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Abstract

The BAT reference document entitled ‘Production of Chlor-alkali’ forms part of a series presenting the results of an
exchange of information between EU Member States, the industries concerned, non-governmental organisations
promoting environmental protection, and the Commission, to draw up, review and, where necessary, update BAT
reference documents as required by Article 13(1) of the Directive 2010/75/EU on industrial emissions. This document is
published by the European Commission pursuant to Article 13(6) of the Directive. This BREF for the production of
chlor-alkali covers certain industrial activities specified in Sections 4.2(a) and 4.2(c) of Annex | to Directive 2010/75/EU,
namely the production of chlor-alkali chemicals (chlorine, hydrogen, potassium hydroxide and sodium hydroxide) by the
electrolysis of brine.

In particular, this document covers the following processes and activities:
- the storage of salt;
- the preparation, purification and resaturation of brine;
- the electrolysis of brine;
- the concentration, purification, storage and handling of sodium/potassium hydroxide;
- the cooling, drying, purification, compression, liquefaction, storage and handling of chlorine;
- the cooling, purification, compression, storage and handling of hydrogen;
- the conversion of mercury cell plants to membrane cell plants;
- the decommissioning of mercury cell plants;
- the remediation of chlor-alkali production sites.

Important issues for the implementation of Directive 2010/75/EU in the chlor-alkali industry are the conversion and
decommissioning of mercury cell plants, the conversion of asbestos diaphragm cell plants and the use of non-asbestos
diaphragms, electricity consumption, and emissions of chlorine to air and water. The BREF contains seven chapters.
Chapters 1 and 2 provide general information on the chlor-alkali industry and on the industrial processes and techniques
used within this sector. Chapter 3 provides data and information concerning the environmental performance of
installations in terms of current emissions, consumption of raw materials, water and energy, and generation of waste.
Chapter 4 describes the techniques to prevent or reduce the environmental impact of installations in the sector.
In Chapter 5 the BAT conclusions, as defined in Article 3(12) of the Directive, are presented for the chlor-alkali industry.
Chapters 6 and 7 are dedicated to emerging techniques as well as to concluding remarks and recommendations for
future work in the sector, respectively.
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Preface

PREFACE

1. Status of this document

Unless otherwise stated, references to 'the Directive' in this document refer to Directive
2010/75/EU of the European Parliament and the Council on industrial emissions (integrated
pollution prevention and control) (Recast).

The original best available techniques (BAT) reference document (BREF) on Production of
Chlor-alkali was adopted by the European Commission in 2001. This document is the result of a
review of that BREF. The review commenced in March 20009.

This BAT reference document for the Production of Chlor-alkali forms part of a series
presenting the results of an exchange of information between EU Member States, the industries
concerned, non-governmental organisations promoting environmental protection and the
Commission, to draw up, review, and where necessary, update BAT reference documents as
required by Article 13(1) of the Directive. This document is published by the European
Commission pursuant to Article 13(6) of the Directive.

As set out in Article 13(5) of the Directive, the Commission Implementing Decision
2013/732/EU on the BAT conclusions contained in Chapter 5 was adopted on 9 December 2013
and published on 11 December 2013".

2. Participants in the information exchange

As required in Article 13(3) of the Directive, the Commission has established a forum to
promote the exchange of information, which is composed of representatives from Member
States, the industries concerned and non-governmental organisations promoting environmental
protection (Commission Decision of 16 May 2011 establishing a forum for the exchange of
information pursuant to Article 13 of the Directive 2010/75/EU on industrial emissions
(2011/C 146/03), OJ C 146, 17.05.2011, p. 3).

Forum members have nominated technical experts constituting the technical working group
(TWG) that was the main source of information for drafting this document. The work of the
TWG was led by the European IPPC Bureau (of the Commission's Joint Research Centre).

3. Structure and contents of this document

Chapters 1 and 2 provide general information on the production of chlor-alkali and on the
industrial processes and techniques used within this sector.

Chapter 3 provides data and information concerning the environmental performance of
installations within the sector, and in operation at the time of writing, in terms of current
emissions, consumption and nature of raw materials, water consumption, use of energy and the
generation of waste.

Chapter 4 describes in more detail the techniques to prevent or, where this is not practicable, to
reduce the environmental impact of installations in this sector that were considered in
determining the BAT. This information includes, where relevant, the environmental
performance levels (e.g. emission and consumption levels) which can be achieved by using the
techniques, the associated monitoring and the costs and the cross-media issues associated with
the techniques.

t0J L 332,11.12.2013, p. 34.
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Chapter 5 presents the BAT conclusions as defined in Article 3(12) of the Directive.

Chapter 6 presents information on ‘emerging techniques' as defined in Article 3(14) of the
Directive.

Concluding remarks and recommendations for future work are presented in Chapter 7.

4, Information sources and the derivation of BAT

This document is based on information collected from a number of sources, in particular
through the TWG that was established specifically for the exchange of information under
Avrticle 13 of the Directive. The information has been collated and assessed by the European
IPPC Bureau (of the Commission's Joint Research Centre) who led the work on determining
BAT, guided by the principles of technical expertise, transparency and neutrality. The work of
the TWG and all other contributors is gratefully acknowledged.

The BAT conclusions have been established through an iterative process involving the
following steps:

. identification of the key environmental issues for the sector;
. examination of the techniques most relevant to address these key issues;
o identification of the best environmental performance levels, on the basis of the available

data in the European Union and worldwide;

° examination of the conditions under which these environmental performance levels were
achieved, such as costs, cross-media effects, and the main driving forces involved in the
implementation of the techniques;

. selection of the best available techniques (BAT), their associated emission levels (and
other environmental performance levels) and the associated monitoring for this sector
according to Article 3(10) of, and Annex Ill to, the Directive.

Expert judgement by the European IPPC Bureau and the TWG has played a key role in each of
these steps and the way in which the information is presented here.

Where available, economic data have been given together with the descriptions of the
techniques presented in Chapter 4. These data give a rough indication of the magnitude of the
costs and benefits. However, the actual costs and benefits of applying a technique may depend
strongly on the specific situation of the installation concerned, which cannot be evaluated fully
in this document. In the absence of data concerning costs, conclusions on the economic viability
of techniques are drawn from observations on existing installations.

5. Review of BAT reference documents (BREFS)

BAT is a dynamic concept and so the review of BREFs is a continuing process. For example,
new measures and techniques may emerge, science and technologies are continuously
developing and new or emerging processes are being successfully introduced into the industries.
In order to reflect such changes and their consequences for BAT, this document will be
periodically reviewed and, if necessary, updated accordingly.
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6. Contact information

All comments and suggestions should be made to the European IPPC Bureau at the Institute for
Prospective Technological Studies at the following address:

European Commission

JRC Institute for Prospective Technological Studies
European IPPC Bureau

Edificio Expo

¢/ Inca Garcilaso, 3

E-41092 Seville, Spain

Telephone: +34 954 488 284

Fax: +34 954 488 426

E-mail: JRC-IPTS-EIPPCB@ec.europa.eu

Internet: http://eippcb.jrc.ec.europa.eu

Production of Chlor-alkali iii


mailto:JRC-IPTS-EIPPCB@ec.europa.eu
http://eippcb.jrc.ec.europa.eu/

iv

Production of Chlor-alkali



Best Available Techniques Reference Document for the
Production of Chlor-alkali

PREFACE........ercrcnercsennes I
NT 10 ) i XVII
1 GENERAL INFORMATION ...uuuiiiiviiiivnrinssnnccsssncssssnessssscssssssssssssssssssssssssssssssssssess 1
1.1 INDUSTRIAL AND ECONOMIC DEVELOPMENT OF THE CHLOR-ALKALI SECTOR ............ 1
1.2 INDUSTRY SIZE AND GEOGRAPHIC DISTRIBUTION OF CHLOR-ALKALI PRODUCTION
SITES IN THE EU-27 AND EFTA COUNTRIES. ...ccciiiiiieiierieiesieseeesessesiesseseesseeesessessens 3
1.3 TECHNIQUES IN USE .....teuteuietietistestesiesteseeseesteseesessessessessessessessessasessessessessessessessessssessens 5
1.4 CHLOR-ALKALI PRODUCTS AND THEIR USE ....cuveviiiiiiiniesie et 7
14.1 Consumption Of CRIOMINE .......c.oiiiec e 7
1.4.2 Consumption of SOIUM NYArOXIAE .........ccviiiiiiriiieieeee e 8
1.4.3 Chlorine/sodium hydroxide: a delicate balance ..........c.cccooeveiieiie e, 8
144 Consumption of potassium NYdroXide............coeverereieinininee e 9
1.45 Consumption of NYArOgeN .......ccviieii i 10
1.5 ENVIRONMENTAL RELEVANCE OF THE CHLOR-ALKALI INDUSTRY ....coevveieierinnnanens 11
2 APPLIED PROCESSES AND TECHNIQUES .....ccccevvveierrvercssnrcssnnrcscnsscssnsscans 13
2.1 OVERVIEW 1.ttt sttt sttt ettt sttt e e seesease et e s se st e e e e st e ssebeaneebesaete s e teneeneereas 13
2.2 THE MERCURY CELL TECHNIQUE .....ctitiiirierieiestesieste e sie sttt sse s e seeseenassennas 18
2.2.1 General deSCIIPLION .......ccviiiciicice et sresre e 18
2.2.2 The cell and the dECOMPOSET ........c.veviiiiiireeee e 19
2.3 THE DIAPHRAGM CELL TECHNIQUE ....vovviuierietietestesiesiesie st se e ste s aeaesaenaanas 21
231 General deSCIIPLION .......oviiiiiiiie e e 21
2.3.2 TRE CRIL .. e 22
2.4 THE MEMBRANE CELL TECHNIQUE .....uoitiuiiiieiietistestesiesie e see e ses e stesse s e eeseenessennas 25
2.4.1 General deSCIIPLION .......ccviiiciice et sre e 25
24.2 I8 L=X =] SR 26
2.4.3 Monopolar and bipolar eleCtrolySers..........cooveviiiiciiieic e 29
2.5 BRINE SUPPLY ...ttt ettt sttt sttt ettt sttt e e na b e s testesbesnete e s eneanaereas 32
251 Sources, qualities and storage of Salt..........ccocooiiiieiiniiiene e 32
2.5.2 Bring Preparation........ccccoeieieiiieiis s 33
2.5.3 Bring pUTICATION .....ccoiviiiiecce s 33
2531 General deSCIIPLION .....c.veieiicieie ettt srenaenne e 33
2532 Primary pUrifiCation .........cocooiiiiie e s 33
2533 Secondary purification: membrane cell technique ... 34
2534 Control of nitrogen compounds in the BriNe..........cccoeviiieininenseee e 38
254 Brine dechlorination and resaturation .............ccoccvoverinene e 38
255 Chlorate destruction: membrane cell teChniqUe ..........ccoovviiiriniiiiccc 39
2.6 CHLORINE PROCESSING, STORAGE AND HANDLING........cccotvtiiiieee i siteeeeee e e e s e ssvaeeeens 40
2.6.1 General deSCrIPLION .......ccviiieiiice e 40
2.6.2 Y L T 3SR 40

Production of Chlor-alkali A



2.6.3 (070 To] 190 S OS 40

2.6.4 Cleaning of Wet ChIOKINE.........cooiii e 41
2.6.5 DIYING e 41
2.6.6 Cleaning of dry ChlOMNE ........cccoeviii e s 41
2.6.7 COMPIESSION ...ttt b bbb e e are s 42
2.6.8 [T [V TC] 1 1ot £ o o S PRURR 42
2.6.9 Handling and StOFAGE ......cveeveiieiieiecie ettt 43
2.6.10 VAPOTISATION ...ttt 44
2.6.11 Dealing With IMPUIITIES .....ccoiveiiiice e 44
2.6.11.1 OVEIVIBW ...ttt ettt 44
2.6.11.2 WVBLET .o 44
2.6.11.3 [ 1[0 (0T o SRS 44
26.114 NItrogen triChIONIAE ........cviveieiie e 45
2.6.11.5 [T 0] 1] 0T PSSR 45
2.6.12 The chlorine abSOrption UNIt.........coeoiiiiiiiiieeee s 45
2.6.121 PUIPOSE ... e 45
2.6.12.2 ChemiCal FEACLIONS. ... ...eiuieiieiie ettt s sre s 47
2.6.12.3 Use and treatment of the produced bleach............ccccoe i, 48

2.7 CAUSTIC PROCESSING, STORAGE AND HANDLING......cvvviiiiiieeecitiee e s seirre e eneee e 49
2.8 HYDROGEN PROCESSING, STORAGE AND HANDLING .....cceeeiiiiieceiiie e cciee et 51
2.9 PRODUCTION OF CAUSTIC POTASH ....vviiiiiitieeeeiteeeeesteeeesstreeesstaeeessnbaeeessbseeessseesessnns 52
3 CURRENT EMISSION AND CONSUMPTION LEVELS 55
3.1 IR 2T0] 510 o i (o] F USRS 55
3.2 OVERVIEW OF EMISSION AND CONSUMPTION LEVELS OF ALL CELL PLANTS.............. 57
3.3 CONSUMPTION LEVELS OF ALL CELL PLANTS ..cittitieiitteeeeiitreeeesitreeeesetveeeesennreeesensreeens 59
3.3.1 Sodium chloride/potassium chloride...........ccocooviiiiiieiiiei e 59
3.3.2 WVBLET ...ttt b bbbt b e e e 60
3.3.3 ANCHIANY MALEITAIS.......iieiiiieee e 62
3.34 0T 0 SR OPRRSI 64
3341 L@ -1 64
3.34.2 Energy consumption for preparation and purification of raw materials ................. 65
3.34.3 Energy consumption for the electrolysis..........cccvveviiiiiicic s, 65
33431 General CONSIABIALIONS .........vivieeeieie e ettt ene s 65
3.34.3.2 Energy consumption of mercury Cells ........c.coovvrviiiiiiiiiiceceree e 67
3.3.4.33 Energy consumption of diaphragm cells..........cccoooiiiiiiiiiniiii 68
3.34.34 Energy consumption of membrane cellS ... 68
3.34.35 Comparison of electrolysis CES ..o 69
3.3.4.3.6 Production of caustic Potash ..o 70
3.344 Energy consumption for caustic soda concentration............ccocceoveeeieenencsenenennens 70
3.34.5 Energy consumption for auxiliary eqUipment...........cccooereienenieieeiene e 71
3.34.6 Comparison of the three cell teChNIQUES............ccoeiviiiiiiiec e, 72

3.4 EMISSIONS AND WASTE GENERATION FROM ALL CELL PLANTS ..covitvieriiieiieeesireeeiens 74
34.1 L@ Y 1 O 74
3.4.2 Emissions from the storage and handling of solids ...........c.ccocevviiiiiiiiiiiine 75
3.4.3 Emissions and waste generation from the brine circuit ..........c..cccooveveveiinn, 75
3431 OVEIVIBW ...ttt ettt b e bbb st b e bbbttt e nr et nr e nbe e 75

vi

Production of Chlor-alkali



3.4.3.2 S 1TSS 10 A (o -1 ST RRTRR 75

3433 EMISSIONS 10 WALET .....oveitiieiiciiriecie ettt 76
34331 OVEIVIBW ...ttt sttt et bt sa et bt ne e ebe st ebe e 76
3.4.33.2 SUIPNALE ... 76
3.4333 L0 0] 0] 1o [P USUURPSRRPN 77
34334 Free CRIOMINE. ..o e 78
3.4.3.35 Chlorate and Bromate ..o 80
3.4.3.3.6 Heavy metals eXCEePt MEICUNY ........ceiveiiiriiiieese e 81
3.4.3.3.7 Organic COMPOUNGS.........cuirieiiririeieete ettt ere e 82
3.4.3.3.8 Halogenated organic COMPOUNGS ........cccerveieeieeieresese e 83
3.4.3.3.9 SUIPNITE ottt 84

3434 GENEratioN OF WASTES ..ottt 84

344 Emissions and waste generation from chlorine processing, storage and
RANAIING ... e 86

3441 OVBIVIBW ...ttt sttt sttt s s et e b st e sbesbeeseereensesbesbesteaneeneas 86

3442 EMISSIONS 0 @11 ....veeiiieieeste et b e 86
34421 Carbon IOXIAE ..ot e 86
34422 L0801 (o] 13T RSP PPRTPR 86
34423 L0801 (o] T TN [0 ) [o ST 87
34424 Carbon tetraChloride ........coviieieee e 88
34425 RETTIQEIANTS ... e e 88

3443 g LT [0 (6NN L PP 89

3444 GENEratioN OF WASTES .....vevieieiiiiieeieeie et se et s sne e 89
34441 Spent sulphuric acid from chlorine drying ........cccccovevivvie i, 89
3.4.44.2 Carbon tetraChloride ........coviieieee e 89
34443 BIEACKH ... e s 89

345 Emissions and waste generation from sodium and potassium hydroxide
PrOCESSING ... eveetteiteeteeite st et e te et e st e et e et e sbeeseesbesteestesbeeseesbeeteebesaeessesteaneesreereenrens 90

3.4.6 Emissions from hydrogen proCessing.........cuouveevererieeeieneneseneseeseeeeesennes 90

3.4.7 Emissions during other than normal operating conditions............cc.cccceevveene. 91

3471 Emissions during start-up and shutdown operations ............ccccocevvvneniincneinenn 91

34.72 Emissions during incidents and acCidents ..........cocooviriininiineneneeses 91

3.4.7.3 Emissions during deCoOmMmMIiSSIONING .......ccvveiveiieiieeiee e eseesie et e e 91

3.4.8 EMiSSIONS OF NOISE.....cviiiieieiiiie st 92
3.5 EMISSION AND CONSUMPTION LEVELS AND WASTE GENERATION FROM MERCURY

LI I N N 93
35.1 OVBIVIBW ...ttt ettt st et s te s e be s se et e teeneenaesteeneesteeneenne s 93
3.5.2 MEICUIY TN CRIIS ... 93
3.5.3 Reporting of figures per chlorine Capacity ..........ccocevvriiiici e 96
354 ConsUMPLION OF MEICUNY ......cvviiiiiieie sttt 96
355 Overall mercury emissions and waste generation ............cccceeveeevereerenesneniens 96
3.5.6 EMISSIONS T0 @11 ....eivieie ettt 102

35.6.1 OVBIVIBW ...ttt bbbttt bbbt bt et e e et et bt eane e 102

3.5.6.2 (00 | I (o To oY =T o1 ] =LA o] o 103
3.5.6.2.1 EMISSION TEVEIS......ciiiiiiciccees et s anes 103
3.5.6.2.2 INFIUENCING TACLOIS. ... i 104

3.5.6.3 PrOCESS EXNAUSE ...ttt bbb 105
3.5.6.3.1 L@ =L S 105
3.5.6.3.2 Vents from the brine SYStEM ..o 106
3.5.6.3.3 Vents from CauStiC PrOCESSING ... c..ovverererireeieie ettt 107
3.5.6.34 Burnt or emitted hydrogen ..........ccooeiiiiieiineee e 107

Production of Chlor-alkali vii



3.5.6.3.5 VENtS FTrOM SEOFAGE ... cveiieeiieiie et 107

3.5.6.3.6 Exhausts and vents from the recovery retort.........ccoccvevviveveievece e 108
3.5.6.3.7 Vents from WOrKSHOPS .....c..oveiiiiiec e 108
3.5.7 EMISSIONS 10 WALET ......ovieiiiieieeies e 108
35.7.1 OVEIVIBW ...ttt ettt b ettt et st e st e bt e bt e s e et e e e sbenbesbeebeene e 108
3.5.7.2 EMISSION TEVEIS ...t 109
3.5.7.2.1 Y [=] (ol TP P PP TP 109
35.7.2.2 SUIPNIAES. ...t 109
3.5.8 EMisSioNs Via ProUCES .......cecveiieiicic ettt 110
3.5.9 GENEration OF WASLES.......civeeiiiiieie sttt st ere e 110
3591 OVEIVIBW ..ttt sttt ettt b ettt ettt st et et e e bt e s e e neeseesbenbesbeebeene e 110
3.5.9.2 Solids from brine purifiCation...........ccoeoiiiiiiiieice e 111
3.5.93 Solids from caustic fIltration..........cocoveiiieieiie e 112
3.5.94 Solids from waste water treatmMent...........coocuviiieiiieie e 112
3.5.95 Activated carbon from treatment of gaseous Streams ...........ccocevverervnereenienns 112
3.5.9.6 Graphite from decomposer PACKING ........c.cooeiiereieieneese e 112
3.5.9.7 RESIAUES TrOM FEIOMS ...ttt 113
3.5.9.8 Wastes from maintenance and renewal............ccoceveieienininie s 113
3.5.9.9 Waste generation IEVEIS ..o 113
3.5.10 Mass balance CalCUIAtioN ..........ccooveiiiiiiiie s 115
3.5.11 Emissions and waste generation during other than normal operating
[o1] T 11 1T 1SR 116
35111 Emissions during start-up and shutdown Operations.............cccccvvvveviereereeiennens 116
3.5.11.2 Emissions during incidents and aCCidents. ..........ccoceveireneinencnseneee e 116
3.5.11.3 Emissions and waste generation during decommissioning..........c.ccoeevvcererinenen. 117
3.6 EMISSION AND CONSUMPTION LEVELS AND WASTE GENERATION FROM
DIAPHRAGM CELL PLANTS ..t etteiteettetesteeeestesseeseesteeseeseesseessesssasesssesssessessesssessessenssens 119
3.6.1 OVBIVIBW....ce ettt ettt et et te et et sreesaentesneeseesteeneenenaneentens 119
3.6.2 ConSUMPLION TEVEIS......c.uiiiciiicec e s 119
3.6.3 EMISSIONS 10 @I .....viiiiiciiic ittt 119
3.6.4 EMISSIONS 10 WALEE ... .eviieieieieeee et 120
3.6.5 GENEration OF WaSTES.......cviiiiiiiieieie et 120
3.7 EMISSION AND CONSUMPTION LEVELS AND WASTE GENERATION FROM
MEMBRANE CELL PLANTS ....ttiuttitteteetesieeseestesseeseesteaseesaesseessessesseessesseessessesnsessesseensens 122
3.7.1 Consumption and emisSioN IBVEIS...........cocecveieiie i 122
3.7.2 GENEration OF WASLES.......civeiiiiiieie ettt seeere e 122
3.8 HISTORICAL CONTAMINATION OF CHLOR-ALKALI SITES ....ootviierireiieiesieeieenee e 123
3.8.1 OVEIVIEW....ee ittt ettt ettt et s et st be et e e be e st e e ebeeetbeebe e sbeesbeesaeesanesans 123
3.8.2 IVIBICUINY ..ttt ettt bttt ettt bt e bt et et enbeenteas 123
3.8.3 PCDDs/PCDFs, PCBs, PCNS and PAHS........coooiiiie e 126
4 TECHNIQUES TO CONSIDER IN THE DETERMINATION OF BEST
AVAILABLE TECHNIQUES 129
4.1 MERCURY CELL PLANTS .t ttteitttestetesiteessteeestaeessbeesssbeesstesssssesssbesssssessssesssenssnsessssees 130
411 Techniques to reduce emissions of mercury and to reduce the generation of
waste contaminated With MEICUNY .........ccocoviriieiieiiisese s 130
4.1.2 Conversion of mercury cell plants to membrane cell plants..........c..cccocvevenes 130
4.1.3 DECOMMISSIONING ...eoutiieeiiiieeie sttt sttt seeeneenee 142

viii Production of Chlor-alkali



4131 DecoOmMMISSIONING PIAN ..ot 142
4132 Wastes consisting of elemental mercury or wastes contaminated with mercury.. 152
4.2 DIAPHRAGM CELL PLANTS . .cettitteitestesteesieste sttt sieestesbesseesbesbeesbesbesssesbesneesnesnesseeseas 153
4.2.1 Techniques to reduce emissions of asbestos and to reduce the generation of
aShest0S-CONLAINING WASTE ........ccveviieieiiisie s 153
4.2.2 Asbestos-free diaPNragMS .........ocviieiiiiee e 153
4.2.3 Conversion of ashestos diaphragm cell plants to membrane cell plants ......... 158
4.3 DIAPHRAGM AND MEMBRANE CELL PLANTS ...coitiiie ittt e citee e ettee e et e e nree e neeas 161
431 Environmental management SYStEMS ........cuoviirereneiieiisesese e 161
4.3.2 Techniques to reduce the consumption of raw materials ..............cccocevvviienine 161
4321 SAIE ettt b 161
43211 ChOiCe OF SAIL TYPR ..o 161
43212 Techniques to reduce the consumption of salt...........ccccccviiiiniiiiiicnnn, 162
4.3.2.1.3 Recycling of waste water from other production processes ...........c.ccocvevnene 162
4322 LT L] OSSPSR 164
43221 OVEIVIBW ..ttt sttt sttt e ene s et e e seentenreaneenes 164
43222 Brine reCirCUAtiON ..........ooviiiieiciee e 164
4.3.2.2.3 Recycling of other proCcess Streams ...........cevvevieeieere e 165
43224 Concentration of brine filtration SIUAQES ........c.cccvvviviieiiei e, 166
43225 Use of waste water for solution mMining..........cccoevvivvirninieeiennnese e 167
4.3.2.2.6 Use of waste water in other production Units ...........ccceevviveiereniennnicsinneenns 168
4.3.2.2.7 Miscellaneous tEChNIQUES .........cviieie e 168
4.3.2.2.8 Combination of techniques to reduce the generation of waste water ........... 168
4.3.2.3 ENEIQY e e e 170
43231 High-performance bipolar membrane cells..........ccocvoviiiiiiieieiiiicns 170
43.23.2 High-performance membranes ............ccocovveieierene s 176
4.3.2.3.3 High-performance electrodes and coatings ..........ccccocevereninienienesenesceeas 178
4.3.2.34 High-purity DIINE ......coiiiiie e 179
43.235 Iron(111) meso-tartrate as an anti-caking agent .........ccococvviveverenencesneennnn, 180
4.3.2.3.6 Once-through brine SYSTEM .........ooiiviiiieeee s 182
4.3.2.3.7 Use of hydrogen as a chemical reagent or as a fuel for combustion............. 185
4.3.3 Techniques for monitoring of @MISSIONS .........cccvieieinieiire e 187
4331 L@ T Y 11 TSR 187
4332 Common issues of all monitoring teChniqUEs ..o, 187
4.3.3.3 Monitoring techniques and freqQUENCIES ........cccveveeiieiiiie e 187
4334 Monitoring of chlorine and chlorine dioxide in air .........c.ccococveiiiniiiiniinen, 189
4335 Monitoring of free Chloring iN Water ...........ccoceviiiiiiiiiree e 191
4.3.3.6 Monitoring of halogenated organic compounds in Water ...........ccccceeevenercrennns 192
434 Techniques to prevent or to limit the environmental consequences of
accidents and INCIAENTS.........coviviieie e 193
435 Techniques to reduce emiSSIONS 10 Al ........ccervereerieieirese e 200
4351 The chloring abSorption UNIt ..o 200
4.35.2 Scrubbing with hydrogen peroxide to reduce emissions of chlorine dioxide....... 206
4353 Carbon tetrachloride-free chlorine purification and recovery .........cccccocvceveenene. 208
4354 Use of refrigerants without ozone depletion potential and with low global
WArMING POLENTIAL .....eiveieiieceeieiee e sre e 210
4.3.6 Techniques to reduce emiSSIONS t0 WALET ...........ccoeereieeieniiee e 213
4.36.1 Techniques to reduce emissions of sulphate ... 213
4.3.6.1.1 OVEIVIBW ...ttt bbbttt bbbttt sb bbb enes 213
4.3.6.1.2 Crystallisation of sodium sulphate ..........cccceveveviviniieee e 213
4.3.6.2 Techniques to reduce emissions of ChlOride........ccccevevivviv v, 214

