tively short,soit should carefully calculate if it isostefficientto increase the cooling

capacityof theN1 and N2 crystailtation unit ancelectrolysisof the processes.
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10 ENERGY MANAGEMENT SOFTWARE FOR CHLORATE
PRODUCTION ON JOUTSENO SITE

Process efficiencyf Joutseno plans atthe appropriate leveandwithin this thesisno
processmprovements are researchidimprove . Research is done to improwedfi-
ciencyvia software improvemestAs energy consumptiois the most dominarpart of
the manufacturing costsef sodium chloratemanufacturing proces®venresearching
smallimprovements in efficiency is befaal.

Currently,Joutseno siteqgwer consumption limits are generatednually for each day
basedn electricity pricing forecastHowever the power consumption limits attte pro-
duction rateare determined byproduction planningJoutseno sit@also participates to
power balancing marketés electricity consumption tsigh onJoutsenaite, power bal-

ancing markets can bring sericesonomidoenefit.

As sodium chlorateéloes nosignificantly decompose in normal storage condgjahis
almostalwaysprofitableto producemore sodium chloratef relatively cheap electricity
is availableandcrystallizationunits can handle the extra load and/or storage tanks have

enough free volume.

In this thess, aninitial design ofoptimization software is introducealongwith its re-
quirementsThemonitoring part of this software is more closely introduced in this chapter
andprocess optimization part of this softwasentroducedn the next chapteiNo fin-
ished software is pragted among this thesis aadly idealized software is introduced.

10.1 Optimization software

The purposef thisidealizal optimization softwarés tomonitor and forecast the state of
theprocess and give information to operators about the most efficient pavesmce be-

tween sodium chlorate production lines. History of measurement data should be stored
for research purposes. This software is assumed to run along with existing process auto-
mation software, although for some more complex calculations an exdgteasiorwith

more advantaged calculation software environment may be required.
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Theidealizedsoftware can be splitiatwo parts which are the optimization calculation

andthe monitoring process state. The optimization part will contain all calculations that

are necessary for finding the most optimized power balance between sodium chlorate

linesand to forecaddaily production rateslhe purpose dhemonitoring part is to mo
itor and gather data for optimization aaldow operators to monitor the current state of

the procesdrom the efficiency point of view

On the Joutseno sitethe sodium chlorate manufacturing procéssunning along with
other plants, which use hydrogéom the chlorate production lines. Therefore, the hy-
drogen balangend furthermore steam balanogyst bencluded in the monitoring part
This is mandatory to avoidny potential problemshat may occur in case of hydrogen

shortageasthe stableoperaton of the site must be priorized over optimization.

10.2 Example windows for the monitoring interface

These example windoware createdor illustration purposes and future development
The initial versions of thesgindowswere introduced to theperators and based on their
feedback some adjustments were ddie nformation is dividednto five different main
groupsandthe front page is generated to gattiee most relevant informationThese
groups are listed below with little descriptiansable6. The nformationaboutone group
is gathered to on@indow of monitoringinterface In addition, a front page or summary
page ofsite efficienciesis also createdl'he visual appearance @findowsis matched to

theexisting automation softwaan the site.
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Table 6. Pages includdin the monitoring interface.

Name of page

Description

Front page

Contairs only the most informamarametersf efficiency and

forms a link between optimization and monitoring part

Steam andhydrogen
balances

Containsstem and hydrogen balance and allows monitoring u

age or production of each major application

Chlorate production

Contains informatiomiseful information about parameters that
affectthe steam consumption afi three sodium chlorate produ

tion lines

Chlor-alkali

Contains information useful information about parameters the

affectthe steam consumption of all chlaikali plant

Hydrogenpowerplant

Contains information from both boiler units and turbioiermoni-

toring steam production

Water balance

Contains informatiomns i tweatér sisage and allows monitori
water usagef each major application

All these pages are presented maasely inthe following pages of this thesitarger

figures of examplevindowsare presented agppendicedl to VII without English trans-