Production of Chlor-alkali ix



4.3.6.2.1 OVEIVIBW. ...ttt ettt ettt e ettt e e et e e e st e e e s sab b e e s et ba s e s bt e e e s sabbeessabaneesnens 214

4.36.2.2 NANOFIFALION ... 214
4.3.6.3 Techniques to reduce emissions of free chloring..........ccccocvvvvvivecciecccc s 217
43.6.3.1 OVBIVIBW. ...ttt sttt st et st ebe et et seesbesreeneas 217
4.3.6.3.2 Common issues for all techniques to reduce emissions of free chlorine....... 218
4.3.6.3.3 Chemical redUCTION ..o 218
4.3.6.3.4 Catalytic deCOMPOSILION........ccieiiieie e eneas 220
4.3.6.35 Thermal deCOMPOSITION .......coveiviiiiiei e 223
4.3.6.3.6 ACIdIC dECOMPOSITION ..o 224
4.3.6.3.7 Use of waste water streams containing free chlorine in other production
UNTES Lottt ettt sttt ettt ettt b et b et et e e nne e 225
4.3.6.4 Techniques to reduce emissions of ChIOrate .........c.ccceveviieiiivcicc e 226
43.6.4.1 OVEIVIBW....cevivtiisieie sttt sttt ettt r et se e et e e te e saese e ssnse e nenns 226
43.6.4.2 Brine acidification...........cooiviiiiiiie s 226
43.6.4.3 ACIHIC FEAUCTION ...ttt st aneas 229
4.3.6.4.4 (017 1Y (o3 =0 [0 o1 T o SR 232
4.3.6.45 Use of waste water streams containing chlorate in other production units ...233
4.3.6.5 Techniques to reduce emissions of halogenated organic compounds................... 234
4.3.7 Techniques to reduce the generation of sulphuric acid waste............c.cccocue..... 235
43.7.1 USE 0N SItE OF OFF ST ....cveeeiieiee et 235
4.3.7.2 Reconcentration of spent SUIphuric acid.........c.cocveriiiniininee e 236
4.3.8 Techniques to reduce emissions Of NOISE.........cccccvvveveiieeic i 238
4.4 TECHNIQUES FOR THE REMEDIATION OF CONTAMINATED SITES ..vvvvivvviiiiieiieeesineenns 239
44.1 OVEBIVIBW ...ttt sttt b sttt bbbttt enne s 239
4472 Site remediation PIaN ... 239
443 CONLAINIMENT.....c.tiieiieieiee ettt et reene e 241
444 DECONTAMINALION ......iiviiiie e 243
4.4.4.1 OVEIVIBW .ottt ettt ettt e bt et st et e e bt et st ene e s bese s nnens 243
44472 Thermal deSOIPLION .....c.viviiieiie e 244
4443 SO WASNING ...ttt 246
5 BEST AVAILABLE TECHNIQUES (BAT) CONCLUSIONS.....ccccctceeessnnneces 249
010 = OSSR 249
GENERAL CONSIDERATIONS. .. .tttiittteitteeitteesteesstteestesasteesssteesssseessssssnsseesssessnssssssseesssssesseenns 250
= ] T N ST SPR 251
BAT CONCLUSIONS .....ceiiititeiitteeitteestessteeessteeessseessteesteeesstesaseeessaeesnsesessseeassesessenesnsenesssessnees 252
5.1 CELL TECHNIQUE ...cctvieitee ettt ettt s et sate e st e e stbe e e ta e e stae e sntaeeanteesntesanteeesnbeennnes 252
5.2 DECOMMISSIONING OR CONVERSION OF MERCURY CELL PLANTS ....cccvvviniiienreenieen 253
5.3 GENERATION OF WASTE WATER....c.utteiteeestteesieesteeesstesenaeeastneesnseeessseesssessnsenesnsessnnes 255
54 ENERGY EFFICIENCY ..iiittieiiiieiiitesiteeasieeesibeesbeeesibeassbeeesbseessbeesssbessseessssessnneessssessnnes 256
55 MONITORING OF EMISSIONS .....vtiititeriteeastetesiieesbeesssteesnbeesssseessbeesssseesssesssssessssessssens 257
5.6 Y ST (N ST @ - | SR 258
5.7 EMISSIONS TOWATER ....vvieiieeiiteeesiie e e steeessteestee e snteeestaeessaeesnteeesnteeasaeesseeeanseeesneesnnnes 260
5.8 GENERATION OF WASTE ..ttteitieiteesitessteasieesteesteessesssesssssassssssesssesssessssssssesnsesssesssesssens 262
5.9 SITE REMEDIATION ....utiiiteeectieesteeesieeesite e e staeesseessnteeessteesaeeasaeesnteeessseesnsessnsenesnsessnnes 263
LTI 0 1510 Y 2SRRI 264

X Production of Chlor-alkali



6 EMERGING TECHNIQUES .........oirrenrernennennesannsnesncssnssnesssssssssssssssessaes 265

6.1 OVERVIEW ...ttt e ettt e e et e s ettt e ee e e s e st e et e eessaes s bttt eeessaeabaraeeteeessnsnrseeeees 265
6.2 OXYGEN-DEPOLARISED CATHODES ....vvvvttteetieseiteeetesesssesessseeesesssssssssssssesesssssssssssseess 266
6.3 FOUR-STAGE CAUSTIC EVAPORATOR IN MEMBRANE CELL PLANTS.....ccovvvvrvriiireeennn 270

7 CONCLUDING REMARKS AND RECOMMENDATIONS FOR FUTURE

WORK.....coivnriernricnnnecnns 273
8 ANNEXES....iittturiicrcsnnnicssssnnresssssssesssssssssssssasssssssssssssssssssssssssssssssssssssssssssssssssssasss 275
8.1 INSTALLED CHLORINE PRODUCTION CAPACITIES ....oiviviieiesieiesiesiesiesiesie e essessesiens 275
8.2 TECHNIQUES TO REDUCE MERCURY EMISSIONS AND TO REDUCE THE GENERATION
OF WASTE CONTAMINATED WITH MERCURY ....ovitiitiiieieieieieeeresieseeseesseseeeesessensens 278
8.2.1 OVEIVIBW ...ttt sttt sttt neans 278
8.2.2 Summary of techniques to reduce mercury emissions and to reduce the
generation of wastes contaminated With Mercury ..........cccccceevevveiiveicne e, 278
8.2.3 Reduction of mercury emissions to air, including hydrogen.............c.cccoouve.... 284
8.2.3.1 Removal of mercury from process eXNausts ..........ccccveverierieerieeresiesieesee e 284
8.2.3.2 Removal of mercury from hydrogen ... 285
8.2.4 Reduction of mercury emissions t0 WALer ...........ccoceveieerieieceenese e 286
8.25 Removal of mercury from CauStiC SOUa.........ccoerveieiiiiiiiiirce e 286
8.2.6 Treatment of wastes contaminated with mercury..........ccccoovovveneniicinennnen, 287
8.3 TECHNIQUES TO REDUCE EMISSIONS OF ASBESTOS AND TO REDUCE THE
GENERATION OF ASBESTOS-CONTAINING WASTE ...vcveveierieierieresteseeseessesseeesaasensens 290
GLOSSARY auuueiiiiiinniicssssnniecsssssssessssssssossssssssssssssssssssssssssssssssssssssssssssssssasssssssssssssssssasss 295
[ ISO COUNTRY CODES ....ceutiuieuietiaiiatesiesteseestesteseesessessessesseseesseseesessessessessessessessensessessenensenses 295
[T, MIONETARY UNITS c.ettiieiiesieseesieieete sttt ssestesae st stessesseseeseenessesseebessessenseseensenessennas 296
[11. SYMBOLS COMMONLY USED IN THIS DOCUMENT ...cvtitiiiiieieiereeaeresiesie e see e ssesseaeseenas 296
IV UNIT PREFIXES .. .cttiteitetesieseeseeiestestestesaesteeeseeseasessesaestestetesteseeseeneasessestessessesaensessenensennas 297
W UNITS ottt ettt st e s e Rt s e bt e bbbt e e st et e e b e e be s benbe st et e st eneareanas 297
V1. CHEMICAL ELEMENTS ...vititeiesiestesestestestestessessesaesasssssessessessessessessesassassessessessessessassssenses 298
VII. CHEMICAL FORMULAE COMMONLY USED IN THIS DOCUMENT ....coviuiireiieiesieieieneesenas 299
V1. ACRONYMS AND DEFINITIONS ...cvtitiititeseesieseeseasessessessessessesseseesessessessessessessessessssessesses 300
REFERENCES ......tiiiiiinniicnnnicnnnnisssssisssssisssssssssssssssssssssssssssssssssssssssssssssssssssssss 303

Production of Chlor-alkali xi



List of Figures

Figure 1.1:  Share per region of world chlorine production capacities in 2012...........ccccceeeveveierennnnnnn, 1
Figure 1.2:  Development of chlorine production and utilisation ratio of plant capacity in the EU and

EFTA COUNTTIBS ...ttt sttt sttt et et sb et e s beene e st et e nbeseeebenre e 2
Figure 1.3:  Chlor-alkali production sites in the EU-27 and EFTA countries as of January 2013............. 3
Figure 1.4:  Annual chlorine production capacities in the EU-27 and EFTA countries as of January

40 TSSOSO 4
Figure 1.5:  Share of cell techniques to chlorine production capacity in the EU-27 and EFTA

COUNITES 1.ttt ettt ettt ettt ettt et b e ekt b e e e bbb e bt s bt e b e eb et e b e s b et e b e st e e b s be e ebe st e enentns 6
Figure 1.6:  Chlorine applications in the EU-27 and EFTA countries in 2012.........cccccoevvevevenenesnnnnnn, 7
Figure 1.7:  Caustic soda applications in the EU-27 and EFTA countries in 2012.........cccccocevvvevesrnnnnnn, 8
Figure 1.8:  Caustic potash applications in the EU-27 and EFTA countries in 2009 ..........c.cccceovnernenen. 9
Figure 2.1:  Typical flow diagram of the three cell teChNIQUES ...........cccovriiiiiiiiii 14
Figure 2.2:  Schematic view of chlorine electrolysis Cells.........ccoovviiiieiiiii i 15
Figure 2.3:  Schematic view of a mercury electrolysis cell with horizontal and vertical decomposers...18
Figure 2.4:  View 0f @ MErCUry CEIl FOOM....c..ciiiiiiiiiii s 20
Figure 2.5:  Flow diagram of the integration of the membrane or mercury and the diaphragm cell

TECNNMIGUES ...t bbbt b etk b e bbbttt b e nn e 21
Figure 2.6:  Schematic view of a typical monopolar diaphragm cell..........ccccooveiveii i 23
Figure 2.7:  View of an open-air diaphragm cell room equipped with monopolar electrolysers............. 23
Figure 2.8:  Flow diagram of the integration of the membrane and mercury cell techniques.................. 26
Figure 2.9:  Schematic view of a typical bipolar membrane electrolysis cell...........c.cooovviniininiinenn 27
Figure 2.10: View of a membrane cell room equipped with bipolar electrolysers ...........cccooevvveviveiennns 27
Figure 2.11: View of a membrane cell room equipped with monopolar electrolysers .........c.ccceevevernnnne 28
Figure 2.12: Schematic View 0f @ MEMDIaNE. ..ot s 29
Figure 2.13: Simplified scheme of monopolar and bipolar electrolysers ... 30
Figure 2.14: EIeCtrolySer arChitECIUIE........ccviiii et e st reeteeaenrae s 30
Figure 2.15: Flow diagram of a possible layout for the brine system used in the membrane cell

LE=T0t 0] 1T [0TSRSO POSRPR 34
Figure 2.16: View of polishing filters in a secondary brine purification System ..........c.cccceveviveviveinnnns 35
Figure 2.17: View of chelate resin towers in a secondary brine purification system.........c.ccocecvvviinenn. 36
Figure 2.18: View of a chlorine abSorption UNIt...........ccccoiiiiiiiiiiee s 46
Figure 2.19: View of caustic production and SLOFAge .........c.ccveiveiieiiiic e 49
Figure 3.1:  Cell voltage and specific electrical energy consumption versus cell current density for

the mercury Cell tECRNIGUE ........ccuoiuiiiiiie e 66
Figure 3.2:  Specific electrical energy consumption versus cell current density for the different

chlor-alkali electrolysis tEChNIQUES ......ccvoviiie s 69
Figure 3.3:  Major potential sources of emissions and waste in a membrane cell plant .............c.cc.o...... 74
Figure 3.4:  Trend of mercury emissions from mercury cell plants in Western Europe (OSPAR

countries) from 1977 10 1998 ..ot e 100
Figure 3.5:  Trend of mercury emissions from mercury cell plants in the EU-27 and EFTA countries

FrOmM 1995 £0 2013 ... .ottt bttt 101
Figure 3.6:  Major solid waste sources in mercury cell plantS...........cccooeeiiiiiiiiinineee e 111
Figure 3.7:  Trend of the average difference to balance for chlor-alkali plants in OSPAR countries

Lo T A (o 220 < S 115
Figure 4.1:  Main changes for the conversion of a mercury cell plant to a membrane cell plant .......... 130
Figure 4.2:  View of the deposition of an ashestos-free diaphragm on a cathode............cccceovcererinenns 154
Figure 4.3:  Impact of technological development of the bipolar membrane cell technique on

specific electricity consumption and maximum current denSities ..........cccoceveveiencienene. 171
Figure 4.4:  Choice of current density based on capital costs and electricity prices.........cccoceveerierennns 174
Figure 4.5:  Flow diagram of brine recirculation and once-through brine processes..........cc.ccoevrevrvanins 183
Figure 4.6:  Flow diagram of a possible layout of a chlorine absorption unit with two absorption

(o70] 1] 40 SOOI 201
Figure 4.7:  Flow diagram of a possible layout of a chlorine absorption unit with an ejector system

connected to an abSOrption COIUMN ..........oiiiiii i e 202
Xii Production of Chlor-alkali



Figure 4.8:  Flow diagram of a catalytic decomposition fixed-bed reactor process installed on the

blowdown stream of a chlorine absorption UNit...........c.coeeiiiiiiiii e 221
Figure 4.9:  Effect of pH value on the location of iron hydroxide precipitation in membranes............ 228
Figure 4.10: Flow diagram of acidic chlorate redUCtion ............ccccocvivrieeiieienese e 229
Figure 4.11: Flow diagram of the on-site thermal desorption system used at a chlor-alkali site in

TAIPET (TAIWAN) .ottt bbbt e et b et nn et 245
Figure 4.12: Flow diagram of a Soil Washing SYStEM ..........ccoiiiiiiiiiiince e 247
Figure 6.1:  Schematic view of a three-compartment, finite-gap membrane cell with an oxygen-

depolarised cathode (Bayer/UNde deSign) .......ccccereiiiereinineisienieesie s 267
Figure 8.1:  Example of handling of ashestos at the Dow plant in Stade (Germany).........c.coceevevrvevenen. 291
Production of Chlor-alkali xiii



List of Tables

Table 2.1:  Main typical characteristics of the different electrolysis techniques ..........cccccoeevevviiinenns 17
Table 2.2:  Typical configurations of a monopolar and a bipolar membrane cell plant ...............c......... 31
Table 2.3:  Typical compositions of sodium chloride used in chlor-alkali electrolysis.............cc.ccoeuee. 32
Table 2.4:  Typical impurities with sources and effects on the membrane cell technique, as well as

typical brine SPECITICALIONS........ccciiii i e 37
Table 2.5:  Trade-offs in chlorine gas iQUETaCtioN..........ccciveviie i 43
Table 2.6:  Typical compositions of potassium chloride used in chlor-alkali electrolysis..................... 52
Table 2.7:  Caustic potash specifications from different SUPPIIErS........ccooeiiiieniiinc e, 53
Table 3.1:  Example table explaining how emission and consumption data are typically displayed in

the tables of this ChaPEr ... 56
Table 3.2:  Overview of the main emission and consumption levels in chlor-alkali plants in the EU-

27 and EFTA countries in 2008 to 2011 using a brine recirculation system............c..ce..... 58
Table 3.3:  Salt consumption in chlor-alkali plants with brine recirculation in the EU-27 and EFTA

COUNLries iN 2008 10 2011 ......oiiiiieiieiie ettt bbb e b sr s 59
Table 3.4:  Consumption of water as solvent for caustic production..............ccoccevvevieviverieece e 60
Table 3.5:  Waste water generation in chlor-alkali plants in the EU-27 and EFTA countries in 2008

L0 I8 USRS 61
Table 3.6:  Use of main chemical auxiliaries in chlor-alkali plants using a brine recirculation

O] 0101 J TP TR TP PP PPPVPPTOPRPTPN 62
Table 3.7:  Consumption of main chemical auxiliaries in chlor-alkali plants in the EU-27 and EFTA

CoUNtries iN 2008 10 2011 ......oiiiiieciieeeieeeie ettt re et see st e eneens 63
Table 3.8:  Consumption of carbon tetrachloride by chlor-alkali plants in the EU-27.............c..ccoc....... 63
Table 3.9:  Operating conditions and electricity consumption of the chlor-alkali electrolysis cells in

the EU-27 and EFTA COUNTIIES ....c.viiuiitiitiitieiieieie sttt 67
Table 3.10: Operating conditions and electricity consumption of monopolar and bipolar chlor-alkali

membrane electrolysis cells in the EU-27 and EFTA COUNLIIES.......cccovvrvriveierenene e 69
Table 3.11:  Caustic concentration at the cell outlet and steam consumption for caustic concentration

in chlor-alkali plants in the EU-27 and EFTA COUNLIIES .......ccovveiiiriiiicrieicc e 70
Table 3.12:  Energy consumption for auxiliary processes of chlor-alkali plants in the EU-27 and

L I o1 1 1 TSP 71
Table 3.13:  Total energy consumption of chlor-alkali plants in the EU-27 and EFTA countries ........... 72
Table 3.14: Emissions of sulphate to water from chlor-alkali plants in the EU-27 and EFTA

COUNEFiES iN 2008 10 2011 .....oiiiiiieiieiie et bbbttt se bbb 77
Table 3.15:  Emissions of chloride to water from chlor-alkali plants in the EU-27 and EFTA

COUNEFIES iN 2008 10 2011 .....oiiiiiieeieieie e bbb e bbb 78
Table 3.16: Emissions of free chlorine to water from chlor-alkali plants in the EU-27 and EFTA

coUNtries iN 2008 10 2011 ......coeieieeieee ettt ne et e ne e eneenes 79
Table 3.17:  Emissions of chlorate to water from chlor-alkali plants in the EU-27 and EFTA

CoUNtries iN 2008 10 2011 ......oeieieceee ettt ne e et seenne e eneens 80
Table 3.18: Emissions of bromate to water from chlor-alkali plants in the EU-27 and EFTA

coUNtries iN 2008 10 2011 ......ccviiueresiieeeeeeie ettt reene e aesrenrenreeneens 81
Table 3.19:  Emissions of heavy metals to water from chlor-alkali plants in the EU-27 and EFTA

COUNEFIES iN 2008 10 2011 ..ottt bbbttt e bbb 82
Table 3.20:  Emissions of organic compounds to water from chlor-alkali plants in the EU-27 and

EFTA countries in 2008 t0 2011 .......coeiuiiiiieieiieieeesie ettt 83
Table 3.21:  Emissions of halogenated organic compounds to water from chlor-alkali plants in the

EU-27 and EFTA countries in 2008 10 2011 ........cocoiiiiieiiniiieie e 84
Table 3.22:  Generation of sludges from primary brine purification in chlor-alkali plants in the EU-

27 and EFTA countries in 2008 t0 2011 ......c.ooveierereireeeeeesese e ste e e e see e sseens 85
Table 3.23:  Emissions of chlorine to air from chlor-alkali plants in the EU-27 and EFTA countries

1N 2008201 1......c0eciieieite e sttt sttt e et et e et e st et et et et e b e b s e besa e s et e st e e be st e e ere e 87
Table 3.24:  Emissions of carbon tetrachloride by chlor-alkali plants in the EU-27 in 2006 to 2011......88
Table 3.25:  Emissions of refrigerants by chlor-alkali plants in the EU-27 in 2008 to 2011 ................... 88
Table 3.26:  Generation of sulphuric acid waste in chlor-alkali plants in the EU-27 and EFTA

COUNEFIES iN 2008 10 2011 ...ttt bbbttt e bbb 89
Xiv Production of Chlor-alkali



Table 3.27:

Table 3.28:

Table 3.29:

Table 3.30:
Table 3.31:

Table 3.32:

Table 3.33:

Table 3.34:

Table 3.35:

Table 3.36:

Table 3.37:

Table 3.38:

Table 3.39:

Table 3.40:
Table 3.41:

Table 3.42:

Table 3.43:
Table 3.44:

Table 4.1:
Table 4.2:

Table 4.3:

Table 4.4:

Table 4.5:

Table 4.6:
Table 4.7:

Table 4.8:

Table 4.9:

Table 4.10:

Table 4.11:

Table 4.12:

Table 4.13:
Table 4.14:

Share of hydrogen emitted by chlor-alkali plants in the EU-27 and EFTA countries in

2000 1ttt Rt £ R R £ttt Rt Rttt bR e teten e b e nenre e 90
Emissions of noise from chlor-alkali plants in the EU-27 and EFTA countries in 2008 to
0 OSSOSO 92
Amounts of metallic mercury on sites of mercury cell plants in the EU-27 and EFTA
countries iN DECEMDEN 2012 .......ccoviiiiriiieirieeese et 94
Mercury emissions from individual mercury cell plants in 2013...........cccceeeveieiieieceenen, 98
Mercury emission data from the EMECAP project and Euro Chlor for three mercury

cell plants in 2002/2003...........cviirieiiiieeee e 102
Emissions of mercury to air from the cell room from mercury cell plants in the EU-27

and EFTA countries in 2008/2009..........ccoiriiiieiineeie e 103
Fugitive mercury emissions from the cell room from three mercury cell plants in the

United States in 2005/2006..........cceriiireiieieiese ettt sttt e e e b e sneens 104
Mercury emissions to air from process exhausts from chlor-alkali plants in OSPAR
COUNEIIES TN 2009 ....eiiiiiiieiicie ettt bbbt sb et s b et sb e besbe e ete e 106
Emissions of mercury to water from mercury cell plants in the EU-27 and EFTA

CoUNtries iN 2008 10 2011 .......oouiiiiieiieieeie et 109
Mercury concentrations in sludges from primary brine purification of mercury cell

plants in the EU-27 and EFTA countries in 2008 t0 2011........cccccceevevieeienveene e 112
Waste generation and treatment at the AkzoNobel chlor-alkali plant in Bohus (Sweden)

1N 199871999 ...ttt bbbttt ettt e tenes 114
Waste generation and treatment at the Hydro Polymers AB chlor-alkali plant in
StENUNGSUND (SWEEN) ....cveviieiiiteieeeeie ettt b e bbb e ere s 114
Mercury collected, recovered, or disposed of with waste during decommissioning of
MEFCUNY CEIl PIANES.....c.iitiiiiiee e 118
Concentrations of ashestos in air in asbestos diaphragm cell plants in the EU-27 ............ 120
Generation of sludges from secondary brine purification in membrane cell plants in the
EU-27 1N 2009 0 2011 ...cvoiviiieiiieieiisieieesie ettt sttt 122
Estimation of total number of mercury-contaminated chlor-alkali sites in the EU-27 and
EFTA countries and contamination leVels ... 124

Examples of mercury-contaminated chlor-alkali sites in the EU-27 and EFTA countries 125
Examples of chlor-alkali sites contaminated with PCDDs/PCDFs, PCBs, PCNs and

PAHS ..t be e s 127
Information for each technique described in this Chapter ...........cccovrniiiiciiee 129
Data from the conversion of the Borregaard mercury cell plant in Sarpsborg (Norway)

to the membrane Cell tECANIGUE .......ccvveviiie e 134
Electricity savings due to conversion to the membrane cell technique in different chlor-
alkali plants WOrTAWIE ..........coiviiice e 135
Investment costs for the cell room conversion of a mercury cell plant with a final

chlorine capacity 0F 100 KE/YE .....c.ooiiiiiiiiie e 137
Investment costs for the conversion of a mercury cell plant with a chlorine capacity of

100 kt/yr and a design current density 0f 5 KA/M..........cccooveeveeeeeeeeeeeeeeeeeeeeeeeeeeeone 138
Comparison of reported conversion costs of mercury cell plants..........ccccocoveieiienncnen, 139
Estimation of economic benefits resulting from the conversion of a mercury cell plant

with a chlorine capacity 0F 100 KU/YE ......ooviiiiiiiiie e e 141
Overview of contaminated solid materials arising during decommissioning and possible
decontamination tECHNIQUES..........oiiiiiie e e 145
Techniques for monitoring of mercury in air, water and Waste ............ccocevevereveneseenns 147
Example data from mercury cell plants with low mercury emissions to water in the EU-
BT 00 T 0 TSR 149
Mercury concentrations in waste water of membrane cell plants that were converted

from mMercury Cell PIANTS ..o e 150
Decommissioning costs at the Borregaard mercury cell plant in Sarpsborg (Norway) in
1007 bbb bbb bbbt bbb 150

Decommissioning costs at the Ercros mercury cell plant in Sabifianigo (Spain) in 2009..151

Example data from diaphragm and membrane cell plants with low generation of waste
water in the EU-27 in 2009 10 2011.......ccocoiiiiiiiiiiirieeeenieeeesieee e 169

Production of Chlor-alkali XV



Table 4.15:

Table 4.16:

Table 4.17:

Table 4.18:

Table 4.19:
Table 4.20:

Table 4.21:

Table 4.22:

Table 4.23:

Table 4.24:

Table 4.25:

Table 4.26:

Table 4.27:

Table 4.28:

Table 4.29:

Table 4.30:

Table 4.31:

Table 4.32:
Table 4.33:

Table 7.1:
Table 8.1:

Table 8.2:

Table 8.3:

Table 8.4:

Table 8.5:

Number of cells and electrolysers as a function of current density for a bipolar

membrane cell plant with a chlorine capacity of 100 Kt/Yr ..o 171
Electricity consumption of bipolar membrane cell electrolysers using the latest

technique as a function of CUrreNt deNSILY ........ccccceveiiiie i 172
Expected electricity consumption of new bipolar membrane cell electrolysers under
OptimMuM Start-UP CONAITIONS. .......ccviiieiieeecre st sresre e eneas 172
Typical production costs for a membrane cell plant with a chlorine production capacity

OF 500 KU/WE ottt e e bbbttt b ettt es 173

Cost calculation of simple payback times for the replacement of an electrolysis unit ....... 175
Energy consumption for brine reconcentration in membrane cell plants using solution-

MINEA DIINE. ..ottt e e b b e sbeere e 184
Monitoring techniques and frequencies for pollutants relevant to diaphragm and

MEMBIANe Cell PIANTS........cviiiei e 188
Concentrations of halogenated organic compounds in waste water from a membrane cell
plant using three different monitoring Methods .........cccooveveviin s 192
List of some preventative and corrective or emergency techniques associated with the
storage of liquid ChIOTINE.........ooiii e 196
List of some preventative and corrective or emergency techniques at loading areas of a

(o0 (o] =11 LTI o] - T SR 198
Example data from plants with low chlorine emissions from the chlorine absorption unit
inthe EU-27 iN 2007 10 2011 ....ociiieieieciieeeee ettt sne e 204
Advantages and disadvantages of refrigerants frequently used in chlor-alkali plants for
Ch10rINE TIQUETACTION. ......cuiitiiciicc s 211
Examples of operational cost savings for plants replacing brine purge or barium

sulphate precipitation by NANOFIItration............ccocooiriiiii e 216
Example data from chlor-alkali plants with low emissions of free chlorine to water in

the EU-27 1N 2008 10 2011 .....ecuviviieeiiieieicsieieesie ettt sttt 219
Typical operating costs for partial hypochlorite destruction using catalytic fixed-bed
decomposition or chemical redUCTION..........cccciiiiee i 222
Example data from membrane cell plants using brine acidification with low emissions

of chlorate to water in the EU-27 in 2009 t0 2011 .......cooiiiiiiiiinciesiseeeeeee e 227
Example data from membrane cell plants using acidic reduction with low emissions of
chlorate to water in the EU-27 in 2008 10 2011 .......ccoooveieierieierie e 230
Typical operational data from an on-site sulphuric acid reconcentration system............... 237
Potential techniques for the decontamination of mercury-contaminated soils.................... 243

Key milestones of the review process of the BREF for the Production of Chlor-Alkali....273
Installed chlorine production capacities in the EU-27 and EFTA countries as of 1

JANUANY 2013 ..ottt e ae e nare e 275
Overview of applied techniques and mercury emission levels at the INEOS ChlorVinyls
plant in Stenungsund (Sweden) from 2005 t0 2011 ........ccovoiiiieieneieienee e 281
Overview of applied techniques and mercury emission levels at the Solvin plant in
Antwerp-Lillo (Belgium) from 2005 t0 2011 .......cccooiiiiiiiiieieeseeese e 282
Mercury emission levels to air and water and mercury losses with products that can be
ACHIEVEA AL DBSE ... e 283
Overview of techniques for the treatment of wastes contaminated with mercury with

typical Performance 1EVEIS ..o s 288

xvi

Production of Chlor-alkali



Scope

SCOPE

This BREF for the production of chlor-alkali covers certain industrial activities specified in
Sections 4.2(a) and 4.2(c) of Annex | to Directive 2010/75/EU, namely the production of chlor-
alkali chemicals (chlorine, hydrogen, potassium hydroxide and sodium hydroxide) by the
electrolysis of brine.

In particular, this document covers the following processes and activities:

. the storage of salt;

o the preparation, purification and resaturation of brine;

. the electrolysis of brine;

o the concentration, purification, storage and handling of sodium/potassium hydroxide;

o the cooling, drying, purification, compression, liquefaction, storage and handling of
chlorine;

o the cooling, purification, compression, storage and handling of hydrogen;

o the conversion of mercury cell plants to membrane cell plants;

o the decommissioning of mercury cell plants;

o the remediation of chlor-alkali production sites.

This BREF document does not address the following activities or processes:

o the electrolysis of hydrochloric acid for the production of chlorine;

o the electrolysis of brine for the production of sodium chlorate; this is covered by the BAT
reference document on Large Volume Inorganic Chemicals — Solids and Others Industry
(LVIC-S);

o the electrolysis of molten salts for the production of alkali or alkaline earth metals and
chlorine; this is covered by the BAT reference document on Non-ferrous Metals
Industries (NFM);

o the production of specialities such as alcoholates, dithionites and alkali metals by using
alkali metal amalgam produced with the mercury cell technique;

o the production of chlorine, hydrogen or sodium/potassium hydroxide by processes other
than electrolysis.

This BREF document does not address the following aspects of chlor-alkali production as they
are covered by the BAT reference document on Common Waste Water and Waste Gas
Treatment/Management Systems in the Chemical Sector (CWW):

o the treatment of waste water in a downstream treatment plant;
o environmental management systems;
o noise emissions.
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Scope

Other reference documents which are of relevance for the activities covered in this document are

the following:

Reference document

Subject

Common Waste Water and Waste Gas
Treatment/Management Systems in the Chemical
Sector BREF (CWW)

Common waste water and waste gas
treatment/management systems

Economics and Cross-Media Effects (ECM)

Economics and cross-media effects of techniques

Emissions from Storage (EFS)

Storage and handling of materials

Energy Efficiency (ENE)

General aspects of energy efficiency

Industrial Cooling Systems (ICS)

Indirect cooling with water

Large Combustion Plants (LCP)

Combustion plants with a rated thermal input of
50 MW or more

General Principles of Monitoring (MON)

General aspects of emissions and consumption
monitoring

Waste Incineration (WI)

Waste incineration

Waste Treatments Industries (WT)

Waste treatment

The scope of the BREF does not include matters that only concern safety in the workplace or
the safety of products because these matters are not covered by the Directive. They are
discussed only where they affect matters within the scope of the Directive. Therefore, the
document also covers techniques to prevent or to limit the environmental consequences of

accidents and incidents.

xviii
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1 GENERAL INFORMATION

1.1 Industrial and economic development of the chlor-alkali
sector

The chlor-alkali industry sector produces chlorine, sodium/potassium hydroxide (also called
caustic soda/potash) and hydrogen by the electrolysis of brine.

In 2012, the global chlorine production capacity was estimated to be 76.8 Mt. Figure 1.1 shows
the share of installed production capacities per region in 2012. On a global scale, 2007 was a
record growth year for the chlor-alkali industry which then experienced a dramatic contraction
in 2008 and 2009 due to the economic crisis. In 2010, the global industry was again on a growth
path. Relatively little new capacity is however expected in the United States, Europe and Japan.
More growth is anticipated in the less developed regions of the world. China will continue to be
the driver of global chlor-alkali capacity expansion [ 4, WCC 2012 ], [ 5, CMAI 20101].

| Russia (2 %) | | Other CIS (1 %) | Total capacity: 76.8 Mt

| EU-27and EFTA (16 %) |

| Mexico (1 %) |

China including
Taipei (41 %)

South America and
Caribbean (3 %)

United States and
Canada (18 %)

| Other Asia (3 %) |

Japan (5 %)

NB: CIS = Commonwealth of Independent States; EFTA = European Free Trade Association.
Source: [ 4, WCC 2012 ]

Middle East including
Iran (3 %) | South Korea (2 %) |

Figure 1.1: Share per region of world chlorine production capacities in 2012

Figure 1.2 gives an overview of how chlorine production and the utilisation ratio of plant
capacity have developed since 1960 in Europe. In the EU-15 and EFTA countries, production
steadily increased from approximately 2 Mt in 1960 to approximately 9 Mt in the mid-1990s.
During the first decade of the 21st century, production in the EU-27 and EFTA countries
oscillated between 9.6 and 10.8 Mt with a sharp drop to 9.1 Mt in 2009 due to the worldwide
economic crisis. Following the same pattern, the utilisation ratio of plant capacity oscillated
between 80 % and 90 % and declined sharply to 71 % in 2009. From 2010 onwards, chlorine
production and utilisation ratio were higher than in 2009, but still lower than the pre-crisis levels
[ 2, Le Chlore 2002 ], [ 6, Euro Chlor 2011 ], [ 9, Euro Chlor 2013 ].
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Figure 1.2: Development of chlorine production and utilisation ratio of plant capacity in the
EU and EFTA countries

The chlor-alkali industry is the basis for approximately 55 % of the chemical industry in the
EU-27 and EFTA countries and it generated a turnover of almost EUR 770 billion in 2008. The
chlor-alkali industry directly employs about 39000 people, while approximately 2000000 jobs
are estimated to be directly or indirectly related to the use of chlorine and caustic soda when the
numerous downstream activities are taken into consideration [7, Euro Chlor 2010],
[ 8, Euro Chlor 2011 1.
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1.2 Industry size and geographic distribution of chlor-alkali
production sites in the EU-27 and EFTA countries

In 2012, chlorine with its co-products sodium/potassium hydroxide and hydrogen was produced
at 75 chlor-alkali plants in 21 of the EU-27 and EFTA countries (Figure 1.3), with a total
chlorine capacity of 12.2 Mt/yr. 66 plants produced exclusively sodium hydroxide, five plants
exclusively potassium hydroxide and four plants both. Approximately 3-4 % of the chlorine
production capacity is coupled with the production of potassium hydroxide and approximately
96-97 % with the production of sodium hydroxide. A detailed list of the plants is given in
Table 8.1 in the Annex [ 3, Euro Chlor 2011 ], [ 9, Euro Chlor 2013 ].

Chlorine production plants
January 2013

Source: [ 9, Euro Chlor 2013 ]

Figure 1.3: Chlor-alkali production sites in the EU-27 and EFTA countries as of January 2013

The chlor-alkali sector in Europe has developed over time and is scattered geographically. Many
relatively small plants are still operating; however, there have been shutdowns in the last few
years because of stagnating markets and concerns over the impending phase-out of mercury cell
production [ 60, SRI Consulting 2008 ]. Since chlorine and caustic are co-products that are
produced in almost equal amounts, the distribution of the caustic manufacturing industry is
essentially the same as that of the chlorine manufacturing industry.

Figure 1.4 shows the annual chlorine production capacities in the EU-27 and EFTA countries as
of January 2013. Germany is the country with by far the largest chlorine production capacity,
accounting for approximately 41 % of European production capacity, followed by France,
Belgium, the Netherlands, Spain and the United Kingdom.
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1.3 Techniques in use

The main techniques applied for chlor-alkali production are mercury, diaphragm and membrane
cell electrolysis, usually using sodium chloride as feed or to a lesser extent using potassium
chloride for the production of potassium hydroxide. Other electrochemical processes in which
chlorine is produced include the electrolysis of hydrochloric acid and the electrolysis of molten
alkali metal and alkaline earth metal chlorides, in which chlorine is a co-product. In 2012, these
accounted for approximately 3 % of the total chlorine production capacity in the EU-27 and
EFTA countries. Additionally, two plants in Germany produce alcoholates and thiosulphates
together with chlorine via the mercury cell technique [ 9, Euro Chlor 2013 1.

Apart from electrochemical processes, chlorine may also be produced via chemical routes such
as the catalytic oxidation of hydrochloric acid with oxygen (the Deacon process). On account of
the corrosive nature of the chemicals involved and the elevated temperature and pressure,
expensive materials must be used. A commercial plant is reported to have been producing 60 kt
of chlorine per year in Japan since 1990 [ 1, Ullmann's 2006 ] while BASF in Antwerp brought
a new plant into operation in 2011 which uses a ruthenium catalyst.

For caustic soda production, an alternative route to the electrolysis of sodium chloride is the
lime-soda process. As of 2011, this process is generally not considered a profitable operation in
Europe compared to the electrolysis of sodium chloride. One plant in Romania is reported to use
the lime-soda process [ 223, ICIS Chemical Business 2010 ]. The situation seems to be different
in the United States, where mineral deposits of natural sodium carbonate exist. In 2000, this
process accounted for 1-2 % of the total world capacity of caustic soda [ 10, Kirk-Othmer

2002 ].

Up to the end of the 20th century, the mercury cell technique dominated in Europe, while the
diaphragm cell technique dominated in the United States and the membrane cell technique in
Japan. This pattern has, however, changed during the first decade of the 21st century. Since
1984, no new plants based on the mercury cell technique have been built, and only a few
diaphragm cell plants have been built. All new plants, including those erected in India and
China, are based on the membrane cell technique, which is a state-of-the-art technique, both in
economic and ecological terms [ 1, Ullmann's 2006 ].

During the period from 1997 to 2012, the share of the mercury and diaphragm cell techniques
decreased significantly in the EU-27 and EFTA countries, from 63 % to 26 % and from 24 % to
14 %, respectively, while the share of the membrane cell technique more than quintupled from
11 % to 59 % (Figure 1.5). Reasons for the change include the need to replace installations
which have reached the end of their service life and environmental concerns over mercury
emissions from mercury cell plants.
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Figure 1.5: Share of cell techniques to chlorine production capacity in the EU-27 and EFTA

countries

Despite the downward trend in using the mercury cell technique for the production of chlorine
and caustic soda, most of the production of caustic potash in the EU-27 in 2012 was still based
on it. There were only two small installations with capacities <40 kt/yr which used the
membrane cell technique to produce caustic potash while there were larger installations
operating outside Europe [ 9, Euro Chlor 2013 ], [ 42, Euro Chlor 2010 ].

In 2012, the global chlorine production capacity of mercury cell plants was estimated to be
approximately 5.0 Mt/yr [ 11, UNEP 2012 ], equivalent to 67 % of the total chlorine capacity.

The global chlorine production capacity of diaphragm cell plants was approximately 20 Mt/yr in
2010, corresponding to 26 % of the total world chlorine capacity. Approximately 13 % of the
global diaphragm cell plants' capacity was based on non-asbestos diaphragms while this share
was approximately 30 % in the EU-27 [ 215, German Ministry 2011 ].
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1.4  Chlor-alkali products and their use

14.1 Consumption of chlorine

Chlorine is largely used in the synthesis of chlorinated organic compounds. PVC and
isocyanates are the main drivers of chlor-alkali production in the EU-27 and EFTA countries.

Chlorine is difficult to store and transport economically and, therefore, chlorine is generally
produced near consumers. When other solutions cannot be found, chlorine is transported by pipe
(typically over distances < 10 km), road and rail.

Figure 1.6 shows the applications of chlorine in the EU-27 and EFTA countries in 2012.

Total consumption: 9 747 kt Solvents 279 kt (2.9 %)
Metal degreasing, adhesives,
dry cleaning, plastics

Epichlorohydrin 510 kt (5.2 %)
Pesticides, epoxy resins, printed
circuits, sports boats, fishing rods

Isocyanates and oxygenates 2 951 kt (30.3 %)
Upholstery, insulation, footwear, plastics, pesticides,
car paints

Chloromethanes 453 kt (4.6 %)
Silicon rubbers, decaffeinators,
Teflon®, paint strippers, cosmetics

Other organics 911 kt (9.3 %)
Detergents, ship and bridge
paints, lubricants, wallpaper
adhesives, herbicides, insecticides

PVC 3 245 kt (33.3 %)
Inorganics 1 398 kt (14.3 %) Doors and window
Disinfectants, water treatment, frames, pipes, flooring,
paint pigments medical supplies,
clothing

Source: [ 8, Euro Chlor 2011 1, [ 9, Euro Chlor 2013 ]

Figure 1.6: Chlorine applications in the EU-27 and EFTA countries in 2012

In 2010, imports of chlorine to the EU-27 and EFTA countries accounted for 8.9 kt while
exports accounted for 32 kt; both were negligible in comparison to an overall production of
9999 kt at that time [ 6, Euro Chlor 2011 ]. In 2012, approximately 570 kt of chlorine were
transported via rail and road, which means that approximately 94 % were used on the same or
adjacent sites for other chemical processes [ 9, Euro Chlor 2013 ]. The production of chlorine
and caustic is completely interrelated with the downstream businesses, including the PVC
industry and the intermediates used to manufacture PVC.
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1.4.2 Consumption of sodium hydroxide

The output of sodium hydroxide (also called caustic soda) is proportional to that of chlorine.
The ratio is more or less equal to the ratio of the molecular weights (40.00 / 35.45 = 1.128) but
is influenced by the side reactions taking place at the electrodes and, in the case of the
diaphragm and membrane cell technique, the diffusion of hydroxide through the separator. In
practice, the ratio ranges from 1.070 to 1.128 [ 3, Euro Chlor 2011 ].

Due to customers' requirements, sodium hydroxide is produced commercially in two forms: as a
50 wt-% solution (most common) and less frequently in the solid state as prills, flakes or cast
shapes. There are also applications where sodium hydroxide in lower concentrations is supplied
and/or directly used. Figure 1.7 shows the applications of caustic soda in the EU-27 and EFTA
countries in 2012.

Total consumption: 9 611 kt Soaps 352 kt (3.7 %) - -
Shampoos, cosmetics, Mineral oils 129 kt (1.3 %)
cleaning agents Greases, fuel additives

Bleach 370 kt (3.9 %)

Miscellaneous 1 521 kt (15.8 %)
Textiles, disinfectants

Neutralisation of acids, gas
scrubbing, pharmaceuticals, rubber
recycling

Phosphates 143 kt (1.5 %)
Detergents

Water treatment 483 kt (5.0 %)
Flocculation of waste, acidity control

Other inorganics 1 201 kt
(12.5 %)

Paints, glass, ceramics, fuel
cells, perfumes

Food industries 508 kt (5.3 %)
Fruit and vegetable peelings, ice
cream, thickeners, wrappings

Pulp, paper, cellulose
1287 kt (13.4 %)
Adhesives, heat transfer
printing, newspapers,
books

Organics 2 889 kt (30.1 %)
Artificial arteries, parachutes, pen
tips, telephones

Rayon 147 kt (1.5 %)
Bedspreads, surgical dressings

Aluminium and metals 581 kt (6.0 %)
Greenhouses, car and aeroplane panels,
steel hardening

Source: [ 8, Euro Chlor 2011 1, [ 9, Euro Chlor 2013 ]

Figure 1.7: Caustic soda applications in the EU-27 and EFTA countries in 2012

Until recently, the EU-27 and EFTA countries were net exporters of sodium hydroxide. In 2010,
for example, imports of liquid and solid sodium hydroxide accounted for 601 kt and 46 kt,
respectively, while exports accounted for 785 kt and 90 kt, respectively [ 6, Euro Chlor 2011 ].
However, in 2013, the EU-28 became for the first time a net importer when imports of liquid
sodium hydroxide accounted for 803 kt, while exports accounted for 632 kt [ 345, Platts 2014 ].

1.4.3 Chlorine/sodium hydroxide: a delicate balance

The co-production of chlorine and sodium hydroxide in fixed proportions has always been a
problem for the chlor-alkali industry. Each product is manufactured for a very different end use
with differing market dynamics, and it is rare that demand for the two coincides. Depending on
which demand is dominant, either can be regarded as the main product, and the price varies
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accordingly. Price fluctuations can be extreme between cases of excess and short supply. For
example, mid-2008 saw a high of almost USD 1 000 per tonne of NaOH which fell to a low of
approximately USD 15 per tonne in the fourth quarter of 2009 [ 48, ICIS Chemical Business

2011 ].

Chlorine itself is difficult to transport over long distances; however it is transported and traded
over long distances as chlorinated derivatives, particularly as EDC, VCM and PVC, accounting
for 85 %, and chlorinated solvents. Caustic soda is a globally traded commodity [ 1,Ullmann's

2006 ].

144 Consumption of potassium hydroxide

The output of potassium hydroxide (also called caustic potash) is proportional to that of
chlorine. As for the production of sodium hydroxide, the ratio is more or less equal to the ratio
of the molecular weights (in this case 56.11/35.45 =1.583) but is influenced by the side
reactions taking place at the electrodes and, in the case of the diaphragm and membrane cell
techniques, the diffusion of hydroxide through the separator.

Potassium hydroxide is produced commercially in two forms: as a 45-50 wt-% solution (most
common) and in the solid state. Pure quality potassium hydroxide is used as a raw material for
the chemical and pharmaceutical industry; in dye synthesis; for photography as a developer
alkali; and as an electrolyte in batteries, fuel cells and in the electrolysis of water. Technical
quality KOH is used as a raw material in the detergent and soap industry; as a starting material
for inorganic potassium compounds, such as potassium phosphate and potassium carbonate; as a
starting material for organic potassium compounds, such as potassium formate, acetate,
benzoate, citrate, lactate and sorbate, and for the manufacture of cosmetics, glass, and textiles
[12, Ullmann's 2000 ], [ 93, Euro Chlor 2011 ]. Figure 1.8 shows the applications of caustic
potash in Europe in 20009.

| Personal care products (12 %)

Agriculture (33 %) /

Pharmaceuticals (3 %)

Feed (4 %)

Technical products (36 %)

Source: [ 93, Euro Chlor 2011 ]

Figure 1.8: Caustic potash applications in the EU-27 and EFTA countries in 2009
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1.45 Consumption of hydrogen

Hydrogen is also a co-product of the electrolysis of brine (approximately 28 kg per tonne of
chlorine). This high quality hydrogen (purity > 99.9 %) is usually used on site, on an adjacent
site, or is sold to a distributor [ 30, Euro Chlor 2010 ].

The main uses of the co-produced hydrogen are in combustion to produce steam (and some
electricity) and in chemical reactions, such as the production of ammonia, hydrogen peroxide,
hydrochloric acid and methanol [ 16, Agéncia Portuguesa do Ambiente 2010 ], [ 30, Euro Chlor

2010].
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1.5 Environmental relevance of the chlor-alkali industry

The chlor-alkali industry is an energy-intensive industry and consumes large amounts of
electricity during the electrolysis process. Additional energy in the form of steam or electricity
is necessary for auxiliary processes, which depend on the cell technique used. In 2010, the total
electricity consumption of the chlor-alkali sector in the EU-27 and EFTA countries amounted to
35 TWh [13, Euro Chlor 2010]. This was equivalent to 1% of the total final energy
consumption in the form of electricity in this region, to 3 % of all industry sectors and to 17 %
of the chemical and petrochemical industry [ 14, Eurostat 2012 ].

In 2012, approximately 88 % of the hydrogen produced by chlor-alkali plants in the EU-27 and
EFTA countries was used as a chemical reagent or fuel while the remaining 12 % was emitted
to air [ 9, Euro Chlor 2013]. This 12 % corresponds to a total of approximately 33 kt of
hydrogen, which represents a higher heating value of approximately 1.3 TWh (higher heating
value of hydrogen 142 MJ/kg).

Hydrogen could potentially act as an indirect greenhouse gas [ 335, IPCC 2007 ]. A global
warming potential of 5.8 over a 100-year time horizon has been reported [ 334, Derwent et al.
2006 ]. Hydrogen emissions of 33 kt/yr would therefore correspond to carbon dioxide emissions
equivalent to approximately 190 kt/yr.