lations.
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10.2.1  Front page

Chior-alkali
Steam
Production rate
Brine heaing ]St mmitys xct/h
Liped A NaOH evaporation |NaOH haihdutus th
5 : 3 00 kA I B 1 xxt/h
Homy  xxu 5 : o] Consunption per mass it | o =
| —__— |Tuotanto  xxth 3 oL - : o ks
e KL xx MW [DH st HK20 xxt/h
Turbilni xx MW [Turbine o= K21 xx t/h
=3 =
Kok. teho Yoo MW — Production | Tuotanto o t/h
T 1 | Total power Max production|Maksimituotanto  xxt/h
N1/N2 - Ll e Ohjelmasta xxx MW| Scheduled Max pf
H&, i % b
Varastosailia | Storage tank Steam pressure 1 yrynpaine ar
1 x% +2,0%
A [Tuotanto xx M Steam . Nt ooy ¥
pAAA~ Heyry UM Production | S3hkdn omina ific electrical ¢ N2 xoox m¥/h
: N N2 N3 NaOH N3 000 m?/h
xx MW/t o MW/t oMW/t xx MW/t s
N3 AC/DC hystysuhdel AC/DC efficiency HK20  woxm Z/:
xx % % xx % o % HK21 - XoxY /
| Storage tank
Varastos&ilid | J 5 oo m/h
il 1 x% +13% HCLS
MAAAAAN AN A 2 % 20,0% Veden kiyns|Water usage
Tuotanto »f Steam 3 " "
maasta ™ : Vedynkayttoaste x%
e B Procici Saimaasta o mi/h ynkayttoast m%
2 Hydrogen usage factor
o — (N '
Liped xocm®/h | Chior-alkali

Figure 19. An examplewindow for thefront page

The main purpose of thesandowsis to guidean operator tooperatethe process the
most efficient wayandthe purpose ahefront pages to bethebest tool foranoperator
to gain information bthecurrent state ddite efficiency.

On the left side of figurel9, measurement daia presentedor steam consumption of
chlor-alkali and of both crystallization unitf sodium chlorate plargeparately. These

curves are explainanore thoroughly later in this chapter.

In the lower middle pa is presented measurement data for water consumptitive of
Joutseno sitelhe irlet water pumps usasignificant amount of electricity antherefore
unnecessaryseof pumps should be avoided.

The right side of figuré 9 contains the measurement data $team and hydrogen net-
works. The uppetight part ofthefigure contains a steam consumption rate and maximum
possibleproductionrate. Next to these curveblere isatable whichcontains steamsage

for all major steam consumption aptbduction applications separatelihe lower right
part of figurel9 presents aurvefor currenthydrogen production and minimum possible
rate of hydrogen production to maintdipdrogen balance. Next to these curnaslro-

gen generation and consumpti@tes are presented for each relevant application sepa-
rately.
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For chlorate production line operatptisis page alsgontainsinformation that is gener-

atedfrom the optimization part of this softwaré€he most relevant result energy con-

sumptionof prodiction permass unitseparately for each production linehe highest
costefficiency is achieved ithe scenarios whertheaverage of i nes 6 producti o
per unit mass ias low as possibl@ line specific relative coss presented visuallgnd

more precise numerical values are visiliethe table Theseare presented more accu-

rately in figure20, which represents the uppiddle part of figurel9.

Proposed Actual Max

— — — Ehdotus Todellinen Maks.

N1 XX xxx kA xxx kA

N2 XX xxx KA xxx kA

N3 XX xxx KA xxx kA

Rajatonnikulutus XXX x0 Consumption per mass unit
— — — Liped xxx kA

KL x MW |DH

Turbiini xx MW |Turbine

Kok. teh X MW =
. - - 1 Ie © X Total power —
= . - Ohjelmasta woux MW S cheduled

ank I

Figure 20. Information for sodium chlorate production linealancing.

10.2.2 Steam and hydrogen balances page

Sitebds hydrogen and s thswimdowlaflgaeRl; anexam-r e pr es
ple window is presented. With information from this pageoperator should be able to

get information abouhe current stag of steam and hydrogen netwarksis can be use-

ful when consideringncreasingsteam usage at certain application or when redugng

drogen consumption in cases where it is already low.
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Figure 21. Examplewindow for monitoringhydrogen and steam balances

In this window there isa chartwhereall mass flows and pressurefssteamare presented
in eachrelevant applicatiorSteam balance chart is in the lower part of figurelalform
this chart all applications should have at least a mass flow measuremeaddition

pressure measurement could be informative in cepeits of the map

The hydrogen balancepsesentd assimilar map as stealbralance. This balani®shown
in figure 21middle part. For all hydrogen generation or consumption applicatioe®
arepressure antlow measurementd-low measurements can be presented as volume or
mass flow. Currentlyon the Joutsenaite therearevolumeflow meters but for calcula-

tions a preferredinit is mass based.

In the upper part digure 21, therearethe curves and tables, which wémgefly intro-
duced along with thizont page. The curves on the left represtéedm balanc&heblack
curverepresentsneasuredombined generation from both boiler uraisd is presented
asanabsolute valuand shows a history tiie given time windowThe ed curve repre-
sents a calculated maximum steam generatioraratét is presentesimilarly with com-
bined steam generatiofime interval of thecurve should bedetermined irthe future
development phas&he @lculated maximum valuef the steam generation raig from
optimization tool.The table next taurveshas data only from measuremeraadit pre-

sens steam consuption of each major application
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The upperight part offigure 21, presents similacurvesfor hydrogenbalancethat is
presented in the left for steam. In the cutlaeplack linerepresent thecurrent hydrogen
production ratend red curve represents minimum production rate to maintain sfable

eration of hydrogen applications.