All three cell techniques (mercury, diaphragm and membrane cell techniques) may give rise to
emissions of chlorine to air through leakages during production, handling and storage, as well as
through channelled emissions from the chlorine absorption unit. The substances emitted through
waste water include free chlorine, chlorate, bromate, chloride, sulphate, heavy metals, sulphite,
organic compounds and halogenated organic compounds. Some of these substances are inherent
to the process while others originate from impurities in the raw materials.

For many years, the mercury cell technique has been a significant source of environmental
pollution, because some mercury is lost from the process to air, water, products and wastes.
Most of the mercury which leaves an installation is disposed of with waste. Releases to the
environment from the installation mostly occur to the atmosphere as diffuse emissions from the
cell room. Significant emissions may also occur during decommissioning of the installation.

In 2010, the total annual mercury emissions to air of the chlor-alkali industry in the EU-27
amounted to approximately 7 % of the total anthropogenic mercury emissions to air in this
region. The largest emissions sources were coal combustion (~50 %), metal production
(~ 17 %) and cement production (~ 15 %) [ 15, AMAP/UNEP 2013 ].

Worldwide, the chlor-alkali industry was responsible for 1.4 % of anthropogenic mercury
emissions to air in 2010. The largest emissions sources were artisanal and small-scale gold
mining (37.1 %), coal combustion (24.2 %), metal production (17.8 %) and cement production
(8.8 %) [ 15, AMAP/UNEP 2013 ].

There is, however, some uncertainty about mercury emissions from mercury cell plants due to
methodological difficulties in quantifying the diffuse emissions and in setting up a mercury
input-output balance.

Several policy initiatives and regulations on a European and international level since the 1990s
have been aimed at reducing mercury emissions to the environment, starting with the PARCOM
Decision 90/3 [ 90, PARCOM Decision 90/3 1990 ]. This decision recommended that existing
mercury cell plants should be phased out as soon as practicable, with the objective of a complete
phase-out by 2010. Moreover, the EU mercury strategy was adopted in 2005 [ 286, COM
2005 ], the EU mercury export ban took effect in 2011 [ 279, Regulation EC/1102/2008 2008 ]
and the Minamata Convention on Mercury was signed in October 2013, including a provision
for a global phase-out of the mercury cell technique by 2025 with possibilities for exemptions
[ 108, UNEP 2013]. In 2012, the contracting parties to the Barcelona Convention for Protection
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against Pollution in the Mediterranean Sea decided that mercury emissions from chlor-alkali
plants from the treaty area should cease by 2020 at the latest [ 311, UNEP 2012 ].

In addition to the aforementioned policy initiatives and regulations, the European chlor-alkali
producers have committed to phase out the use of the mercury cell technique for the production
of chlorine and caustic by 2020 (except for the production of specialities such as alcoholates,
dithionites and alkali metals by using alkali metal amalgam) [119, Euro Chlor 2002 ],
[ 120, Euro Chlor 2005 ].

Emissions of asbestos are of concern for some diaphragm cell plants. Regulation EC/1907/2006
concerning the Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH),
generally prohibits the use of asbestos fibres, but EU Member States can grant an exemption for
the use of chrysotile asbestos-containing diaphragms in existing electrolysis installations until
they reach the end of their service life, or until suitable asbestos-free substitutes become
available, whichever is sooner (ANNEX XVII, number 6.(f)) [ 287, REACH Regulation (EC)
No 1907/ 2006 ]. The use of asbestos diaphragms has been prohibited in France and the state of
Séo Paulo (Brazil).

At some sites, historical mercury and PCDD/PCDF contamination of land and waterways from
mercury and diaphragm cell plants is a major environmental problem.

Accident prevention and minimising their consequences to the environment is also of major
importance for chlor-alkali plants which fall under the scope of the Seveso Il and Seveso Il
Directives if chlorine is present in quantities equal to or in excess of 10t. The Seveso Il
Directive is repealed with effect from 1 June 2015 [ 280, Seveso |l Directive (96/82/EC) 1996 ],
[ 338, Directive 2012/18/EU 2012 ].
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2 APPLIED PROCESSES AND TECHNIQUES

2.1 Overview

In this chapter the applied processes and techniques are qualitatively described. Chapter 3
covers the quantitative aspects of consumption and emission levels.

The chlor-alkali industry produces chlorine and caustic solution (sodium or potassium
hydroxide) simultaneously by means of decomposition of a solution of salt (sodium or
potassium chloride) in water. Along with the chlorine and the caustic solution, hydrogen is
produced. An industrial chlor-alkali production unit comprises a series of operations, typically
structured as shown in Figure 2.1.

In the chlor-alkali electrolysis process, a chloride-salt solution is decomposed electrolytically by
direct current. Most of the time, sodium chloride is used in the process and less frequently
potassium chloride is used (approximately 3-4 % of the chlorine production capacity in the
EU-27 and EFTA countries). Due to the much higher raw material costs, potassium chloride is
only used when the desired product is potassium hydroxide [ 3, Euro Chlor 2011 ].

Sections 2.1 to 2.8 describe the chlor-alkali production process using sodium chloride, while
specific aspects concerning the use of potassium chloride are described in Section 2.9.

There are three basic techniques for the electrolytic production of chlorine. The nature of the
cathode reaction depends on the specific technique used. These three techniques are the
diaphragm (Griesheim cell, 1885), the mercury (Castner—Kellner cell, 1892), and the membrane
cell technique (1970). The techniques differ from each other in terms of electrode reactions and
in the way the produced chlorine and caustic/hydrogen are kept separate [ 1, Ullmann's 2006 ].
A simplified scheme of the three electrolysis cells is shown in Figure 2.2.
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The basic principle in the electrolysis of a sodium chloride solution is the following:

. at the anode, chloride ions are oxidised and chlorine (Cly) is formed;

. at the cathode: in the mercury cell, a sodium/mercury amalgam is formed; hydrogen (H.)
and hydroxide ions (OH") are subsequently formed by the reaction of the sodium in the
amalgam with water in the decomposer; in membrane and diaphragm cells, water
decomposes to form hydrogen (H,) and hydroxide ions (OH") at the cathode.

The anode reaction for all techniques is:

2CIh > ClL+2¢

The cathode reaction in mercury cells is:

Na" + e + Hg, — Na-Hg

The reaction in the decomposer is:

2 Na-Hgy + 2 H,O — 2 NaOH + H,+ 2 Hgy

The cathode reaction in membrane and diaphragm cells is:

2Na"+2e +2H,0 —2NaOH + H,
The overall reaction for all techniques is:

2 NaCl + 2 H,O — 2 NaOH + H, + CIZ
The products of the electrolysis are formed in a fixed ratio, which is 1 070-1 128 kg of NaOH
(100 wt-%) and approximately 28 kg of H, per tonne of Cl, produced. This product combination
is often referred to as the electrochemical unit (ECU).
Some side reactions occur during electrolysis, leading to a loss of efficiency [ 10, Kirk-Othmer

2002 ]. At the anode, oxidation of water to oxygen and of hypochlorous acid to chlorate takes
place:

2H,0 >0, +4H +4¢ or 40H - 0,+2H,0+4¢
12HCIO +6 H,0 - 4ClO; +8ClI +24H" +30,+12¢

Hypochlorous acid is formed by disproportionation (dismutation) of chlorine in water:

Cl, + H,O = HCIO + H" + CI
Chlorate is also produced by chemical reactions in the anolyte:
2HCIO+CIO - ClOs +2ClI + 2 H”
These four major side reactions are repressed by lowering the pH value.

The main characteristics of the three electrolysis techniques are presented in Table 2.1.
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chlorine and
hydrogen, simple
brine purification

consumption

Table 2.1: Main typical characteristics of the different electrolysis techniques
Criterion Mercury Diaphragm Membrane
Anode RuO, + TiO, coating RuO, + TiO, + SnO, coating | RuO, + IrO, + TiO,
on Ti substrate on Ti substrate coating on Ti substrate
. Nickel coated with high
Cathode Mercury Ste_e | (or St?EI coated with area nickel-based or noble
activated nickel) .
metal-based coatings
Asbestos, polymer-modified
Separator None ashestos, or non-ashestos lon-exchange membrane
diaphragm
Cell voltage 3.15-4.80 V 2.90-3.60 V 2.35-4.00 V
Current 2.2-14.5 KA/’ 0.8-2.7 kA/m? 1.0-6.5 KA/m?
density
Inlet: 50-75 °C
Temperature Outlet: 80-90 °C NI NI
pH 2-5 2.5-35 24
i ! _0,
Cathode Sodium amalgam 10-12 Wt-% NaOH and H, 30-33 wt-% NaOH and
product (Na-Hg,) H,
-0,
Decomposer 50 wt-% NaOH and No decomposer needed No decomposer needed
product H,
Evaporator No evaporation 50 Wt-% NaOH 50 Wt-% NaOH
product needed
NaCl: ~ 10000 mg/kg
Quality of . (15000-17000 mg/kg
caustic soda mgg:o _5~05mr%/klﬂ before concentration) NaCl: ~ 50 mg/kg
(50 wt-% e~ C1m /kg 9 | NaClO;: ~ 1000 mg/kg NaClOs: < 10-50 mg/kg
NaOH) g-= 5.2 Mg/kg (400 —500 mg/kg before
concentration)
Chlorine 0,: 0.1-0.3 vol-% 0,: 0.5-2.0 vol-% 0,: 0.5-2.0 vol-%
Lalit H,: 0.1-0.5 vol-% H,: 0.1-0.5 vol-% H,: 0.03-0.3 vol-%
quality N,: 0.2-0.5 vol-% N,: 1.0-3.0 vol-%
50 wt-% high-purity Low total £Energy
. consumption, low
caustic directly from . . ; .
: : Low quality requirements of | investment and operating
cell, high-purity . -
Advantages brine, low electrical energy costs, no use of mercury

or asbestos, high-purity
caustic, further
improvements expected

Disadvantages

Use of mercury,
expensive cell
operation, costly
environmental
protection, large floor
space

High steam consumption for
caustic concentration in
expensive multi-effect
evaporators, low-purity
caustic, low chlorine quality,
some cells are operated with
asbestos diaphragms

High-purity brine
required, low chlorine
quality, high cost of
membranes

NB: NI = No information provided.
Source: [ 1, Ullmann's 2006 ], [ 3, Euro Chlor 2011 ], [ 10, Kirk-Othmer 2002 ], [ 28, EIPPCB 2011 ],

[ 58, Euro Chlor 2010 ]
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2.2 The mercury cell technique

221 General description

The mercury cell technique has been in use in Europe since 1892. As shown in Figure 2.3, the
mercury cell technigue includes an electrolysis cell and a horizontal or vertical decomposer. In
the electrolysis cell, purified and saturated brine containing approximately 25 wt-% sodium
chloride flows through an elongated trough that is slightly inclined. In the bottom of this trough
a shallow film of mercury (Hg) flows along the brine cell together with the brine. Closely
spaced above the cathode, an anode assembly is suspended [ 17, Dutch Ministry 1998 ].

Hydrogen gas

Pure brine

Chilorine gas

- — Hydrogen gas cw
Demineralised

dec?mposer water e

Hg

g rc::[ n | — — — 1 | — — o— — I
‘f Demineralised
NaOH decomposer
water

NB: A) Electrolysis cell: a) Mercury inlet box; b) Anodes; c) End-box; d) Wash box;
B) Horizontal decomposer: €) Hydrogen gas cooler; f) Graphite blades; g) Mercury pump;
C) Vertical decomposer: e) Hydrogen gas cooler; g) Mercury pump; h) Mercury distributor; i) Packing
pressing springs;
CW = cooling water.
Source: [ 1, Ullmann's 2006 ]

Figure 2.3: Schematic view of a mercury electrolysis cell with horizontal and vertical
decomposers

Electric current flowing through the cell decomposes the brine passing through the narrow space
between the electrodes, liberating chlorine gas (Cl,) at the anode and metallic sodium (Na) at
the cathode. The chlorine gas is accumulated above the anode assembly and is discharged to the
purification process. As it is liberated at the surface of the mercury cathode, the sodium
immediately forms an amalgam (NaHg,). The concentration of the amalgam is maintained at
0.2-0.4 wt-% Na so that the amalgam flows freely. Na concentrations of > 0.5 wt-% can cause
increased hydrogen evolution in the cells [ 1, Ullmann's 2006 ]. The liquid amalgam flows from
the electrolytic cell to a separate reactor, called the decomposer or denuder, where it reacts with
water in the presence of a graphite catalyst to form sodium hydroxide and hydrogen gas. The
sodium-free mercury is fed back into the cell and is reused.

The depleted brine anolyte leaving the cell is saturated with chlorine and must be partially
dechlorinated before being returned to the dissolvers.

The sodium hydroxide is produced from the decomposer at a concentration of approximately
50 wt-%; the maximum value reported is 73 wt-% [ 1, Ullmann's 2006 ]. However, there is no
plant in the EU-27 and EFTA countries known to be operating above 50 wt-%.

For its operation, the mercury cell depends on the higher overpotential of hydrogen on mercury
to achieve the preferential release of sodium rather than hydrogen. However, impurities such as
vanadium (V), molybdenum (Mo), and chromium (Cr) at the 0.01-0.1 ppm level and other
elements (Al, Ba, Ca, Co, Fe, Mg, Ni, W) at the ppm level that can contaminate the mercury
surface may lack this overpotential protection and can cause localised release of hydrogen into
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the chlorine. There is a risk that the hydrogen concentration in the chlorine can increase to the
point at which the cell and downstream chlorine handling equipment contain explosive mixtures
[ 1, Ullmann's 2006 ].

Mercury cells are usually operated to maintain a 21-22 wt-% concentration of salt in the spent
brine discharged from the cell. This corresponds to the decomposition of 15-16 % of the salt
during a single pass. Further salt decomposition to a lower concentration in the brine would
decrease brine conductivity, with the attendant loss of electrical efficiency [ 17, Dutch Ministry
1998 ]. However, in plants with once-through brine systems, approximately 40 % of the salt is
electrolysed in the cells [ 3, Euro Chlor 2011 ].

The mercury cell technique has the advantage over the diaphragm and membrane cell
techniques that it produces a chlorine gas with nearly no oxygen, and a 50 wt-% caustic soda
solution. However, mercury cells operate at a higher voltage (3-5V) and current density
(7-10 kA/m?) than diaphragm and membrane cells and, therefore, use more energy (caustic soda
concentration excluded). The technigue also requires a pure brine solution with little or no metal
contaminants to avoid the risk of explosion through hydrogen generation in the cell. The
mercury cell technigue inherently gives rise to environmental releases of mercury [ 1, Ullmann's
2006 ], [ 10, Kirk-Othmer 2002 ].

2.2.2 The cell and the decomposer

The cell is made of an elongated, slightly inclined trough (slope 1.0-2.5 %) and a gas-tight
cover. The trough is made of steel, and its sides are lined with a protective, non-conductive
rubber coating to prevent contact with the anolyte, to confine brine-cathode contact to the
mercury surface, and to avoid the corrosive action of the electrolyte [ 1, Ullmann's 2006 ]. Cells
are 1-2.5 m wide and 10-25 m long. As a result, the cell area can be greater than 30 m2 The
size of the cells can vary over a broad range to give the desired chlorine production rate. The
steel base is as smooth as possible to ensure mercury flow in an unbroken film. In the event of a
break in the mercury surface, caustic soda will be formed on the bare (steel) cathode, with the
simultaneous release of hydrogen, which will mix with the chlorine [ 17, Dutch Ministry 1998 ].
The cathode is made by a shallow layer of mercury which flows from one extremity of the cell
to the other due to the slight inclination of the cell base. The quantity of mercury per cell can be
up to 6 t. A high level of purity, > 99.9 wt-% mercury, and very low concentrations of metals, in
particular heavy metals, are required [ 3, Euro Chlor 2011 ]. Metallic mercury not used in the
electrolysis is generally stored in a separate storage area in closed bottles or containers
[ 87, Euro Chlor 2006 ].

Graphite was exclusively used as the anode for chlorine production for more than 60 years, even
though it exhibited high chlorine overpotential and dimensional instability caused by the
electrochemical oxidation of carbon to carbon dioxide, and hence led to high energy
consumption and the need for frequent maintenance operations. In the late 1960s, anodes of
titanium coated with ruthenium dioxide (RuQ,) and titanium dioxide (TiO,) were developed, the
so-called dimensionally stable anodes. The use of RuO,- and TiO,-coated metal anodes reduces
energy consumption by approximately 10 % compared to graphite and their life expectancy is
higher (300-400t Cl, produced/m?; ranging from less than one year to more than five,
depending on current density and the gap between the anode and cathode). The anode geometry
for mercury cells has been optimised with the aim of improving gas release in order to reduce
ohmic losses and increasing the homogeneity of the brine to improve anode coating life
[ 1, Ullmann's 2006 ], [ 10, Kirk-Othmer 2002 ], [ 21, Kirk-Othmer 1995 ].

An ‘end-box' is attached to each end of the cell. The end-box incorporates compartments for
collecting the chlorine gas and weirs for separating the mercury and brine streams, as well as for
washing the mercury and permitting the removal of thick mercury 'butter' that is formed by
impurities.
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The whole cell is insulated from the floor to prevent stray ground currents. Usually, several cells
are placed in series by means of electrically connecting the cathode of one cell to the anodes of
the next cell. Individual cells can be bypassed for maintenance and replacement. The cells are
usually situated in a building (Figure 2.4), although sometimes they are erected in the open air
[ 1, Ullmann's 2006 ], [ 17, Dutch Ministry 1998 ].

i i S i
Source: [ 18, BASF 2010]
Figure 2.4: View of a mercury cell room

The brine normally enters the electrolysis cell at 60-70 °C. At this temperature, the conductivity
of the brine solution and the fluidity of the mercury are higher compared to operation at ambient
temperature. The temperature can be achieved by preheating the saturated brine, and is
increased in the cell by Joule heating to approximately 75-85 °C. The heat produced during
electrolysis and amalgam decomposition requires the air of the cell room to be changed
10-25 times per hour, depending on the type of building [ 1, Ullmann's 2006 ], [ 17, Dutch

Ministry 1998 ].

The amalgam is decomposed in horizontal decomposers, alongside or beneath the cell, or more
commonly, since the early 1960s, in vertical decomposers, at one end of the cell. Industrial
decomposers are essentially short-circuited electrochemical primary cells in which the graphite
catalyst is the cathode and sodium amalgam the anode. The most common catalyst is graphite,
usually activated by oxides of iron, nickel or cobalt or by carbides of molybdenum or tungsten.
The decomposer operates at a temperature of approximately 90-130 °C, which is caused by the
chemical reactions in the decomposer and the input of warm amalgam from the cell. Higher
temperatures lead to a lower overpotential of hydrogen on graphite and therefore to a quicker
reaction [ 1, Ullmann's 2006 ], [ 17, Dutch Ministry 1998 ].

20 Production of Chlor-alkali



Chapter 2

2.3 The diaphragm cell technique

231 General description

The diaphragm cell technique was developed in the 1880s in the United States and was the first
commercial technique used to produce chlorine and caustic soda from brine. The technique
differs from the mercury cell technique in that all reactions take place within one cell and the
cell effluent contains both dissolved salt and caustic soda. A diaphragm is employed to separate
the chlorine liberated at the anode, and the hydrogen and caustic soda produced directly at the
cathode (Figure 2.2). Without the diaphragm to isolate them, the hydrogen and chlorine would
spontaneously ignite and the caustic soda and chlorine would react to form sodium hypochlorite
(NaClO), with a further reaction producing sodium chlorate (NaClO3) [ 17, Dutch Ministry

1998 ].

The diaphragm separates the feed brine (anolyte) from the caustic-containing catholyte. Purified
brine enters the anode compartment and percolates through the diaphragm into the cathode
chamber. The percolation rate is controlled by maintaining a higher liquid level in the anode
compartment to establish a positive and carefully controlled hydrostatic head. The percolation
rate is controlled to maintain a balance between a low rate, which would produce a desirably
high concentration of caustic soda in the catholyte (which provides the cell effluent), and a high
rate to limit back-migration of hydroxyl ions from the catholyte to the anolyte, which would
decrease the cathode current efficiency [ 17, Dutch Ministry 1998 ].

Diaphragm cells generally produce cell liquor that contains 10-12 wt-% NaOH and 15-17 wt-%
NaCl. Generally, this solution is evaporated to 50 wt-% NaOH [ 10, Kirk-Othmer 2002 ]. The
caustic liquour produced may contain lower concentrations of approximately 7 wt-% NaCl if it
is used directly without further concentration [ 300, Euro Chlor 2011 ]. During evaporation,
most of the sodium chloride precipitates, except a residual of approximately 1.0 wt-%. The salt
generated is very pure and is typically used to make more brine [ 10, Kirk-Othmer 2002 ]. This
high quality sodium chloride is sometimes used as a raw material for mercury or membrane
cells. A flow diagram of a possible integrated plant is shown in Figure 2.5.

Concentration
(only for the | 50 wt-% NaOH

H, Cl, membrgne cell
technique)
Brine Mercury or .
A - membrane Depleted brine
cells
H, Cl,
T T 50 wt-% NaOH

M—» Diaphlrlagm —+ Concentration } 1 wi-% NaCl
cells

Reclaimed salt

Source: [ 332, EIPPCB 2012 ]

Figure 2.5: Flow diagram of the integration of the membrane or mercury and the diaphragm
cell techniques

Low concentrations of oxygen (0.5-2.0 vol-%) in chlorine are formed by the electrolytic
decomposition of water. Furthermore, chlorate is formed in the cell liquor by anodic oxidation
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and the disproportionation of hypochlorous acid (Section 2.1) (0.04-0.05wt-% before
concentration, ~ 0.1 wt-% after concentration) [ 10, Kirk-Othmer 2002 ].

In the diaphragm cell, saturated brine (approximately 25wt-% NaCl) is decomposed to
approximately 50 % of its original concentration in a passage through the cell, compared to a
16 % decomposition of salt per passage through mercury cells. Heating caused by the passage of
a current through the liquids raises the operating temperature of the electrolyte to 80-99 °C
[ 17, Dutch Ministry 1998 ].

The advantages of diaphragm cells are that the quality requirements for the brine and the
electrical energy consumption are low (cell voltage 3-4V; current density 0.5-3 kA/m?).
However, a high amount of steam may be necessary for the caustic soda concentration, and the
quality of the caustic soda and chlorine produced are low.

When using asbestos diaphragms, the diaphragm cell technique inherently gives rise to the
release of asbestos [ 10, Kirk-Othmer 2002 ].

2.3.2 The cell

Various designs of diaphragm cells have been developed and used in commercial operations.
Figure 2.6 shows a schematic view of a typical monopolar diaphragm cell and Figure 2.7 shows
an example of a monopolar diaphragm cell room. Typical anode areas per cell range from 20 to
100 m* [ 4, Ullmann's 2006 ].

Cathodes used in diaphragm cells consist of carbon steel with an active coating which lowers
the hydrogen overpotential, thus providing significant energy savings. The coatings consist of
two or more components. At least one of the components is leached out in caustic to leave a
highly porous nickel surface [1, Ullmann's 2006 ]. The coatings have to be robust, as a
powerful water jet is used to remove the diaphragm at the end of its lifetime from the cathode
mesh, which can adversely affect the coatings.

Anodes used in diaphragm cells consist of titanium coated with a mixture of ruthenium dioxide,
titanium dioxide and tin dioxide. The lifetime of the coatings is at least 12 years [ 10, Kirk-
Othmer 2002 ]. The most commercially accepted design is that of an expandable anode, which
allows compression of the anode structure during cell assembly and expansion when the cathode
is in position. The spacers initially placed over the cathode create a controlled gap of a few
millimetres between the anode and cathode. Minimisation of the gap leads to a reduced power
consumption [ 21, Kirk-Othmer 1995 ].
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Figure 2.6: Schematic view of a typical monopolar diaphragm cell

=

Source: [ 19, Bommaraju et al. 2007 ] [ 20, Occidental Chemical Corporation 2007 ]

Figure 2.7: View of an open-air diaphragm cell room equipped with monopolar electrolysers

Formerly, when graphite anodes were used, the diaphragm became inoperable after 90-100 days
due to clogging by graphite particles. As of 2011, all plants use metal anodes and the lifetime of
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the diaphragm can be several years. Their service life has also increased due to a change in
composition. The earliest diaphragms were made of sheets of asbestos paper, but in the late
1920s these were replaced by the deposited asbestos diaphragm. Pure asbestos diaphragms
suffered from rapid clogging by calcium and magnesium ions from the brine. Asbestos was
chosen because of its good chemical and mechanical stability and because it is a relatively
inexpensive and abundant material. Beginning in the early 1970s, pure asbestos diaphragms
began to be replaced by diaphragms containing a minimum of 75 % asbestos and up to 25 %
fibrous fluorocarbon polymer with high chemical resistance. These Polymer Modified Asbestos
(PMA) diaphragms are more stable, as the polymer stabilises the asbestos, which in turn lowers
the cell voltage and also allows for the use of an expandable anode [1, Ullmann's 2006 ].
Chrysotile asbestos (‘white asbestos') is the only form of asbestos used in diaphragm cells.

Due to the potential exposure of employees to ashbestos and emissions to the environment,
efforts have been made to replace the asbestos with other diaphragm materials.

The development of non-asbestos diaphragms started in the mid-1980s. Two non-asbestos
diaphragm systems were commercially available in 2010. The basis of the material used is the
same in all asbestos-free diaphragms, i.e. a fluorocarbon polymer, mainly PTFE
(polytetrafluoroethylene). The differences lie in the fillers used and the way the hydrophobic
PTFE fibres are treated and deposited in order to form a permeable and hydrophilic diaphragm
(Section 4.2.2) [ 31, Euro Chlor 20101].

In 2013, only one plant in the EU-27 was still using asbestos diaphragms: Dow in Stade
(Germany). All three diaphragm cell plants in France (Kem One (formerly Arkema) in Fos-sur-
Mer and Lavéra, and Vencorex (formerly Perstorp) in Le Pont de Claix) have been operating
with asbestos-free diaphragms since 2003. Additionally, the Solvay plant in Rheinberg
(Germany) converted to ashestos-free diaphragms in 2012. The Zachem plant in Bydgoszcz
(Poland) was shut down in 2012 [ 298, Euro Chlor 2013 1.

A commercial plant has multiple cell elements combined into a single unit, called the
electrolyser. Both diaphragm and membrane electrolysers are classified as either monopolar or
bipolar. This is described in detail in Section 2.4.3. There are many more monopolar diaphragm
electrolysers in chlor-alkali production facilities than there are bipolar electrolysers
[ 1, Ullmann's 2006 ].
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2.4 The membrane cell technique

24.1 General description

At the beginning of the 1970s, the development of the first ion-exchange membranes introduced
a new technique to produce chlorine: the membrane cell technique. The first industrial
membrane cell plant was installed in Japan in 1975. Due to the pressure of Japanese
environmental regulations in the aftermath of the Minamata disease, caused by waste water
contaminated with methylmercury which had been discharged in the 1950s into Minamata Bay,
Japan was the first country where the technique was installed on a wide scale in the mid-1980s.
Since the 1990s, the membrane cell technique is considered the state-of-the-art technique for
producing chlorine and caustic soda/potash [ 1, Ullmann's 2006 ].

In this technique, the anode and cathode are separated by an ion-conducting membrane
(Figure 2.2). Brine solution flows through the anode compartment, where chloride ions are
oxidised to chlorine gas. The sodium ions, together with approximately 3.5 to 4.5 moles of
water per mole of sodium, migrate through the membrane to the cathode compartment, which
contains a caustic soda solution [ 1, Ullmann's 2006 ]. The water is electrolysed at the cathode,
releasing hydrogen gas and hydroxide ions. The sodium and hydroxide ions combine to produce
caustic soda, which is typically kept at 32 + 1 wt-% in the cell by diluting a part of the product
stream with demineralised water to a concentration of approximately 30 wt-% and subsequent
recycling to the catholyte inlet (Figure 2.1). Caustic soda is continuously removed from the
circuit. Depleted brine is discharged from the anode compartment and resaturated with salt. The
membrane largely prevents the migration of chloride ions from the anode compartment to the
cathode compartment; therefore, the caustic soda solution produced contains little sodium
chloride (i.e. approximately 50 mg/l). Back-migration of hydroxide is also largely prevented by
the membrane but nevertheless takes place to a certain extent and increases the formation of
oxygen, hypochlorite and chlorate in the anode compartment, thereby resulting in a loss of
current efficiency of 3-7 % with respect to caustic soda production [1, Ullmann's 2006 ],
[ 10, Kirk-Othmer 2002 ], [ 22, Uhde 2009 ].

Some electrolysers produce a more diluted 23-24 wt-% caustic soda. In this case, the caustic
entering the cell has a concentration of approximately 20-21 wt-% and the heat of the
electrolysis can be used to concentrate the 23-24 wt-% caustic solution to 32-34 wt-%. The
overall energy efficiency is comparable to the aforementioned process with the 32 wt-% caustic
solution but more equipment is required for the caustic evaporation. On the other hand, simpler
and cheaper construction materials can be used in the caustic circuit around the membrane cells
[ 3. Euro Chlor 2011 ], [ 300, Euro Chlor 2011 1.

Generally, the caustic produced in a concentration of 30-33 wt-% is concentrated to the usual
commercial standard concentration of 50 wt-% by evaporation (using steam). Another
possibility is to use the caustic produced in the membrane cells as feed to the decomposers of
mercury cells. A flow diagram of a possible integrated plant is shown in Figure 2.8.
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Figure 2.8: Flow diagram of the integration of the membrane and mercury cell techniques

The concentration of sodium chlorate in the produced caustic soda typically ranges from < 10 to
50 mg/kg [28, EIPPCB 2011]. The level depends on the membrane characteristics, the
operational current density and the chlorate levels in the brine [ 3, Euro Chlor 2011]. The
chlorine produced in membrane cells contains low concentrations of oxygen (0.5-2.0 vol-%).
The formation of oxygen and chlorate can be depressed by selecting an anode coating with
suitable characteristics and/or by decreasing the pH in the anode compartment
[ 1, Ullmann's 2006 ], [ 10, Kirk-Othmer 2002 ].

Brine depletion in membrane cells is two or three times greater than in mercury cells, which
allows the brine system to be smaller, resulting in significantly lower recycling rates and less
equipment needed compared to mercury cell plants of the same capacity [ 1, Ullmann's 2006 ],
[ 22, Uhde 2009 ].

The membrane cell technique has the advantage of producing a very pure caustic soda solution
and of using less energy than the other techniques. In addition, the membrane cell technique
uses neither mercury, which is classified as very toxic, nor asbestos, which is classified as toxic
(carcinogenic) [ 76, Regulation EC/1272/2008 2008 ]. Disadvantages of the membrane cell
technique are that the caustic soda produced may need to be evaporated to increase its
concentration and, for some applications, the chlorine gas produced needs to be processed to
remove oxygen, usually by liquefaction and evaporation. Furthermore, the brine entering a
membrane cell must be of a very high purity, which requires additional purification steps prior
to electrolysis (Section 2.5.3.3) [ 1, Ullmann's 2006 ], [ 10, Kirk-Othmer 2002 ].

2472 The cell

Various designs of membrane cells have been developed and used in commercial operations.
Figure 2.9 shows a schematic view of a typical bipolar membrane electrolysis cell, Figure 2.10
shows an example of a bipolar membrane cell room and Figure 2.11 shows an example of a
monopolar membrane cell room.
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Figure 2.9: Schematic view of a typical bipolar membrane electrolysis cell

Source: [ 25, Vinnolit 2011 ]

Figure 2.10: View of a membrane cell room equipped with bipolar electrolysers
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Source: [ 32, Solvay 2010 ]

Figure 2.11: View of a membrane cell room equipped with monopolar electrolysers

The cathode material used in membrane cells is nickel. Like the cathodes of diaphragm cells,
they are often coated with a catalyst that is more stable than the substrate and which increases
surface area and reduces the overpotential. Coating materials include Ni-S, Ni-Al, and Ni-NiO
mixtures, as well as mixtures of nickel and platinum group metals. The cathode coatings for
membrane cells have to be more chemically resistant than those of diaphragm cells, because of
the higher caustic concentration.

The anodes used consist of titanium coated with a mixture of ruthenium dioxide, titanium
dioxide and iridium dioxide. At the beginning of the 21st century, the second-generation
coatings for membrane cells showed lifetimes comparable to those of the diaphragm cell
technique [ 1, Ullmann's 2006 ], [ 10, Kirk-Othmer 2002 ].

The membranes used in the chlor-alkali industry are commonly made of perfluorinated
polymers. The membranes may have one to three layers, but generally consist of two layers
(Figure 2.12). One of these layers consists of a perfluorinated polymer with substituted
carboxylic groups and is adjacent to the cathodic side. The other layer consists of a
perfluorinated polymer with substituted sulphonic groups and is adjacent to the anodic side. The
carboxylate layer exhibits a high selectivity for the transport of sodium and potassium ions and
largely prevents the transport of hydroxide, chloride, hypochlorite, and chlorate ions, while the
sulphonate layer ensures good mechanical strength and a high electrical conductivity. To give
the membrane additional mechanical strength, it is generally reinforced with PTFE fibres. The
membranes must remain stable while being exposed to chlorine on one side and a strong caustic
solution on the other. Commercially available membranes are optimised for use in a specific
strength of caustic. Depending on the particular design, membrane sizes range from 0.2 to 5 m?.
The general economic lifetime of chlor-alkali membranes is approximately three to five years
[ 1, Ullmann's 2006 ], [ 26, Euro Chlor 2010 ].

28 Production of Chlor-alkali



Chapter 2

Anodic element

Sulphonate layer
* mechanical strength

* high electrical
conductivity

PTFE grid
« tear strength

* high mechanical
resistance

« stiffness

Hydrophilic coating
» Cl, gas release
» reduced cell voltage

o

Cathodic element

Carboxylate layer
* high selective ion permeability

* prevention of OH migration
(high current efficiency)

« prevention of Cl- diffusion
(low content of NaCl in NaOH)

Sacrificial thread (warp/weft)

» consistently good brine
distribution

Hydrophilic coating
* H,gas release
» reduced cell voltage

Source: [ 23, BASF 2010 ] [ 24, Asahi Kasei 2008 ]

Figure 2.12: Schematic view of a membrane

In the design of a membrane cell, minimisation of the voltage drop across the electrolyte is
accomplished by bringing the electrodes close together. However, when the gap is very small,
the voltage increases because of the entrapment of gas bubbles between the electrodes and the
hydrophobic membrane. This effect is avoided by coating both sides of the membrane with a
thin layer of a porous inorganic material to enhance the membrane's ability to release the
gaseous products from its surface. These improved membranes have allowed for the
development of modern cells with zero-gap or finite-gap cathode structures [ 10, Kirk-Othmer
20021, [ 26, Euro Chlor 2010 ].

2.4.3 Monopolar and bipolar electrolysers

Electrolysers containing a multitude of membrane or diaphragm cells are classified as either
monopolar or bipolar. The designation does not refer to the electrochemical reactions that take
place, which of course require two poles or electrodes for all cells, but to the electrolyser
construction or assembly. In a bipolar arrangement, the elements are connected in series with a
resultant low current and high voltage (Kirchhoff's circuit laws). The cathode of a cell is
connected directly to the anode of the adjacent cell (Figure 2.13). In the monopolar
arrangement, all anodes and cathodes are connected in parallel, forming an electrolyser with a
high current and low voltage. The current has to be connected to every single anodic and
cathodic element, while in a bipolar electrolyser the power supply is connected only to the end
part of the electrolyser. Due to the long current path, ohmic losses in monopolar electrolysers
are much higher than in equivalent bipolar electrolysers, leading to increased energy
consumption [ 1, Ullmann's 2006 ].
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Figure 2.13: Simplified scheme of monopolar and bipolar electrolysers

Multiple electrolysers are employed in a single direct current circuit (Figure 2.14). Usually
bipolar electrolysers are connected in parallel with a low current and high voltage. Monopolar
electrolysers are often connected in series, resulting in a high current circuit and low voltage
[ 1, Ullmann's 2006 ].

Table 2.2 shows the differences between typical configurations of monopolar and bipolar
membrane cell plants with the same production capacity. Monopolar membrane cell plants are
characterised by a larger number of electrolysers while the number of cells per electrolyser is
lower than in a bipolar membrane cell plant.

n
5

it

|

Bipolar Monopolar
Source: [ 1, Ullmann's 2006 ]

Figure 2.14: Electrolyser architecture
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Table 2.2: Typical configurations of a monopolar and a bipolar membrane cell plant
Parameter Unit Mo_nopolgr B_ipolar_
configuration | configuration

Current density KA/m? 3.7 6.0
Active membrane area m’ 1.75 2.70
Cells per electrolyser — 34 181
Load per electrolyser kA 220 16.2
Electrolyser number — 67 5
Chlorine capacity kt/yr 158 158
Cell voltage V 3.6 3.2
Cell room voltage \Y% 240 580
Electricity consumption | DC kWh /t Cl, produced 2860 2600
Source: [ 26, Euro Chlor 2010 ]

The maximum current density of an electrolyser is determined by the resistance (ion
conductivity) of the membrane and the hydraulic conditions of the cells (elimination of the gas
formed). The first monopolar electrolysers worked at maximum current densities of 4 kKA/m* but
bipolar electrolysers can now be operated at current densities of 6—7 kA/m? and pilot cells are
currently tested at up to 10 kA/m®. The trend to develop higher current density electrolysers
aims to reduce investment costs while developments in membranes, electrolysis technology
such as anode-cathode gap reduction and catalyst developments strive to reduce energy
consumption [ 63, Euro Chlor 2011 ].

In 2011, monopolar membrane electrolysers were only commercialised to maintain existing
plants and for new plants with small capacities. That change is due to the following advantages
of bipolar electrolysers which lead to reduced investment and operating costs, as well as to
improved safety [ 26, Euro Chlor 2010 ]:

. easier manufacturing;

o smaller copper busbars due to the lower current; the only copper current distributors
needed are the main busbars connected to the end parts of the electrolyser;

o possibility to operate at higher current density without dramatic effects on energy
consumption due to very efficient internal recirculation;

o membrane area more effectively used (from 85-87 % to 90-92 %);

o better energy performance due to smaller voltage drop;

o no need for spare bipolar electrolyser (only some spare individual cells are necessary,
compared to spare electrolysers required for the monopolar technique);

o shorter duration of shutdown and start-up phases to replace membranes due to the easy
and simple filter press design;

o higher flexibility of operation (each electrolyser could be operated independently of the
others due to a parallel connection); no need for expensive mobile short-circuit switches
for the isolation of troubled electrolysers (Figure 2.14);

o new possibility to operate bipolar electrolysers under slight pressure on the chlorine side
(no need for a blower);

o easier detection of faulty cells by monitoring of individual cell voltages.
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2.5 Brine supply

251 Sources, qualities and storage of salt

The brine used in mercury and membrane cells is normally obtained by dissolving solid salt in
depleted brine, although some installations use solution-mined brine on a once-through basis
(i.e. no brine recirculation). The brine supply for diaphragm cells is always used on a once-
through basis, most commonly using solution-mined brine, although the salt recovered from the
caustic evaporators may be recycled into the brine supply (Figure 2.1).

The basic raw material is usually solid salt: rock salt obtained by mechanical mining; solar salt
produced by solar evaporation of seawater or brine; or vacuum salt from purifying and
evaporating solution-mined brine. Other sources include salt recovered from the caustic
evaporators of the diaphragm cell technique and solution-mined brine obtained by forcing water
or weak brine into a salt deposit to dissolve the material and carry it back to the surface
[ 1, Ullmann's 2006 ], [ 10, Kirk-Othmer 2002 ]. Another source is used in Spain where 70 % of
the sodium chloride used in chlor-alkali plants is obtained by purification of NaCl-containing
wastes from the mining of potash (KCI), including wastes from historic landfills
[ 27, ANE 20101]. In specific cases, it is also possible to recycle salt-containing waste water
from other production processes [ 33, Euro Chlor 2011 ].

In the EU-27 and EFTA countries in 2011, mercury cell plants mostly used vacuum salt and
rock salt, diaphragm cell plants used solution-mined brine and membrane cell plants mostly
used vacuum salt and to a lesser extent solution-mined brine and rock salt. Solar salt was only
used by a few plants in Southern Europe, and salt from potash mining wastes by plants in Spain.
Some plants used a combination of salt types [ 57, CAK TWG 2012 ].

The compositions from different sources vary widely but the main impurity in nearly all salts is
some form of calcium sulphate (Table 2.3). Solar salt is usually purer than rock salt, at least
after the common operation of washing. However, it is more susceptible to caking and
mechanical degradation. Rock salt usually contains more calcium sulphate and proportionately
less magnesium. The higher ratio of calcium to magnesium improves the precipitation of
magnesium hydroxide due to the formation of hybrid particles. Many chlor-alkali plants operate
with salt that has already undergone some purification. For example, most solar salts are washed
to remove occluded liquor and surface impurities, and vacuum salt is recrystallised from brine
after most of the impurities have been removed by chemical treatment [ 10, Kirk-Othmer
2002 ]. The composition of the salt obtained by purification of potash mining wastes in Spain is
within the composition range of rock salt in Table 2.3 [ 27, ANE 2010 ]. Compositions similar
to rock salt can also be expected for salt obtained from solution mining, except that this salt
contains much lower levels of insoluble compounds [ 293, Euro Chlor 2012 ].

Table 2.3: Typical compositions of sodium chloride used in chlor-alkali electrolysis
Salt source (V)
Component
Rock salt Wasf;z?tsolar Vacuum salt

NaCl 93-99 % 99 % 99.95 %
SO~ 0.2-1% 0.2 % 0.04 %
Ca” 0.05-0.4 % 0.04 % 0.0012 %
Mg** 0.01-0.1 % 0.01 % 0.0001 %

(%) Compositions are given on a dry basis.

Source: [ 10, Kirk-Othmer 2002 ]

Generally the salt is stored in a sealed area equipped with a roof to prevent it from blowing off
site. Protective systems are installed to prevent contamination, in particular in case of rain or if
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the storage area is located near surface water or groundwater. Because of its high purity,
vacuum salt in particular needs to be protected. Anti-caking agents, mostly ferrocyanides, are
almost always added to prevent caking of vacuum salt, but rarely for rock salt.

Solution-mined brine is sometimes transported by pipelines over distances which can exceed
100 km. The brine is kept in storage tanks [ 1, Ullmann's 2006 ].

252 Brine preparation

When solid salt is the raw material, a dissolving operation becomes necessary, and this may be
carried out in open or closed vessels. The water and/or depleted brine can be sprayed onto the
salt or introduced at the base of the saturator for progressive saturation when running through it.
In the latter case, the saturated brine overflows the equipment at the top. Modern saturators are
closed vessels to reduce emissions of salt spray or mist, as well as of mercury in the case of the
mercury cell technique. NaCl concentrations in the saturated brine reach values of 310-315 g/l
[ 1, Ulimann's 2006 ].

2.5.3 Brine purification
2531 General description

As can be seen in Figure 2.1, the brine purification process consists of a primary system for all
three cell techniques consisting of precipitation and filtration and an additional secondary
system for the membrane cell technique. The brine purification is needed to reduce the
concentration of undesirable components (sulphate anions, cations of Ca, Mg, Ba and metals)
that could affect the electrolytic process. The quality of the raw material and the brine quality
requirements for each of the three techniques determine the complexity of the brine treatment
unit.

25.3.2 Primary purification

The initial stage of purification uses sodium carbonate and sodium hydroxide to precipitate
calcium and magnesium ions as calcium carbonate (CaCOs;) and magnesium hydroxide
(Mg(OH),). Metals (iron, titanium, molybdenum, nickel, chromium, vanadium, tungsten) may
also precipitate as hydroxide during this operation. The usual way to reduce the concentrations
of metals is to specify maximum concentration values in the purchase specifications for the salt.
Sodium sulphate can be controlled by adding calcium chloride (CaCl,) or barium salts (BaCO;
or BaCl,) to remove sulphate anions by the precipitation of calcium sulphate (CaSO,) or barium
sulphate (BaSQ,). The precipitation of barium sulphate can take place simultaneously with the
precipitation of calcium carbonate and magnesium hydroxide, whereas the precipitation of
calcium sulphate requires a separate vessel.

When vacuum salt is used as raw material, only a part of the brine stream might be treated in the
primary purification unit, while the total stream is usually treated when using other salt types
[3, Euro Chlor 2011]. Some plants using vacuum salt omit primary brine purification
completely [ 57, CAK TWG 20121].

The precipitated impurities are removed by sedimentation, filtration or a combination of both.
The separated filter cake is generally concentrated to 50-60 % solids content in filter presses,
rotary drum vacuum filters or centrifuges before disposal.

The sulphate content can also be reduced without the use of expensive barium salts by purging a
part of the brine, by cooling the brine stream and crystallising Na,SO,-10 H,0, by precipitating
the double salt Na,SO,-CaSO,, by ion exchange, or by nanofiltration combined with purging of
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the brine. In the diaphragm cell technique, the removal of sulphate is not always necessary
because sulphate can be removed from the cell liquor as pure Na,SO, during the concentration
process [ 1, Ullmann's 2006 ]. In the case of the membrane cell technique, the use of barium
salts is generally avoided to protect the membrane against potential precipitations (Table 2.4)
[ 3, Euro Chlor 2011 ].

The purified brine should ideally contain [ 1, Ullmann's 2006 ]:

e Calcium (Ca®): < 2 mg/l;
. Magnesium (Mg?"): < 1 mg/l;
e Sulphate (S0,%): <5 g/l.

Before the brine enters mercury or diaphragm electrolysis cells, it is usually acidified with
hydrochloric acid to pH < 6, which increases the lifetime of the anode coating and reduces the
formation of oxygen, hypochlorite and chlorate [ 1, Ullmann's 2006 ].

2533 Secondary purification: membrane cell technique

To maintain the high performance of the ion-exchange membrane, the feed brine must be
purified to a greater degree than in the mercury or diaphragm cell techniques.

The precipitation step alone is not enough to reduce the levels of calcium and magnesium, and
additional softening is thus required. Figure 2.15 shows the flow diagram of a possible layout
for the brine system used in the membrane cell technique.

Cl
SP-2 y SP-3 ?
Raw salt Water V-2

(7
]
\/- E-1
I x —p
Depleted brine
V-1 Brine saturator SP-1 Sand filter E-1 Electrolyser
V-2 Brine reactor SP-2 Brine filter T-1 Dechlorinationtower
V-3 Clarifier Porous carbon filter
V-4 Chlorate decomposer Pre- coating
(if necessary) SP-3 Chelating resin towers
Source: [ 29, Asahi Glass 1998 ]
Figure 2.15: Flow diagram of a possible layout for the brine system used in the membrane cell

technique

Secondary brine purification generally consists of polishing filtration (Figure 2.16) and brine
softening in an ion-exchange unit (Figure 2.17).

The polishing filtration generally consists of candle-type, plate frame or pressure leaf filters
(either with or without a cellulose-based pre-coat) in order to sufficiently reduce suspended
particles and protect the ion-exchange resin from damage. In some cases, no polishing filter is
needed.

The ion-exchange chelating resin treatment is designed to decrease the sum of magnesium and
calcium concentrations to <20 pg/l. Table 2.4 indicates typical specifications required for
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metals, sulphate and other impurities. These specifications can vary if the users want to operate
at a low current density (< 4 kA/m? or at a high current density. The specifications are more
stringent for high current densities. Specifications also depend on the interaction of impurities.
While the presence of one impurity may not be harmful, its synergistic combination with others
may be (e.g. the combination of aluminium, calcium and silica). The resin is periodically
regenerated with high-purity hydrochloric acid and sodium hydroxide solutions. Generally, one
resin exchange column is in operation while another resin exchange column is regenerated.

Before the brine enters the membrane electrolysis cells, it is usually acidified with hydrochloric
acid, which increases the lifetime of the anode coating and reduces the formation of oxygen,
hypochlorite and chlorate. However, this increases the risk that precipitations of impurities such
as iron and aluminium may occur inside the membrane rather than outside near the surface.
Furthermore, over-acidification can reverse the hydrolysis of the carboxylate groups that
provide high ion selectivity in the membrane, thereby irreversibly damaging them
[ 10, Kirk-Othmer 2002 ], [ 34, Solvay 2010 ], [ 72, Nishio 2011 ].

Source: [ 29, Asahi Glass 1998 ]

Figure 2.16: View of polishing filters in a secondary brine purification system
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Source: [ 29, Asahi Glass 1998 ]

Figure 2.17: View of chelate resin towers in a secondary brine purification system
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Table 2.4: Typical impurities with sources and effects on the membrane cell technique, as well as typical brine specifications
Impurity Source Typl_cal upper I"T."t of Effects Mechanism
brine specification
Ca: Precipitation with various anions near the cathode side of the membrane,
Ca? + Mo? Salt 20 bob Ca: CE precipitation with silica and iodine in the membrane
a + a pp . . s . . L
J Mg: vV Mg: Fine precipitation with OH™ near the anode side of the membrane, precipitation
with silica in the membrane
Sr2t Salt 0.1-4 pom CE V Precipitation with hydroxide on the cathode side of the membrane, precipitation with
' PP ' silica and iodine in the membrane
2+ g Very fine precipitation with iodine in the membrane, precipitation with silica in the
Ba Salt 0.05-0.5 ppm CE,V membrane
3+ Precipitation with silica in the membrane, precipitation of calcium/strontium
Al Salt 0.1 ppm CE.V aluminosilicates near the cathode side of the membrane
Fo* Salt, pipework, tank material, 0.05-0.1 ppm (%) v Deposition on the cathode, precipitation with hydroxide on the anode side of the
anti-caking agent ' PP membrane or in the membrane (depending on pH of the brine)
Hg** E:Irlarl)lltzln?peratlon of mercury 0.2 ppm heavy metals \% Deposition on the cathode
Ni%* Salt, pipework, tank material, 0.2 ppm heavy metals \Y Deposition on the cathode, absorption in the membrane
cathode
ClOs Process side reactions 10 g/l (as NaClQO3) 0 Chlorination of the ion-exchange resin
3 Very fine precipitation with calcium, strontium or barium in the membrane,
(€. Hl067) Salt 0.1-0.2 ppm CE.V precipitation with sodium on the cathode side of the membrane
F Salt 0.5 ppm V Destruction of the anode coating
2 Salt, dechlorination with Precipitation with sodium near the cathode side of the membrane, anode coating
S04 NaHSO, < 4-8 9/l (as Na,50x) CE with barium
SiO, Salt 10 pom CE Silica itself is harmless, but in the presence of magnesium, calcium, strontium,
(e.g. SiO5Y) PP barium or aluminium, silicates can be formed (see above)
?(;?gsnded Salt 0.5-1 ppm V Precipitation on the anode side of the membrane
CT;)rtg(l)grgamc Salt 1-10 ppm V Increased foaming, overplating

(%) Higher iron concentrations could be permissible in cases of non-acidified feed brine.
NB: CE = current efficiency decreases; O = other effects; V = cell voltage increases.
Source: [ 1, Ullmann's 2006 ], [ 23, BASF 2010 ], [ 72, Nishio 2011 ], [ 136, Asahi Kasei 2008 ], [ 146, Arkema 2009 ]
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2534 Control of nitrogen compounds in the brine

The presence of some nitrogen compounds in the brine gives rise to the formation of nitrogen
trichloride (NCI3), which is an explosive substance. Techniques applied to reduce the
concentration of nitrogen compounds in the brine are described in Section 2.6.11.4 together with
other techniques to control NCl.