10.2.3  Plant-specific pages

In the plant-specific pagesall major components which affettie energy efficiency of
process are shown. From these pagesperator can easily see if adjustments are nec-
essary to improve efficiencys the purpose of these pages is only to ppotential
causedor low efficiency, no adjustments are available in any of these pages. This also
reducesheamount of data that must be visible and simplifiresbigpicture which helps

anoperator to focus on the most relevant data.

Figure 22. Examplewindow of the sodium chlorate production lines N1 and.N2

For the sodium chlorate production linesxamplewindow is presented in figur2. In
this figure variousmeasuremenigre presentefibr each sodium chlorate production line
separatelyIn addition, theraretextboxesfor each linewhichpresenhthemost relevant
information from theelectrolysis Curves containing information from crystallization
which werepresented along withdnt page aralsovisible in this window In addition

to these curveshere are present@dseparate set of curves. Thgsesent thamount of
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water evaporated per tonne of sodium chlorate crystallaeshch crystallizer ungep-
arately.The red line representa aptimal ratig which can be obtained with empiric tests

and black representse current value.

Efficiency losses of the electrolysis processenotincluded inthis window.This sim-
plification is made to decreasiee amountof information in the windowEfficiency is
caused by range of factorand it is challenging to monitor preciselhe optimization

of current efficiency igpossible and creating automation to keep cell solution properties
as optimal should be considerash topic for future researches.

The text boxes in figurd2 containmeasurement data for each line separately from elec-

trolysis current, voltageeactive poweandAC powert

Liped Sodium hydroxide
v [Steam
roduction ra

| ‘ » = wc | —
il 2

. o T =J°
ac] = | (] _—
7 0] m*/h M E] - - ‘ .
== a=1] ﬂ] | ﬂ] | ==

=

Figure 23. Examplewindow of thechlor-alkali electrolysis

For chloralkali electrolysis, an exampleindow is presentedn figure 23. Thewindow

containgnformationabout50 %sodium hydroxide production ame information about
manufacturing processes of sodium hypochlorite and lggir@cid. The efficiency of
these two is less relevant to the topic of this thesis. They céurtherinvestigated as

separate topics if necessanryd can baddedas separate pages for thsnitorinterface

In the upper left corner of figur23, thereis a specific heat consumptioturve ofthe

chlor-alkali plant which was introduced along withefront pageln this curvetheupper
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red line presentsmiaximum value for steam consumptiorcbfor-alkali, which is consid-
ered normalLowerred line presents thaptimaltarget of steam consumptiohhe data
for theselines comes from the optimization software. It is noteworthy that thesa are
function of different variables and tlggtimal and maximum value varies. The black
curve isthe combined heatconsumptionof sodium hydroxide evaporation and sodium

chlorideheatingprocesses.

The other text box in the figure contains measurement data from electrolysis amaitent,
age AC sidereactive poweand specific electrical consumption per proed chlorine

tonne.

The most relevargart offigure 23is the processhartof 50 %sodum hydroxide process
and electrolysisAll temperatureflow rateandpressureneasurementhatinfluencethe

steam consumption diiechlor-alkali plant are presented itiis figure.

10.2.4 Boiler and turbine page

This page will covethe turbine and boilers more accurately. The main purpose of this
page is to demonstratiee currenstate of energy generation equipmefriergy genera-

tion is done entirely on tferent softwareso indepth parameters are not shoamthis

page. The purpose of this page is only to give information for operating steam applica-

tions. An examplevindow is presented below in figuzt.
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Figure 24. Examplewindow of steam generation and turbine page

In this window, data fromair compressors and district heating heat excharagerlso
included From air compressors, pressure and volume flow of compressed air is shown in
this window in the upper left cornerfAnd from district heating heat exchangeheat
powers are shown in thpper right corner. In the upper middle part, there is a tabldwhic
was introducealong withthe front page. This table contains data of steam usage of all

major applications.

10.2.5 Water balance

The purposef thiswindowis to give information on water usage tbeentire site This
window combines data from many curremtges and therefore it helpsoperator to get
knowledge for sitavide usage. From the pagenoperator cannot make any adjustments.
Some simplifications are done for the water circuit to give more attetotimajor appli-
cations. Thavindow contains onlya water usage map, which is represented in figbre

andcurve from the front page.


































