254 Brine dechlorination and resaturation

Mercury and membrane cell plants usually operate with brine recirculation and resaturation
(Figure 2.1). In 2011, there were, however, three plants operating on a once-through basis, one
of them using the mercury cell technique, another one using the membrane cell technique and
the third one using both the mercury and the membrane cell technique. The plants are located in
Spain, Portugal and the United Kingdom, close to the sea and to large underground salt deposits
(Table 8.1 in the Annex) [ 37, Euro Chlor 2010 ]. Diaphragm cell plants always use a once-
through brine circuit, but some employ brine saturation using the salt recovered from the caustic
evaporators.

In recirculation circuits, the depleted brine leaving the electrolysers is first dechlorinated:

° only partially for the mercury cell technique (leaving active chlorine in the brine keeps
the mercury in its oxidised form as HgCl; and HgCl,> and avoids the presence of
metallic mercury in the brine purification sludge [ 3, Euro Chlor 2011 ]);

. totally for the membrane cell technique (necessary here because the active chlorine can
damage the ion-exchange resins of the secondary brine purification unit).

For this purpose, the brine containing 0.4-1 g/l of dissolved chlorine is generally acidified to
pH 2-2.5 and sent to an air-blown packed column or sprayed into a vacuum system of
50-60 kPa to extract the majority of the dissolved chlorine to a residual concentration of
10-30 mg/l. The chlorine-containing vapours are subsequently fed back to the raw chlorine
collecting unit or directed to the chlorine absorption unit. The water that evaporates from the
dechlorinated brine is condensed in a cooler. The condensate can be sent back to the brine
system or chemically dechlorinated [ 1, Ullmann's 2006 ].

For the membrane cell technique, complete dechlorination is achieved by passing the brine
through an activated carbon bed, by catalytic reduction, or by using chemical reducing agents
such as sulphite (Section 4.3.6.3). Residual levels were reported to be < 0.5 mg/l or below the
detection limit [ 3, Euro Chlor 2011 ] and < 0.1 mg/I [ 211, Dibble and White 1988 ].

No such dechlorination treatment is required for the diaphragm system, since any chlorine
passing through the diaphragm reacts with caustic soda in the catholyte compartment to form
hypochlorite or chlorate.

If the saturation is carried out with impure salt (followed by a primary purification step of the
total brine flow), the pH of the dechlorinated brine is then brought to an alkaline value with
caustic soda to reduce the solubilisation of impurities from the salt. If the saturation is carried
out with pure salt (with subsequent primary purification on a small part of the flow), there is no
alkalisation step prior to the resaturation (only in the purification phase).

Brine resaturation using solid salt is described in Section 2.5.2. In the case of mercury or
membrane cell plants operating with solution-mined brine, brine resaturation is achieved by
evaporation. During this step, sodium sulphate precipitates and can be recovered, purified and
used for other purposes.

In the case of diaphragm cells, the catholyte liquor (10-12 wt-% NaOH, 15-17 wt-% NacCl) is
directly used or transferred to the caustic evaporators, where solid salt and 50 wt-% caustic are
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recovered together. Fresh brine may be saturated with recycled solid salt from the caustic
evaporators before entering the diaphragm electrolysers.

2.5.5 Chlorate destruction: membrane cell technique

In order to reduce the build-up of chlorate in the brine circuit, which could have negative effects
on the ion-exchange resins (Table 2.4), the caustic quality, and on emissions to the environment,
some membrane cell plants operate a chlorate destruction unit prior to the dechlorination
(Figure 2.1). Techniques include the reduction of chlorate to chlorine with hydrochloric acid at
temperatures higher than 85 °C and the catalytic reduction of chlorate to chloride with hydrogen
(Section 4.3.6.4).
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2.6  Chlorine processing, storage and handling
2.6.1 General description

Generally, before the chlorine can be used, it goes through a series of processes for cooling,
cleaning, drying, compression and liquefaction. In some applications, it can be used as a dry gas
without the need for liquefaction. Very occasionally it can be used directly from the
electrolysers. A general flow of chlorine from the electrolysers to storage is presented in
Figure 2.1. The chlorine process usually takes hot, wet cell gas and converts it to a cold, dry gas.
Chlorine gas leaving the electrolysers has a temperature of approximately 80-90°C and is
saturated with water vapour. It also contains brine mist, impurities such as N,, H,, O,, CO, and
traces of chlorinated hydrocarbons. Electrolysers are operated at essentially atmospheric
pressure with only a few mbar difference between the pressure of the anolyte and the catholyte.

2.6.2 Materials

The strong oxidising nature of chlorine requires a careful choice of construction materials at all
stages of processing, depending on the operating conditions (temperature, pressure, state of
matter, moisture content). Most metals are resistant to dry chlorine at temperatures below
100 °C. Above a specific temperature for each metal, depending also on the particle size of the
metal, spontaneous ignition takes place (150-250 °C for iron). Carbon steel is the material most
commonly used for dry chlorine gas (water content below 20 ppmw). Wet chlorine gas rapidly
attacks most common metallic materials with the exception of tantalum and titanium, the latter
being the preferred choice in chlor-alkali plants. However, if the system does not remain
sufficiently wet, titanium ignites spontaneously (ignition temperature ~ 20 °C). Other
construction materials such as alloys, graphite, glass, porcelain and polymers may be used,
depending on the conditions. Oils or greases generally react with chlorine upon contact, unless
they are fully halogenated [ 1, Ullmann's 2006 ], [ 3, Euro Chlor 2011 ].

2.6.3 Cooling

In the primary cooling process, the total volume of gas to be handled is reduced and a large
amount of moisture is condensed. Cooling is accomplished in one or several stages with water,
brine or other fluids. Care is taken to avoid excessive cooling because, at around 10 °C, chlorine
can combine with water to form a solid material known as chlorine hydrate
(Cl, - n H,0; n = 7-8). Maintaining temperatures above 15 °C prevents blockages in the process
equipment [ 1, Ullmann's 2006 ], [ 54, Euro Chlor 2010], [ 117, Euro Chlor and Spolchemie

20121.

Two methods are most frequently used to cool chlorine gas [ 38, O'Brien and White 1995 ],
[ 117, Euro Chlor and Spolchemie 2012 ].

. One method is indirect cooling through a titanium surface (usually in a single-pass
vertical shell-and-tube heat exchanger). The resultant condensate is either fed back into
the brine system of the mercury or membrane cell technique or is dechlorinated by
evaporation in the case of the diaphragm cell technique. This method causes less chlorine
to be condensed or absorbed and generates less chlorine-saturated water for disposal.
Indirect cooling can be carried out in once-through, open-recirculating, or closed-loop
systems.

. Another method is direct cooling with water (or brine or other fluids). The chlorine gas is
cooled by passing it directly into the bottom of a tower. Water is sprayed from the top and
flows countercurrently to the chlorine. The cooling water is generally free of traces of
ammonium salts, to avoid the formation of nitrogen trichloride. This method has the
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advantage of better mass transfer characteristics and higher thermal efficiencies. Direct
cooling is usually carried out in closed-loop systems.

2.6.4 Cleaning of wet chlorine

Following primary cooling, water droplets and impurities such as brine mist are removed
mechanically by using special filters with glass wool fillings or porous quartz granules, or by
means of an electrostatic precipitator. Chlorine is then passed to the drying towers
[ 1, Ullmann's 2006 ].

2.6.5 Drying

Chlorine from the cooling system is more or less saturated with water vapour. The water content
is typically 1-3 vol-%. This must be reduced in order to avoid downstream corrosion and to
minimise the formation of hydrates [ 38, O'Brien and White 1995 ].

The drying of chlorine is carried out almost exclusively with concentrated sulphuric acid
(96-98 wt-%) in countercurrent contact towers in two to six stages, which reduce the moisture
content to less than 20 mg/m® [ 54, Euro Chlor 2010 ]. The remaining moisture content depends
on the temperature and concentration of the sulphuric acid in the last drying stage. For low-
temperature liquefaction (Section 2.6.8), a lower moisture content is required, which can be
achieved by adding more equilibrium stages to the drying towers or by using molecular sieves
to levels of 3-9 mg/m?® [ 3, Euro Chlor 2011 ], [ 54, Euro Chlor 2010 ].

The number of stages is usually increased to lower the final strength of the spent sulphuric acid.
For example, three stages are needed to reach a spent acid concentration of 50-65 wt-% while
six stages are needed for a final concentration of 30-40 wt-%. The columns contain plastic
packing resistant to chlorine and sulphuric acid to improve fluids distribution, increase
efficiency and lower pressure drops, and thus reduce energy consumption. The heat liberated
during dilution of the circulating acid is removed by titanium heat exchangers, and the spent
acid is dechlorinated chemically or by stripping. The concentration of the spent acid depends on
the number of drying stages and the further potential use or method of disposal. In some cases,
the acid is reconcentrated to 96 wt-% by heating it under vacuum and then it is subsequently
recirculated. Sometimes the acid is sold or used for other purposes. Rarely, it becomes waste
[ 3, Euro Chlor 2011 ], [ 54, Euro Chlor 2010 ].

2.6.6 Cleaning of dry chlorine

When leaving the top of the drying tower, dry chlorine passes through high efficiency demisters
or a packed bed to prevent the entrainment of sulphuric acid droplets.

Further potential cleaning steps after chlorine drying include [ 1, Ullmann's 2006 ], [ 3, Euro
Chlor 2011 ], [ 54, Euro Chlor 2010 ], [ 56, Euro Chlor 2008 J:

o adsorption on carbon beds to remove organic impurities;

o absorption-desorption using a suitable solvent such as carbon tetrachloride to remove
nitrogen trichloride and organic impurities;

o scrubbing with concentrated hydrochloric acid to remove nitrogen trichloride;

o scrubbing with liquid chlorine to remove nitrogen trichloride, organic impurities, carbon
dioxide and bromine;

o irradiation with UV to destroy nitrogen trichloride and hydrogen.
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2.6.7 Compression

After drying and potential further cleaning, chlorine gas may be compressed by a variety of
compressors, depending on the throughput and the desired pressure [ 1, Ullmann's 2006 ],
[ 3, Euro Chlor 2011 ]:

Rotary compressors, such as:

. sulphuric acid liquid ring compressors for throughputs of 150 t/d per compressor and for
pressures of 4 bar or, in two-stage compressors, 12 bar;
. screw compressors for low throughputs and for pressures of up to 16 bar.

Reciprocating compressors, such as:

. dry ring compressors for throughputs of 200 t/d per compressor and for pressures of up to
16 bar.

Centrifugal compressors, such as:

. turbo compressors in mono- or multi-stage operation for throughputs of up to ~ 1800 t/d
per unit and for pressures of up to 16 bar;

° sundyne blowers for throughputs of 80-250 t/d per compressor and for pressures of up to
3 bar.

Because of heat build-up from compression, multi-stage units with coolers between stages are
usually necessary. Compressor seals are generally fitted with a pressurised purge to inhibit the
leakage of chlorine to the atmosphere [ 39, HMSO 1993 ]. Dry chlorine at high temperatures
can react spontaneously and uncontrollably with iron. Chlorine temperatures are therefore
usually kept below 120 °C (Section 2.6.2) [ 56, Euro Chlor 2008 ].

2.6.8 Liquefaction

Liquefaction can be accomplished at different pressure and temperature levels: at ambient
temperature and high pressure (for example 18 °C and 7-12 bar), at low temperature and low
pressure (for example -35 °C and 1 bar) or any other intermediate combination of temperature
and pressure. Important factors for selecting appropriate liquefaction conditions include the
composition of the chlorine gas, the desired purity of the liquid chlorine and the desired yield.
Increasing the liquefaction pressure increases the energy consumption of compression, although
the necessary energy for cooling decreases, resulting in an overall reduction in energy
consumption.

The liquefaction yield is typically limited to 90-95 % in a single-stage installation, as hydrogen
is concentrated in the residual gas and its concentration needs to be kept below the lower
explosive limit (Section 2.6.11.3).

Higher yields of up to 99.8 % can be achieved by multi-stage liquefaction. Typically, small
volume liquefiers which are protected against explosions are used after primary liquefaction,
and inert gas is added to keep the mixture below the lower explosive limit [ 1, Ullmann's 2006 ].
Another possibility is to remove hydrogen from the system by reaction with chlorine gas in a
column, yielding hydrogen chloride which can be recovered in a hydrochloric acid unit. The
remaining chlorine gas can then be safely further condensed. This solution can be chosen if
hydrochloric acid is a saleable product or if it can be used as a feedstock for downstream
production, such as for ferric chloride.

The choice of the refrigerant in a certain stage of the liquefaction depends on the pressure of the
chlorine. When the pressure is sufficiently high, water can be used as an indirect refrigerant.
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When the pressure is relatively low, other refrigerants such as hydrochlorofluorocarbons
(HCFCs) or hydrofluorocarbons (HFCs), typically chlorodifluoromethane (HCFC-22) and
1,1,1,2-tetrafluoroethane (HFC-134a) (indirect cooling), ammonia (indirect cooling) or liquid
chlorine (direct cooling) are used.

The use of HCFCs such as HCFC-22 is generally prohibited but reclaimed or recycled HCFCs
may be used for the maintenance or servicing of existing refrigeration equipment until
31 December 2014 [ 78, Regulation EC/1005/2009 2009 ].

In the two surveys carried out in 2010 and 2012 (Section 3.1), 24 plants in the EU-27 provided
information on the refrigerants that were used for liquefaction in the period between 2008 and
2011. Eight plants used HCFC-22, seven plants HFC-134A, five plants R-507A, three plants
ammonia and two plants carbon dioxide. For chlorine, water, R-410A and R-422A, there was in
each case one plant using them as a refrigerant. Several of the plants used a combination of
refrigerants for chlorine liquefaction [ 57, CAK TWG 2012 ].

The temperature of the chlorine gas in a certain stage depends mainly on the pressure after
compression. A pressure > 8 bar generally enables water cooling, but implies an increased
hazard [ 3, Euro Chlor 2011 ].

Table 2.5 shows the possible trade-offs between the different types of chlorine gas liquefaction
systems and refrigerants used.

Table 2.5: Trade-offs in chlorine gas liquefaction
Liquefaction system Refrigerant Safety aspect Costs (V)
ngh pressure (716 bar) and Water High precautions Low energy costs
high temperatures (~ 40 °C)
mggilgrrnn t?a :ﬁ?)s:r;etszrgg (?)?e;\)/v?azg Water, HCFC/ Moderate Moderate energy
-10 °C and -20 °C) HFC or ammonia | precautions costs
Mainly
Normal pressure (~ 1 bar) and HCFC/HFC or Precautions (%) High energy costs
low temperatures (below -40 °C) ammonia

(%) Globally, the costs for equipment are comparable.
(%) The solubility of other gases increases at low temperatures, especially that of carbon dioxide.

Source: [ 1, Ullmann's 2006 ], [ 3, Euro Chlor 2011 ], [ 17, Dutch Ministry 1998 ]

The residual chlorine in the tail gas can be used to produce hypochlorite, iron(l11) chloride or
hydrochloric acid. The residual chlorine which cannot be valorised is then led to the chlorine
absorption unit (Section 2.6.12). In some cases, it is recovered by an absorption-desorption
process with carbon tetrachloride [ 36, Euro Chlor 2010 ]. The latter has the disadvantage of
using a toxic substance with a high ozone depletion and global warming potential.

2.6.9 Handling and storage

Liquefied chlorine is stored at ambient or low temperature. The pressure corresponds to the
vapour pressure of the liquefied chlorine at the temperature in the storage tank. Pressure storage
at ambient temperatures (~ 7 bar at 20 °C) has advantages of simplicity of operation, ease of
visual external inspections, as well as lower energy and investment costs. Low-pressure storage
operating around the boiling point of liquid chlorine (-34 °C) requires more complex
infrastructure, particular safety measures and higher energy costs [1, Ullmann's 2006 ],
[ 40, Euro Chlor 2002 1, [ 41, Euro Chlor 2002 ].
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Within a plant and over distances of several kilometres, chlorine can be transported by
pipelines, either as a gas or a liquid. The liquid chlorine from the bulk tank can be used as a
feedstock for on-site processes or loaded into containers, or road or rail tankers.

2.6.10 Vaporisation

Liquid chlorine is usually vaporised prior to use. The easiest option is to use ambient heat by
which approximately 5 kg of chlorine per hour and square metre of container surface can be
vaporised. For higher flowrates, it is necessary to wuse a chlorine vaporiser
[ 56, Euro Chlor 2008 ].

2.6.11 Dealing with impurities
26.11.1 Overview

Chlorine gas from the electrolysis cells may contain impurities such as water, nitrogen
trichloride (NCls), bromine (Br;), halogenated hydrocarbons (CxHyXz) originating from
rubberised or plastic piping, carbon dioxide (CO,), oxygen (O,), nitrogen (N,) and
hydrogen (H,).

Nitrogen trichloride, bromine and halogenated hydrocarbons predominantly dissolve in the
liquid chlorine, whereas the non-condensable gases (CO,, O,, N, H,) remain in the gas phase
and increase in concentration during chlorine liquefaction. Traces of sulphuric acid, ferric
sulphate, and/or ferric chloride might also be present in the liquid phase after drying and
liquefaction of chlorine.

Liquid chlorine of commercial quality has a purity of at least 99.5 wt-% with the following
specifications: water: < 0.005wt-%, solid residues: <0.02wt-%, CO,. <0.5wt-%,
N,: 0.1-0.2 wt-% and O,: 0.1-0.2 wt-% [ 1, Ullmann's 2006 ].

The impurities described in the following subsections are of particular concern.

2.6.11.2 Water

The presence or absence of water considerably alters the reactivity of chlorine towards the
equipment material (Section 2.6.2).

2.6.11.3 Hydrogen

All three cell techniques produce hydrogen, which can form an explosive mixture with chlorine
or air. Light, friction and gas depressurisation may create enough energy to initiate the reaction
at ambient temperature. The lower explosive limit of hydrogen in pure chlorine depends on
temperature and very minimally on pressure, and equates to approximately 4 vol-% H, at
ambient temperatures. Most plants therefore keep the hydrogen concentration below 4 vol-%,
either by adding inert gases such as nitrogen or carbon dioxide or by reacting the hydrogen to
hydrochloric acid (Section 2.6.8) [1, Ullmann's 2006], [10, Kirk-Othmer 2002]. The
concentration of hydrogen in chlorine is usually measured continuously to ensure the absence of
an explosive mixture [ 3, Euro Chlor 2011 ].
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2.6.11.4 Nitrogen trichloride

Nitrogen trichloride (NCI;) is formed during the electrolytic production of chlorine, due to side
reactions in the brine between the chlorine and some nitrogen compounds originating from the
raw materials (mainly ammonium and organic nitrogen compounds). Molecular nitrogen and
nitrates do not react with chlorine. Nitrogen may originate from [ 201, Piersma 2001 ]:

o salt: explosives used in rock salt mining, anti-caking agents (ferrocyanide), impurities
from transport vehicles;

o water (used for brine preparation or direct cooling): ammonia in distilled water or steam
condensate, ammonium (from fertilisers) and humic acids in surface water or
groundwater;

o ancillary materials: caustic soda which was purified by using liquid ammonia; sulphuric
acid contaminated with ammonium.

Nitrogen trichloride is characterised by its very high instability. Experimental results show that
chemical decomposition of NCI; in liquid chlorine at concentrations >3 wt-% is rapid and
strongly exothermic [ 35, Euro Chlor 2012 ].

NClI; has a higher boiling point (71 °C) than chlorine (-34 °C) and any NClI; present in the
chlorine gas thus concentrates in the liquid phase in a chlorine liquefaction process. An NH;
concentration of 1 mg/kg in the feed brine typically leads to NCI; concentrations of
37-56 mg/kg in liquid chlorine. Any evaporative handling of liquid chlorine in subsequent
processes is potentially dangerous due to the further selective concentration of NCl; in the liquid
phase [ 35, Euro Chlor 2012 ].

The formation of NCl; can be reduced by appropriate selection and control of the raw materials,
by stripping ammonia with air under alkaline conditions, or by the chlorination of ammonia to
monochloramine or molecular nitrogen at a pH higher than 8.5. Methods to remove NCI; from
chlorine after it is formed include its destruction using, for example, ultraviolet radiation or
activated carbon, as well as extraction with carbon tetrachloride (Section 4.3.5.3) [ 36, Euro

Chlor 20101].

2.6.11.5 Bromine

The quantity of bromine present depends on the quality of the salt used. Its concentration is
generally higher if chlorine is obtained by electrolysing potassium chloride to obtain potassium
hydroxide (Section 2.9). Bromine, like water, can accelerate the corrosion of the materials.

In addition to the reduction of the bromide (Br’) levels via the raw material specifications,
bromide can be removed from the brine by the oxidation and stripping of bromine, which is then
absorbed in a caustic solution. Another technique is to distil the liquefied chlorine to enrich the
heavy end with bromine, which can then be further extracted for sale or the mixture can be
destroyed [ 42, Euro Chlor 2010 ].

2.6.12 The chlorine absorption unit
2.6.12.1 Purpose

Every chlor-alkali plant generates waste gases consisting of N,, O,, H,, CO, and 1-8 % of the
original chlorine produced. Although the quality of these waste gases is usually insufficient for
the main chlorine uses, the chlorine therein still represents a certain market value and is often
used for the synthesis of bleach (sodium hypochlorite), hydrochloric acid, iron trichloride,
chlorinated hydrocarbons or sulphur monochloride. Most common is the production of bleach in
a chlorine absorption unit. Irrespective of the use of the residual chlorine, the absorption of
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chlorine in caustic solution usually represents the last step before waste gas is released to the
atmosphere (Figure 2.18) [ 17, Dutch Ministry 1998 ].

Source: [ 147, Arkema 2011 ]

Figure 2.18: View of a chlorine absorption unit

The purpose of a typical chlorine absorption system is twofold:

. To continuously absorb chlorine gas arising in streams such as tail gas from liquefaction,
air blown from the dechlorination of waste brine or chlorine condensate, or from wet and
dry maintenance headers. Up to 5 % but normally less than 1 % of the plant production is
absorbed in this way.

o To absorb the full cell room production during an emergency for an adequate period to
enable corrective measures to be taken or the plant to be shut down in a safe manner.
Gravity-fed head tanks or pumps supplied with backup power supplies may be used to
give increased reliability and operation under power failure conditions.

The aforementioned purposes can be achieved by using one or several systems, usually
composed of several absorption units placed in series or in parallel to ensure a high level of
availability by redundancy. Some additional equipment is often installed as a backup. Packed
towers and/or ejector systems are usually used in the chlorine absorption unit (Section 4.3.5.1)
[ 3, Euro Chlor 2011 ].

46 Production of Chlor-alkali



Chapter 2

2.6.12.2 Chemical reactions

All waste gases contaminated or potentially contaminated with chlorine pass into the
atmosphere through a wet scrubber usually containing caustic soda. This leads to the formation
of sodium hypochlorite:

Cl, + 2 NaOH — NaOCl + NaCl + H,O

Two major side reactions may lead to the decomposition of hypochlorite in the scrubber. The
first reaction is a disproportionation to chlorate and chloride with an intermediate formation of
chlorite [ 190, Czarnetzki and Janssen 1992 ], [ 192, Euro Chlor 2011 ], [ 195, Bolyard et al.

1992 ]:

2 CIO" — Cl1O; + CI (slow)
ClO; + CIO” — ClO3 + CI' (fast)
3 CIO" — ClO5 + 2 CI' (overall reaction)

The second reaction is a disproportionation to oxygen and chloride [ 192, Euro Chlor 2011 ]:

2CIO—-0,+2CI

All three reactions, the scrubber reaction and the two disproportionation reactions, produce
considerable heat. In addition, the decomposition reactions of hypochlorite are accelerated by
lower pH values, the presence of metal ions and by higher temperatures. The decomposition
reactions are therefore self-accelerating [ 192, Euro Chlor 2011 ].

If chlorine continues to be fed to the absorption unit after all caustic soda has been consumed, it
will dissolve until the solution is saturated and then it will be emitted to the atmosphere.
Additionally, the disproportionation of chlorine and other side reactions lead to lower pH
values, which result in lower chlorine saturation concentrations and thus increased emissions of
chlorine [ 192, Euro Chlor 2011 J:

Cl, + H,O0 = HCIO + H* + CI
CIO +2HCIO —» ClOog +2H"+2CI
2HCIO - 0, +2H"+2CI

The pH, however, does not drop below a value of 4.7 even if more chlorine is fed to the
absorption unit [ 192, Euro Chlor 2011 ].

Another process consideration is the formation of salts with limited solubility in the scrubbing
solution, which may lead to a blockage of equipment. This concerns sodium chloride, which is
formed during the scrubbing and decomposition reactions, as well as sodium carbonate which
originates from carbon dioxide impurities [ 192, Euro Chlor 2011 ]:

CO, + 2 NaOH — NazCO3 + H,0

The solubility of sodium carbonate in scrubbing solution is low. Lowering the pH value leads to
the gradual conversion of sodium carbonate to sodium hydrogen carbonate, the solubility of
which is very low in the scrubbing solution. Therefore, solid salts may precipitate when carbon
dioxide is present in chlorine or when the caustic soda comes into contact with the atmosphere,
especially if the caustic is depleted so that the pH value drops below 12 [ 192, Euro Chlor

20111].
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2.6.12.3 Use and treatment of the produced bleach

The bleach (solution of sodium hypochlorite) produced by the chlorine absorption unit usually
has too low a concentration of active chlorine to be sold, but can be used to feed the commercial
hypochlorite production unit. In some cases, this diluted bleach can be used directly on the site
(e.g. for the treatment of cooling water, Section 4.3.6.3.7) or can be recycled to the brine system
(Section 4.3.6.3.6). If this is not possible, the bleach has to be destroyed. This can be achieved
by chemical reduction to chloride using agents such as sulphite, by thermal decomposition to
oxygen and chloride with or without a catalyst, by thermal decomposition to chlorate and
chloride at increased temperatures, as well as by acidic decomposition with the release and
recovery of the chlorine (Section 4.3.6.3) [ 3, Euro Chlor 2011 ], [ 192, Euro Chlor 2011 ].
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2.7  Caustic processing, storage and handling

Figure 2.19 shows an example of a caustic processing and storage system.
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Source: [ 44, OxyChem 1992 ]

Figure 2.19: View of caustic production and storage

The caustic soda solution from the three techniques is treated in slightly different ways due to
the difference in composition and concentration (Figure 2.1).

In the case of the mercury cell technique, 50 wt-% caustic soda is obtained directly from the
decomposers. The caustic soda is normally pumped through a cooler, then through a mercury
removal system and then to the intermediate and final storage sections. In some cases, the
caustic is heated before filtration. The most common method for the removal of mercury from
caustic soda is a plate (or leaf) filter with a carbon pre-coat. Under normal operating conditions,
mercury cell caustic soda (as 100 % NaOH) contains 20-100 ppmw of sodium chloride and
40-60 pg Hg/kg NaOH [ 17, Dutch Ministry 1998 ], [ 45, Euro Chlor 1997 ].

In the case of the diaphragm and membrane cell techniques, the caustic soda is usually
concentrated to 50 wt-% by evaporation before storage. Steam is used as the source of
evaporative energy.

In the case of the diaphragm cell technique, this is achieved by triple- or quadruple-effect
evaporators. Increasing the number of effects reduces energy consumption and operating costs
but increases investment costs. The presence of salt in the diaphragm cell liquor requires that the
evaporator be equipped with scraper blades or other devices to draw off the precipitated salt,
which is then usually reused for brine preparation (Section 2.3.1). Sodium sulphate present in
the cell liquor (0.12-0.65 wt-%) also crystallises in the later stages of evaporation and may be
isolated to avoid contamination of the main portion of the recovered salt. The residual level of
sodium chloride in sodium hydroxide from diaphragm cells is approximately 1 wt-% and
sodium chlorate approximately 0.1 wt-%. For this reason, it is unsuitable for certain end
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applications such as the manufacture of rayon. The concentrations of salt and sodium chlorate in
the caustic soda from diaphragm cells can be reduced by extraction with anhydrous liquid
ammonia to increase marketability, but at an increased cost [ 1, Ullmann's 2006 ], [ 17, Dutch

Ministry 1998 ].

In the case of the membrane cell technique, concentration of the caustic soda is normally
achieved in two or three stages using either plate or shell-and-tube evaporators. The number of
stages depends on factors such as plant size and the cost of steam. The caustic soda from
membrane cells is of high quality, although the caustic soda produced (usually around
32 wt-% NaOH) needs to be concentrated to 50 wt-% NaOH to be traded as a commodity. The
NaCl content of the membrane-cell caustic soda lies between 20 and 100 ppmw
(in 100 % NaOH), but is on average slightly higher than mercury cell caustic
[ 1, Ullmann's 2006 ], [ 3, Euro Chlor 2011 ], [ 17, Dutch Ministry 1998 ].

In some plants, the caustic soda is further concentrated to a 73 wt-% solution and to solid
caustic prills or flakes with a water content of < 0.5-1.5 wt-%, using multi-effect evaporators.

Some chlor-alkali production facilities combine the caustic production process from mercury
and membrane cells in order to minimise energy costs (Figure 2.8).

Because of its highly reactive and corrosive properties, caustic soda may corrode containers and
handling equipment. Construction materials must be suited to the caustic soda handled and
stored.

Caustic solutions require steam or electrical heating where temperatures can fall below the
freezing point. Depending on the concentration, the freezing point can be higher than 0 °C; for
example it is 5 °C for 32 wt-% NaOH and 12 °C for 50 wt-% NaOH. Frozen pipelines present
both safety and environmental risks when attempts are made to unblock them [ 3, Euro Chlor

20111].

Storage tanks may be lined in order to minimise iron contamination of the product or to prevent
stress corrosion cracking of the tank. Tanks are usually included in procedures to prevent
overflow or spillage of caustic soda. Such procedures include containment and mitigation.

Dissolved hydrogen gas can be released into the vapour space above the liquid in storage tanks.
Tanks are normally vented from the highest point. Testing for an explosive mixture of hydrogen
and air normally precedes any maintenance activity in the area.
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2.8 Hydrogen processing, storage and handling

Hydrogen leaving the cells is highly concentrated (> 99.9 vol-%) and normally cooled to
remove water vapour, sodium hydroxide and salt (Figure 2.1). The solution of condensed salt
water and sodium hydroxide is recycled to produce caustic, as brine make-up or is treated with
other waste water streams [ 3, Euro Chlor 2011 ].

In the case of the membrane or diaphragm cell technique, the cooling is usually carried out by
one or more large heat exchangers. In the mercury cell technique, primary cooling is carried out
at the electrolyser, allowing mercury vapour to condense into the main mercury circuit. Further
cooling and mercury removal takes place at a later stage using a variety of techniques
(Section 3.5.6.3.4) [ 1, Ullmann's 2006 ], [ 87, Euro Chlor 2006 ].

Some uses of hydrogen require additional removal of traces of oxygen, which may be achieved
by reacting the oxygen with some of the hydrogen over a platinum catalyst
[ 10, Kirk-Othmer 2002 ].

Hydrogen may be distributed to users using booster fans or fed to the main compression plant,
which usually comprises a number of compressors and a gas holder (surge chamber). The
hydrogen gas holder is incorporated into the system to minimise fluctuations in gas pressure
from the primary stage. The hydrogen product gas stream is always kept pressurised to avoid the
ingress of air. All electrical equipment taken into the hydrogen compression plant area must be
intrinsically safe' (i.e. the equipment will not produce a spark) or explosion proof (i.e. a local
small explosion is contained within the equipment). A relief valve is normally provided within
the system to relieve high pressure to atmosphere. Hydrogen is normally monitored for oxygen
content, and the compression will shut down automatically in critical situations [ 3, Euro Chlor
201117, [ 45, Euro Chlor 1997 ].

The hydrogen sold to distributors is usually compressed at pressures higher than 100 bar and is
injected into a pipeline network. Otherwise, the hydrogen is transported in dedicated tank lorries
or in steel bottles at pressures of up to 300 bar. For these high pressures, the gas is further dried
and traces of oxygen are usually removed [ 30, Euro Chlor 2010 ].

The main utilisations of the co-produced hydrogen are combustion to produce steam (and some
electricity) and chemical reactions such as the production of ammonia, hydrogen peroxide,
hydrochloric acid and methanol [ 16, Agéncia Portuguesa do Ambiente 2010 ], [ 30, Euro Chlor

20101].
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2.9 Production of caustic potash

Potassium chloride is used as a raw material for the production of potassium hydroxide. It
occurs naturally, mostly as sylvinite, and can be purified by crystallisation from solution,
flotation or electrostatic separation [ 43, Spolchemie 2010 ]. Typical compositions of potassium
chloride used in chlor-alkali electrolysis are shown in Table 2.6.

Table 2.6: Typical compositions of potassium chloride used in chlor-alkali electrolysis
Salt used by/from
Component - -
Spolchemie K&S Kali GmbH
KCI 98.5-99.5 % 99.1 %
Na* 0.2-0.6 % 0.3%
H,O <0.2% 0.1%
SO~ <0.1% 0.03 %
Br 0.04-0.1 % 0.2%
Ca** NI 0.006 %
Mg** NI 0.006 %
NB: NI = no information provided.
Source: [ 43, Spolchemie 2010 ], [ 292, K+S Kali GmbH 2012 ]

The electrolysis of potassium chloride brine to produce caustic potash differs in some aspects
from the much more common electrolysis of sodium chloride brine. For example, the bromide
content of raw KCI salt is ~0.2% compared to only ~0.002 % in NaCl (Table 2.6). The
resulting higher concentration of bromine in the produced chlorine gas causes difficulties such
as higher corrosion rates, as well as the necessity to use more sophisticated equipment and more
energy for chlorine purification (Sections 2.6.6 and 2.6.11.5) [ 42, Euro Chlor 2010 ].

Another difference is that the mercury cell technique based on KCI is much more sensitive to
trace quantities of metals such as vanadium and molybdenum in the brine, as well as to sodium
in the amalgam; both types of catalysts potentially causing increased hydrogen evolutions in the
cell (Section 2.2.1). Therefore, a higher brine purity is required, which can be achieved by
setting stricter raw material specifications and/or a two-step filtration, along with more frequent
cell openings for maintenance and cleaning. NaCl present in the brine is converted to NaOH
during electrolysis and amalgam decomposition and is transferred to KOH [1, Ullmann's
2006 ], [ 42, Euro Chlor 2010].

In membrane cell plants, the KOH units now use the same membrane as the NaOH units; until
recently, membranes with different electrochemical characteristics were used. The concentration
of chlorides and chlorates in KOH from membrane cells is higher (typically ~ 20 mg KCI/kg of
50 wt-% KOH) compared to KOH from mercury cells (< 3 mg KCl/kg of 50 wt-% KOH)
[ 42, Euro Chlor 20101].

Table 2.7 shows caustic potash specifications from different suppliers.
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Table 2.7: Caustic potash specifications from different suppliers
Concentration
Supplier KOH KCI KCIO, Hg Cell technique
wt-% mg/kg mg/kg | mg/kg
. . 44.7-45.3 <6 NI <0.10 .
Evonik Industries Mercury cell technique
49.7-50.3 <6 NI <0.10
Kanto Chemical >86.0 <42 NI NA
45.0-46.0 <50 <30 NA .
Oxychem Membrane cell technique
50.0-51.0 <50 <30 NA
Taixing Xiangyun Chemical 48.0 <41 NI NA

NB: NA = not applicable; NI = no information provided.

Source: [ 288, Evonik 20111, [ 289, OxyChem 2008 ], [ 290, Taixing Xiangyun Chemical 2011 ], [ 291, Kanto
Chemical 2011 ]

The migration of chloride through the membrane is driven by the concentration gradient against
the electric potential, and is independent of the current density. However, the caustic production
rate increases with increasing current densities. Because of this, the concentration of chloride in
the caustic decreases with increasing current densities. At a current density of 6 kA/m?, the
chloride concentration in caustic soda and caustic potash is similar, while at current densities of
1.5 kKA/m?, the chloride concentration in caustic soda is considerably higher than in caustic
potash [ 42, Euro Chlor 2010 ].

Plants producing both NaOH and KOH keep the brine circuit completely separated even if the
electrolytic cells are in the same cell room. The switching of cells or of groups of cells from one
production to the other is possible but is usually avoided because it requires a time-consuming
cleaning process and the caustic solution does not meet the normal quality specifications for a
couple of hours after the restart [ 42, Euro Chlor 2010 ].
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3 CURRENT EMISSION AND CONSUMPTION LEVELS

3.1 Introduction

In this chapter, the quantitative consumption and emission levels are given for the three cell
techniques (mercury, diaphragm, membrane). Furthermore, the chapter contains some
information on historically contaminated sites.

The figures reported in this chapter are mostly based on two surveys at the individual
installation level, carried out by the TWG in the first quarter of 2010 and the second quarter of
2012, to a large extent coordinated by Euro Chlor. The first survey aimed to provide general
information on the sector, while the second aimed to validate and correct the data provided
during the first survey, as well as to gather more specific additional data. The TWG, and in
particular the EIPPCB, peer-reviewed the submitted questionnaires to ensure that data were of
good quality, and on numerous occasions contacted individual installations to request further
clarifications. The information from the individual questionnaires was subsequently compiled
and analysed.

66 chlor-alkali plants participated in the first survey in 2010 and 43 installations in the second in
2012. 25 installations participated only in the first survey, 2 installations only in the second and
41 installations in both. The survey did not cover the four installations that produce chlorine
from molten salt or from hydrochloric acid, since these are outside the scope of this document.
For the first survey, 86 % of the chlor-alkali plants in operation at that time participated,
representing 96 % of the installed chlorine production capacities. For the second survey, the
coverage was 58 % in terms of number of chlor-alkali plants and 59 % in terms of capacities.
During the first survey, approximately 60 % of the installations reported data for the reference
year 2008 and approximately 40 % for 2009, while during the second survey 19 % of the
installations reported data for 2008, 19 % for 2009, 16 % for 2010 and 47 % for 2011
[ 57, CAK TWG 2012].

In contrast to the process described in the previous paragraph, energy consumption data were
submitted to the statistical department of CEFIC because of their confidential nature.
Aggregated figures were then forwarded to Euro Chlor and then provided to the TWG
[ 58, Euro Chlor 2010 ].

Other figures were taken from the original BREF [ 75, COM 2001 ] and from the literature, as
indicated.

Unless otherwise stated, consumption and emission data shown in this chapter refer to normal
operating conditions. Moreover, concentrations in gases refer to standard conditions, i.e. a
temperature of 273.15 K and a pressure of 101.3 kPa, after deduction of the water content but
without correction of the oxygen content.

In the surveys, some plants reported emission and consumption values as ranges with minimum
and maximum values, while others provided annual average values. Some plants reported both.
Ranges and averages were treated as statistically independent from each other. The tables in this
chapter typically show statistical minimum, median and maximum values, as well as percentiles
of the aforementioned ranges (minimum/maximum) and annual averages (Table 3.1).
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Table 3.1: Example table explaining how emission and consumption data are typically
displayed in the tables of this chapter
Value Explanation
reported Min. 25th percentile Median 75th percentile Max.
Lowest 25th percentile of Median of 75th percentile of | Highest
. L reported =
Min. minimum reported L reported minimum
g minimum P
value reported | minimum values values minimum values | value reported
Lowest 25th percentile of :\éleg:?: dOf 75th percentile of | Highest
Max. maximum reported por reported maximum
. maximum .
value reported | maximum values values maximum values | value reported
Lowest 25th percentile of | Median of 75th percentile of | Highest
Average average value | reported average | reported reported average | average value
reported values average values | values reported
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3.2 Overview of emission and consumption levels of all cell
plants

Emission and consumption levels of the chlor-alkali industry are quite specific to the cell
technique used but also depend on the specifications of the products (O, or CO, content, for
example), the purity of the incoming salt, and the geographic location of the plant. The inputs
are primarily salt and water as feedstock, acids and chemical precipitants used to remove
impurities in the input brine or output chlorine/caustic soda, as well as refrigerants (CFCs,
HCFCs, HFCs, ammonia, etc.) for liquefying and purifying the chlorine gas produced. The
chlor-alkali process needs huge amounts of electricity, and hence electrical energy is a major
input.

The main pollutant outputs which are common to all three electrolytic processes are emissions
of chlorine and refrigerants to air, emissions of noise, emissions of free chlorine, chlorate,
bromate, chloride, sulphate, heavy metals, sulphite, organic compounds and halogenated
organic compounds to water, as well as the generation of spent acids from chlorine drying and
sludges from brine purification. The major pollutant in terms of environmental impact,
originating from the mercury cell technique, is mercury. Due to the process characteristics,
mercury can be released from the process to air, water, wastes and in products. The diaphragm
cell and membrane cell techniques are more concerned with spent materials generation, such as
asbestos waste, in the case of asbestos diaphragms.

Table 3.2 gives an overview of the main emission and consumption levels of the three cell
techniques using a brine recirculation process. This table represents a summary of Chapter 3.
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Table 3.2:

Overview of the main emission and consumption levels in chlor-alkali plants in the

EU-27 and EFTA countries in 2008 to 2011 using a brine recirculation system

IMercury Diaphragm | Membrane

Comments

Consumption, per tonne of chlorine produced

Depends on impurities and additional

sources; stoichiometric consumption:
Salt (NaCl) 1610-2340 kg 1650 kg; 3100-3800 kg/t for plants
using a once-through brine process
Depends on impurities and additional
Salt (KCI) 2070-2200 kg sources; stoichiometric consumption:
2100 kg
Refers to the generation of process
Water 0-2.7m? waste water; ~ 10 m*/t for plants using a
once-through brine process
Steam for
caustic NA 2.7-5.31 0.5-1.7t | For 50 wt-% caustic
concentration
Electricity for | 3000-4400 | 2600-3100 | 2300-3000 :?;Ssgﬁlgg /g:fagg:;‘;”;ndegzgyaﬂ:('ﬁ:;rr‘s
electrolysis AC kWh AC kWh AC kWh processes excluded
Asbestos NA 0.1-0.3 kg NA Only if asbestos diaphragms are used
Emissions to air, per tonne of chlorine produced
<1% to >50% of the co-produced
Hydrogen <03-14kg hydrogen is emitted
Chlorine 0.010-15¢ Refers to channelled emissions
Refers to emissions per tonne of annual
Mercury 0.11-1.78¢ NA NA chlorine capacity in 2010

Emissions to water, per tonne of chlorine produced

Free chlorine 0.0010-3.8¢g -
Chlorate 0.92-3500 g -
Depends on the purity of the salt
Bromate 0.05-0.3¢g (bromide)
. ~ 1000 kg/t for plants using a once-
Chloride 0.63-1060 kg through brine process
Sulphate 0.065-7.4 kg Depends on the purity of the salt
. Measured as TOC; depends on the
Organic - ity of the salt, water and ancill
compounds 25-34¢ purlty_ of the salt, water and ancillary
materials
Halogenated Measured as AOX; depends on the
organic 0.2-11¢g purity of the salt, water and ancillary
compounds materials
Metals Cd, Cr, Cu, Fe, Ni, Pb, Zn, etc. Depends on the purity of the salt
Mercury 0.00-1.65 g NA NA Refers to emissions per tonne of annual

chlorine capacity in 2010

Waste generatio

n, per tonne of chlorine produced

Brine filtration

0.020-1.1 kg (NaCl vacuum salt)

Depends on the purity of the salt

sludges 15-45 kg (NaCl rock salt)
Brine
softening NA NA 0.080- —
1.0kg
sludges
Refers to waste generation per tonne of
Mercury 0-98g NA NA annual chlorine capacity in 2010
Refers to waste generation per tonne of
Asbestos NA 64-160 g NA annual chlorine capacity; only if
ashestos diaphragms are used
NB: NA = not applicable.

Source: [ 55, Euro Chlor 20141, [ 57, CAK TWG 2012 ], [ 58,

Euro Chlor 2010 ]
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3.3 Consumption levels of all cell plants

3.3.1 Sodium chloride/potassium chloride

Different types of salt are used to produce the brine for electrolysis (Section 2.5.1) The
stoichiometric salt consumption is 1.65 tonnes per tonne of chlorine produced for the
electrolysis of NaCl and 2.10 tonnes per tonne of chlorine produced for the electrolysis of KCI.
In reality, more salt is usually consumed because it partly leaves the process via the brine purge
which is used to control the levels of impurities in the brine. However, in some cases the salt
consumption can be understoichiometric due to the addition of HCI and NaOH/KOH to the
brine system (Figure 2.1) or due to the recycling of waste water from other production units
(Section 4.3.2.1.3). Reported consumption levels for plants with brine recirculation are
summarised in Table 3.3.

Table 3.3: Salt consumption in chlor-alkali plants with brine recirculation in the EU-27 and
EFTA countries in 2008 to 2011
Salt consumption in kg per tonne of chlorine produced (})
Salt Minimum L0th . 25th . Median 75th . 90th . Maximum
percentile | percentile percentile | percentile
NaCl (%) 1608 1651 1674 1700 1787 1936 2339
KCI () 2066 ND 2100 2110 2124 ND 2200

(%) Annual average values.

(%) 62 data from 58 plants. Four of these plants provided separate data for different electrolysis units.
(®) 9 data from 9 plants.

NB: ND = not enough data.

Source: [ 57, CAK TWG 2012 ]

Diaphragm cell plants sometimes prefer to sell the salt from caustic evaporators and buy new
feedstock for economic reasons.

In plants which operate with waste brine using a once-through brine process, the consumption
of salt is about twice as much as in plants using a brine recirculation process. Reported
consumption levels range from 3.1 to 3.8 tonnes of NaCl per tonne of chlorine produced
compared to a median of 1.7 t/t in the case of plants using a brine recirculation system
[ 57, CAK TWG 2012 ]. Therefore, 1.4-2.1 tonnes of salt per tonne of chlorine produced are
wasted, which is equivalent to 45-55 % of the total salt consumption.

In plants using KCI, the amount of salt needed is higher than for plants using NaCl feedstock,
due to the higher molecular weight of KCI (stoichiometric salt consumption of 2.10 tonnes per
tonne of chlorine produced). Consumption in this case is approximately 2.1-2.2 tonnes of salt
per tonne of chlorine produced (Table 3.3). Plants using KCI do not use the waste brine process,
as the price of KCI is much higher than that of NaCl.
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3.3.2 Water

For the production of the required demineralised water, several water sources can be used, such
as groundwater, river water and drinking water. The techniques used to produce demineralised
water include ion exchange, membrane filtration and evaporation [ 3, Euro Chlor 2011 ].

Water is mainly added to the process for [ 3, Euro Chlor 2011 ]:

the preparation of the brine;

the preparation of some reagents used for the brine purification;

the production of caustic in the decomposer, in the case of the mercury cell technique;

the dilution of the produced caustic in the caustic circuit, in the case of the membrane cell
technique;

the direct cooling of chlorine;

o the dilution of caustic if necessary (e.g. for the chlorine absorption unit).

Water can also be used for indirect cooling, which is covered by the EFS BREF
[ 323, EC 2006 ].

Water which is consumed leaves the process either via the products (hydrogen and caustic
solution) or as waste water [ 3, Euro Chlor 2011 ]:

1. During electrolysis, water is consumed for the synthesis of hydrogen and caustic in a
stoichiometric amount of approximately 0.51 m*t Cl, produced (Section 2.1).

2. In addition, water is used as a solvent for the production of caustic. This amount depends
on the caustic concentration and the salt concentration therein (Table 3.4) and cannot be
reduced unless the caustic is further concentrated and the condensate recycled.

Table 3.4: Consumption of water as solvent for caustic production
con(':\(lai(t)r:tion conctI:tcr:;tion 5 V\iater consumption (') 5
[0)
s Wt-% pn:o/t;u’\gg'(j) i Npit())dt'lc(elc(i) 0% prchndl/JtcSc:Z@)

7.0 15 0.78 11 13
11 9.0 0.80 7.3 8.2
32 <0.01 0.68 21 24
50 1.0 0.49 0.98 1.1
50 <0.01 0.50 1.0 1.1
99 <0.01 0.010 0.010 0.011

() Assuming a water density of 1 t/m®.

(%) Refers to the given mass concentration of caustic.

(%) Assuming a production of 1.128 t NaOH (100 %)/t Cl, produced.

3. Regarding the generation of waste water, the average volume oscillated between 1.87 and
2.04 m*/t Cl, produced in the EU-27 and EFTA countries during the period from 2002 to
2010 [ 73, Debelle 2011 ]. For waste brine processes, approximately 10 m* of water per
tonne of chlorine produced are discharged as waste water.

In addition to its use for the process, water is also used for the washing of equipment and work
places [ 3, Euro Chlor 2011 ].

The reported volumes of generated waste water are summarised in Table 3.5.
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Table 3.5:

Waste water generation in chlor-alkali plants in the EU-27 and EFTA countries in
2008 to 2011

Annual average waste water generation in m*t chlorine produced (*) (%)

Waste water
source

Min.

10th
percentile

25th
percentile

Median

75th
percentile

90th
percentile

Max.

Brine purge /
depleted brine

0

0

0.023

0.33

11

9.0

12

Regeneration of
ion-exchange
resins for process
water
demineralisation

0.35

1.26

Backwashing
water from filters
from primary
brine purification

0.0072

0.10

Regeneration of
ion-exchange
resins from
secondary brine
purification
(brine softening)

0.056

0.19

0.41

Condensate from
chlorine cooling

0.015

0.30

Condensate from
hydrogen cooling

0.14

Condensate from
caustic
evaporation

0.030

Bleach from
chlorine
absorption unit

0.27

Sulphuric acid
from chlorine
drying

All process waste
waters

0.0070

0.064

0.27

0.62

1.8

12

(%) Coverage: all three cell techniques; both brine recirculation and once-through brine plants.
(%) For a better understanding of the data, refer to Table 3.1.
(%) 18 data from 16 plants. 2 of these plants provided separate data for different electrolysis units.

Source: [ 57, CAK TWG 2012 ]

The most important contributor to the process waste water is usually the brine purge, which is
typically less than 1 m*/t chlorine produced (Table 3.5). Some plants are able to operate without
any brine purge, while in the case of plants using a once-through brine system, the waste water
stream may account for approximately 10 m%t chlorine produced. Condensates, bleach from the
chlorine absorption unit and spent sulphuric acid from chlorine drying are mostly recycled or
used for other purposes (Sections 4.3.2.2.3 and 4.3.7).
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3.3.3 Ancillary materials
The use and consumption levels of the main ancillary materials are listed in Table 3.6 and
Table 3.7.
Table 3.6: Use of main chemical auxiliaries in chlor-alkali plants using a brine recirculation
process
Substance Use

Sodium (hydrogen)

Precipitation of calcium ions as calcium carbonate (CaCOs)
- essential if vacuum salt is not used

csrtﬁgagem co - may be prepared in situ by dissolving CO, in caustic

(Na #/Na,CO) - KHCO4/K,COj5 is used in the case of plants electrolysing KCI brine
Precipitation of sulphate as barium sulphate (BaSOy,) in the case of high
levels in brine

Barium salts - not always used (high price and toxicity)

(BaClz, BaCO3)

- alternatives include purging of the brine, crystallisation of sodium
sulphate, as well as nanofiltration combined with purging of the brine
or sulphate precipitation

Calcium chloride
(CaCl,)

Precipitation of sulphate as calcium sulphate (CaSO,) in the case of high
levels in brine
- CacCl, can be used in place of barium salts or direct purge

Hydrochloric acid
(HCI)

* pH adjustment of brine entering cells

* Dechlorination of brine in the membrane and mercury cell technique
* Regeneration of ion-exchange resins

* Effluent neutralisation

Sodium (hydrogen) sulphite
(NaH803/Nast3)

* Final stage of brine dechlorination in the membrane cell technique
* Treatment of waste water containing free chlorine
- other reducing agents or filtration with activated carbon can be used

Sodium hydroxide
(NaOH)

* Precipitation of magnesium and heavy metals (iron mainly if an anti-
caking agent is used for salt transportation) as their respective
hydroxides, e.g. Mg(OH),

* pH control in brine circuit

* Regeneration of ion-exchange resins

* KOH is used in the case of plants electrolysing KCl brine

Sulphuric acid
(H,SO,, 92-98 wt-%)

* Chlorine drying processes
* Effluent neutralisation
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Table 3.7: Consumption of main chemical auxiliaries in chlor-alkali plants in the EU-27 and
EFTA countries in 2008 to 2011
Consumption in kg per tonne of chlorine produced (*) (%)
Substance | Minimum 10th . 25th . Median 75th . 90th . Maximum
percentile | percentile percentile | percentile
Na,CO; (3) 0.30 0.81 3.9 12 14 19 39
K,COs () 15
BaCO; (°) 0.3and 3.3and 5
CaCl, (%) 45
HCI () 5.8 12 22 28 34 46 56
m:;%zs(/g) 0.020 0.12 0.32 0.90 14 2.0 4.2
NaOH (%) 7.1 9.0 11 16 25 33 55
KOH (°) 15 and 35
H,S0, () 35 | 80 | 13 | 23 | 3 | 3 | 51

(%) Coverage: all three cell techniques; both brine recirculation and once-through brine plants.

(®) Annual average values expressed on a 100 % basis (without water).

(%) 14 data from 12 plants. Two of these plants provided separate data for different electrolysis units.
(%) Data from one plant.

(%) Data from three plants.

(®) Data from one plant.

(') 26 data from 24 plants. Two of these plants provided separate data for different electrolysis units.
(®) 17 data from 15 plants. Two of these plants provided separate data for different electrolysis units.
(®) 21 data from 19 plants. Two of these plants provided separate data for different electrolysis units.
(%) Data from two plants.

(**) 34 data from 31 plants. Three of these plants provided separate data for different electrolysis units.

Source: [ 57, CAK TWG 2012 ]

In general, the consumption of ancillary materials depends on the specific plant layout and, in
particular, on the purity of the salt, with vacuum salt requiring only limited quantities [ 3, Euro
Chlor 20111]. In this respect, the consumption of sodium carbonate depends on the calcium
content of the salt, while the consumption of barium salts and calcium chloride (for plants that
use them) depends on its sulphate content. Plants using vacuum salt may choose to omit primary
brine purification (precipitation) completely, thereby avoiding the use of the aforementioned
ancillary materials (Section 2.5.3.2).

The consumption of sodium (hydrogen) sulphite for brine dechlorination and waste water
treatment is usually higher in membrane cell plants than in mercury cell plants [ 57, CAK TWG
2012 ]. The consumption of sulphuric acid depends on the share of chlorine which needs to be
dried. For example, the production of bleach or hydrochloric acid does not require chlorine
drying with sulphuric acid [ 57, CAK TWG 2012 ], [ 121, MicroBio 2012 ].

Further materials and/or further uses include:

o refrigerants, such as ammonia, carbon dioxide, chlorine, HCFCs and HFCs for chlorine
liquefaction;
o carbon tetrachloride (Table 3.8);

Table 3.8: Consumption of carbon tetrachloride by chlor-alkali plants in the EU-27
Carbon tetrachloride consumption (make-up)
Purpose in g/t annual Cl, capacity ()
Min. | 25th percentile | Median | 75th percentile | Max.
Elimination of nitrogen trichloride (%) | 19.9 79.7 133 166 191
Recovery of chlorine from tail gas (°) | 1.02 54.2 230 551 736
(%) Annual average values for the period of 2006 to 2011.
(%) Data from two plants.
Source: [ 61, DG CLIMA 2012 ]
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° hydrogen peroxide for chemical dechlorination and to reduce emissions of chlorine
dioxide from the chlorine absorption unit (for 2011, one plant reports a H,0,
consumption of 0.41 kg/t chlorine produced, expressed as 100 % H,0, [ 57, CAK TWG
2012 ));

. ferric chloride and polyaluminium chloride as flocculants during waste water treatment;

. hydrazine for the reduction of Hg(I1) prior to filtration in the mercury cell technique;

. sulphides for the precipitation of Hg(ll) as mercury sulphide in the mercury cell technique
(for 2011, one plant reports a Na,S consumption of 3.4 kg/t chlorine produced
[57, CAK TWG 2012 ]);

. activated carbon for filtration of mercury-containing process streams in the mercury cell
technique;

. sodium carbonate which can be used in mercury retorting to react with sulphur dioxide
(flue-gas desulphurisation);

° hydrochloric acid for the destruction of chlorate at high temperatures in the membrane
cell technique;

. hydrogen for catalytic chlorate reduction in the membrane cell technigue.

3.34 Energy
3.3.4.1 Overview

The energy consumption in chlor-alkali production originates from four main processes
[ 63, Euro Chlor 2011 1:

° energy to prepare and purify the raw materials, mainly the salt (sodium chloride or
potassium chloride) (Section 3.3.4.2);

. electrical energy used for the electrolysis process itself (Section 3.3.4.3);

. energy (steam) to obtain the caustic soda (or potash) at its commercial concentration
(Section 3.3.4.4);

. energy for auxiliary equipment such as heating devices, pumps, compressors,
transformers, rectifiers and lighting (Section 3.3.4.5).

Energy is used both as electricity and as heat (steam). About half of the electricity consumed is
converted into the enthalpy of the products. The rest is converted into heat transferred to the air
in the building and the products, which have to be cooled. The heat is partly recirculated
through preheating of the brine. Surplus heat might also be used for heating surrounding
buildings or for the production of steam which could be used for the concentration of caustic
soda. Insulation of the salt dissolvers can be used to reduce the heat losses of the brine system
[ 3, Euro Chlor 2011 ][ 62, UN/ECE 1985 ].

Energy consumption depends on a number of factors such as [ 63, Euro Chlor 2011 ]:

. the cell technique used;

. the purity of the salt used as raw material;

. the specific cell parameters, such as nominal current density, anode/cathode gap,
adherence of developed gas bubbles on electrode structures, diaphragm/membrane type
and thickness, catalytic electrode coatings;

. the age of the diaphragm, the membrane and the catalytic electrode coatings;

. other technical characteristics of the installation such as the configuration of the
electrolysers (monopolar or bipolar, see Section 2.4.3), the number of evaporative stages
in the caustic concentration unit and the chlorine liquefaction conditions;

o the actual current density.

The number of influencing factors explains why energy consumption data of chlor-alkali plants
vary significantly, even when using the same cell technique [ 63, Euro Chlor 2011 ].
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3.34.2 Energy consumption for preparation and purification of raw
materials

The energy required for the extraction of brine or rock salt, for the preparation of vacuum or
solar salt, as well as for the purification of solar salt or salt from potash mining wastes is outside
the scope of this document. Nevertheless, it is important to keep in mind that the type and
quality of raw material used will have an influence on the energy consumption of the
electrolysis process itself. Since all salt sources differ in purity and, as the brine purity
requirements differ according to the cell technique used, simple or complex raw material
preparation and purification are applied.

For example, the production of vacuum salt uses either electricity of approximately
155-175 kWh per tonne of salt produced via mechanical vapour recompression or steam, in a
variable quantity between 0.7 and 1.4 tonnes of low-pressure steam (< 5 bar) per tonne of solid
salt produced, depending on the number of vaporisation stages installed. There is also some
additional electricity consumption for the auxiliary equipment (approximately 30 kWh/t salt)
[ 63, Euro Chlor 2011 ], [ 66, Ullmann's 2010 ]. Some installations produce their own vacuum
salt from solution-mined brine.

3.3.4.3 Energy consumption for the electrolysis
3.343.1 General considerations

The operation of a chlor-alkali plant is dependent on the availability of huge quantities of direct
current (DC) electric power, which is usually obtained from a high voltage source of alternating
current (AC). The lower voltage required for an electrolyser circuit is produced by a series of
step down transformers. Silicon diode or thyristor rectifiers convert the alternating current
electricity to direct current for electrolysis [ 3, Euro Chlor 2011 1], [ 10, Kirk-Othmer 2002 ].
Direct current is distributed to the individual cells of the electrolysers via busbars. There are
energy losses across the transformer, the rectification equipment and the busbars. In 2010, the
efficiency of rectifier and transformer units varied from approximately 94 % (older units) to
98 %. To remove the dissipated heat, the units are cooled by circulated air or by special water
circuits [ 63, Euro Chlor 2011 ].

Connections between cells/electrolysers, along with the corresponding energy losses, have to be
considered for the measurement of the total energy requirement per tonne of chlorine produced.
The definition of the exact measurement point is necessary for an appropriate comparison of
energy consumption figures of different plants.

For the usual operating conditions, the specific electricity consumption w (in kWh/t Cl,
produced), which is the electricity consumed divided by the production rate, is proportional to
the cell current density j (in kA/m?) [ 63, Euro Chlor 2011 ]:

Equation1l: w=AxUj+AxKx]

A is a coefficient which depends on the overall electrolysis efficiency, including both the
efficiency of the electricity conversion (from high voltage alternating to lower voltage direct
current) and the efficiency of the electrolytic reaction itself (efficiency with which the electrons
are effectively used to produce chlorine) [ 63, Euro Chlor 2011 ], [ 65, Millet 2008 ].

Uy (in V) is a constant term that depends on the cell characteristics. U, is composed of the
difference in electrode potential and the activation overpotential at zero current. The minimum
value of U, is imposed by thermodynamics and, for a given cell technique, mostly depends on
the material and coating of the electrodes (~2.35 V for diaphragm and membrane cells;
~ 3.15 V for mercury cells) [ 63, Euro Chlor 2011 ], [ 65, Millet 2008 ].
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The term K x j represents the overpotential during electrolysis (j > 0), which is composed of the
activation and concentration overpotentials at the two electrodes, the resistance overpotential of
the anolyte and catholyte, including the contribution from gas bubbles, the resistance
overpotential of the separator (diaphragm or membrane) and the resistance overpotential of the
electrical conductors. The factor K (in Vm?/kA) therefore depends on the geometry of and the
distance between the electrodes, the nature of the separator between the electrodes
(i.e. diaphragm or membrane), the temperature and electrolyte concentrations of the liquids in
both the anolyte and the catholyte compartment, as well as the internal equipment pressure. K is
essentially determined by the technique of the electrolysers and is influenced by the operating
conditions [ 63, Euro Chlor 2011 ], [ 65, Millet 2008 ].

As an example, the specific electrical energy consumption w versus current density j for the
mercury cell technique is shown in Figure 3.1 [ 63, Euro Chlor 2011 ].
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Source: [ 1, Ullmann's 2006 ]

Figure 3.1: Cell voltage and specific electrical energy consumption versus cell current density
for the mercury cell technique

For all electrolysis cells, lower current densities mean lower energy consumption, resulting in
lower operating costs. However, this leads to larger or an increased number of electrolysers,
resulting in higher investment and maintenance costs, if the same overall production rate is to be
achieved. In general, increasing the production rate of a cell by increasing the current density to
values higher than the design range leads to a disproportionate increase in the electric resistance
losses, and hence to a disproportionately higher specific energy consumption [ 63, Euro Chlor

20111].

Chlor-alkali plants often operate at varying current densities, depending on the demand for the
products and on the fluctuations in electricity prices. Operating conditions and electricity
consumption of the electrolysis cells of chlor-alkali plants in the EU-27 and EFTA countries are
shown in Table 3.9.
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Table 3.9: Operating conditions and electricity consumption of the chlor-alkali electrolysis
cells in the EU-27 and EFTA countries

o Ui Mercury cell technique ()
arameter nit

Min. Max. Average Median
Theoretical voltage \% 3.15
Current density min. kA/m® 2.2 NI 5.5 4.5
Current density max. kA/m® NI 14.5 10.2 10.7
Cell voltage min. \% 3.15 NI 3.67 3.61
Cell voltage max. \% NI 4.80 4.15 4.18
Electrical energy use
for electrolysis Cf\crl?)\(/j\ﬁ::/; q 3024 4400 3424 3401
(alternating current) 2P

o . Unit Diaphragm cell technique (%)
arameter ni

Min. Max. Average Median
Theoretical voltage \% 2.35
Current density min. kA/m* 0.8 NI 1.1 1.1
Current density max. kA/m* NI 2.7 2.0 1.9
Cell voltage min. V 2.9 NI 2.98 2.99
Cell voltage max. \% NI 3.60 3.44 3.48
Electrical energy use
for electrolysis AC(I;:Nh/t 2621 3134 2807 2770
(alternating current) 2

5 Uni Membrane cell technique (monopolar and bipolar) (%)
arameter nit

Min. Max. Average Median
Theoretical voltage \Y 2.35
Current density min. kKA/m? 1.0 NI 2.7 2.6
Current density max. kKA/m? NI 6.5 5.1 5.5
Cell voltage min. V 2.35 NI 2.89 2.90
Cell voltage max. V NI 4.00 3.40 3.38
Electrical energy use
for electrolysis CIIACrlf)\(/j\{Jhc/; q 2279 3000 2618 2600
(alternating current) 2P

(%) Data from 34 mercury cell plants. Reference year 2008: 34 plants. 29 plants measured electricity consumption,
4 plants estimated it and 1 plant did not provide information on whether data were measured or estimated.

(%) Data from 6 diaphragm cell plants. Reference year 2008: 6 plants. 5 plants measured electricity consumption
and 1 plant did not provide information on whether data were measured or estimated.

(%) Data from 40 membrane cell plants (monopolar and bipolar). Reference year 2008: 35 plants; reference year
2009: 4 plants; reference year 2010: 1 plant. 32 plants measured electricity consumption, 6 plants estimated it
and 2 plants did not provide information on whether data were measured or estimated.

NB: NI = no information provided.
Source: [ 58, Euro Chlor 2010 ]

3.3.4.3.2 Energy consumption of mercury cells

The mercury cell technique is characterised by the highest electrical energy consumption,
ranging from approximately 3000 to 4400 AC kWh/t Cl, produced, the median being
approximately 3400 AC kwh/t Cl, produced, with current densities ranging from 2.2 to
14.5 kA/m? (Table 3.9). The increased electrical energy consumption is due to the higher value
of Uy compared to diaphragm and membrane cells, which is the result of the different cathodic
reaction. The factor K ranges from 0.08 to 0.20 V-m?/kA, and is lower than for the two other
cell techniques as there is no physical separator between the electrodes. The median of the
minimum and maximum current densities used are 4.5 and 10.7 kA/m? respectively
[ 1, Ullmann's 2006 ], [ 63, Euro Chlor 2011 ].

The voltage increases with a greater distance between the anode and the cathode, resulting in
higher electrical energy consumption. On the other hand, a close distance means a higher
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frequency of short-circuiting in the mercury cell. Thus, the distance between the electrodes is
usually monitored and is often adjusted, either manually or automatically.

The electrical energy consumption of a mercury cell is quite constant over time, except at the
end of the lifetime of the anode coatings [ 300, Euro Chlor 2011 ].

3.3.4.3.3 Energy consumption of diaphragm cells

The electrical energy consumption of diaphragm cells ranges from approximately 2600 to
3100 AC kWh/t Cl, produced, the median being approximately 2 800 AC kWh/t Cl, produced,
with current densities ranging from 0.8 to 2.7 kA/m* (Table 3.9). The term Uy is the same for all
cells, because of the same electrode materials and coatings. As operating conditions
(temperature and concentration of brine) are also quite similar, the factor K is also quite similar
for all units (0.4-0.5 V-m?%kA\), and the energy consumption depends essentially on the current
density. Most diaphragm cell plants in the EU-27 operate with monopolar electrolysers with
current densities of 1.5-2.7 kA/m% Bipolar electrolysers are operated with lower current
densities of 0.8-2 kA/m?. The specific electrical energy consumption of cells with non-asbestos
diaphragms is approximately 100-150 kWh/t Cl, produced lower than that of cells with asbestos
diaphragms at the same current density (Section 4.2.2) [ 63, Euro Chlor 2011 ].

The electrical energy consumption of a diaphragm cell rises with the lifetime of the diaphragms
due to the accumulation of impurities. In the case of asbestos-free diaphragms, the increase of
the resistance overpotential is roughly the same as for membranes used in membrane cells.
Nevertheless, it is possible to reclaim the diaphragm to recover almost the original performance.
In the case of asbestos diaphragms, the increase in the overpotential is less critical due to the
usually shorter lifetime (0.5-1 year at ~ 2.7 kA/m?). The performance of the anode coatings is
quite constant, except at the end of their lifetime, similar to the behaviour of anode coatings
used in mercury cells. No coatings are used for the cathodes [ 300, Euro Chlor 2011 ].

3.34.34 Energy consumption of membrane cells

The electrical energy consumption of membrane cells ranges from approximately 2 300 to
3000 AC kWh/t Cl, produced, the median being approximately 2 600 AC kWh/t Cl, produced,
with current densities ranging from 1.0 to 6.5 kA/m? (Table 3.9). All electrolysers are equipped
with titanium anodes coated with a catalyst, and the nickel cathodes are usually activated with a
catalyst to improve the terms U, and K, and so consequently reduce the energy consumption.
For non-activated cathodes, U, is approximately the same for all units and is similar to the
diaphragm electrolysers; it has a lower value if the cathode is activated, depending also on the
type of catalyst used. Compared to the diaphragm cells, the factor K of membrane cells has a
lower value due to a thinner separator (the membrane), a shorter distance between anode and
cathode, and due to a lower electric resistance in the electrolyser structure (0.1-0.3 V-m?*/kA)
[ 63, Euro Chlor 2011 ].

The operating conditions and electrical energy consumptions of monopolar and bipolar
electrolysers are different (Table 3.10). For monopolar membrane cells, the electrical energy
consumption ranges from approximately 2700 to 3000 AC kWh/t Cl, produced, the median
being approximately 2800 AC kWh/t Cl, produced, with current densities ranging from
1.0 to 4.0 KA/m? For bipolar membrane cells, the electrical energy consumption ranges from
approximately 2300 to 2900 AC kWh/t Cl, produced, the median being approximately
2500 AC kWh/t Cl, produced, with current densities ranging from 1.4 to 6.5 kKA/m?,

Within both techniques, there are differences in the design distance of the cathode to the
membrane. These differences vary from 0 to almost 2 mm. This distance significantly affects
the energy consumption (the shorter the distance the lower the energy requirement), as well as
the operational requirements, such as brine purity, and the risk of membrane damage
[ 63, Euro Chlor 2011 ].
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The electrical energy consumption of a membrane cell rises with the lifetime of the membranes
and the electrodes (coating ageing), by approximately 3-4 % during a period of three years
[ 1, Ullmann's 2006 ].

Table 3.10: Operating conditions and electricity consumption of monopolar and bipolar chlor-
alkali membrane electrolysis cells in the EU-27 and EFTA countries
_ Membrane cell technique (monopolar) (%)
Parameter Unit - -
Min. Max. Average Median
Theoretical voltage \% 2.35
Current density min. | kA/m® 1.0 NI 1.9 2.0
Current density max. | kA/m® NI 4.0 3.7 3.7
Cell voltage min. \% 2.80 NI 2.98 2.96
Cell voltage max. \% NI 3.6 3.45 3.48
Electrical energy use
for electrolysis AC kWt 2670 3000 2820 2817
. Cl, produced
(alternating current)
) Membrane cell technique (bipolar) (%)
Parameter Unit - -
Min. Max. Average Median
Theoretical voltage \% 2.35
Current density min. | kA/m® 1.4 NI 2.9 2.8
Current density max. | kA/m® NI 6.5 5.4 5.9
Cell voltage min. V 2.35 NI 2.86 2.85
Cell voltage max. \% NI 4.00 3.40 3.38
Electrical energy use
for electrolysis AC kWhit 2279 2865 2574 2573
- Cl, produced

(alternating current)

(%) Data from 7 monopolar membrane cell plants. Reference year 2008: 6 plants; reference year 2009: 1 plant. 7
plants measured electricity consumption.

(%) Data from 33 hipolar membrane cell plants. Reference year 2008: 29 plants; reference year 2009: 3 plants;
reference year 2010: 1 plant. 25 plants measured electricity consumption, 6 plants estimated it and 2 plants did
not provide information on whether data were measured or estimated.

NB: NI = no information provided.
Source: [ 58, Euro Chlor 2010]

3.34.35 Comparison of electrolysis cells

Figure 3.2 summarises the relationship between specific electricity consumption levels and
current densities for the different chlor-alkali electrolysis techniques.
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Source: [ 63, Euro Chlor 2011 ]

Figure 3.2: Specific electrical energy consumption versus cell current density for the different

chlor-alkali electrolysis techniques
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3.3.4.3.6 Production of caustic potash

The specific electrical energy consumption for the production of caustic potash does not differ
significantly from the production of caustic soda. In the mercury cell technique, the U, term is
approximately 0.1 V higher. As compensation, the electrical conductivity of KCI is higher
(approximately 30 % at 70 °C). In practice, the cell characteristics, such as the distance between
anode and cathode, play a more important role than the U, term and the electrical conductivity
of KCI [ 1, Ullmann's 2006 ], [ 42, Euro Chlor 2010 ].

3.34.4 Energy consumption for caustic soda concentration

The mercury cell technique allows for a direct production of 50 wt-% caustic soda (or potash),
but this is not the case for the two other cell techniques where a concentration step may be
necessary to bring the caustic up to this commercial standard. The steam consumption for the
concentration of the caustic soda to 50 wt-% varies according to the number of evaporation
stages and the steam pressure used. For caustic from diaphragm cells, three to four evaporation
stages are usually used and the steam consumption ranges from 2.3 to 4.7 tonnes of steam per
tonne of caustic (100 %), the median being 2.6 tonnes per tonne of caustic (Table 3.11). For
caustic from membrane cells, one to three evaporation stages are used and the steam
consumption ranges from 0.4 to 1.5 tonnes of steam per tonne of caustic (100 % basis), the
median being 0.7 tonnes per tonne of caustic [ 63, Euro Chlor 2011 ].

Table 3.11: Caustic concentration at the cell outlet and steam consumption for caustic
concentration in chlor-alkali plants in the EU-27 and EFTA countries
) Mercury cell technique (%)
Parameter Unit - -
Min. Max. Average Median
Caustic concentration Wi-% 490 510 499 50.0
at the cell outlet
Steam consumption t steam/t
for caustic caustic NA NA NA NA
evaporation (50 %) (100 %)
) Diaphragm cell technique ()
Parameter Unit ; -
Min. Max. Average Median
Caustic concentration WE-% 71 11.0 10.0 105
at the cell outlet
Steam consumption t steam/t
for caustic caustic 2.350 4.690 3.091 2.627
evaporation (50 %) (100 %)
Temperature of steam | °C 165 300 245 285
Pressure of steam bar 8.0 25.0 15.3 16.0
) Membrane cell technique (monopolar and bipolar) (%)
Parameter Unit - -
Min. Max. Average Median
Caustic concentration Wi-% 4.0 33.0 318 320
at the cell outlet
Steam consumption t steam/t
for caustic caustic 0.460 1.500 0.736 0.703
evaporation (50 %) (100 %)
Temperature of steam | °C 145 285 199 190
Pressure of steam bar 3.0 30.0 10.4 10.0

(%) Data from 34 mercury cell plants. Reference year 2008: 34 plants.
(%) Data from 6 diaphragm cell plants. Reference year 2008: 6 plants.
(%) Data from 40 membrane cell plants (monopolar and bipolar). Reference year 2008: 35 plants; reference year

2009: 4 plants; reference year 2010: 1 plant.
NB: NA = not applicable.
Source: [ 58, Euro Chlor 2010 ]
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3.3.4.5 Energy consumption for auxiliary equipment

The amount and complexity of equipment varies from one installation to another. The electrical
energy consumption for electrical equipment other than the electrolysis cells and without
chlorine liquefaction ranges from approximately 60 to 600 kWh/t Cl, produced, the median
being approximately 200 kWh/t Cl, produced (Table 3.12). There is no major difference
between the three cell techniques.

For the treatment of the brine and to maintain the electrolysis process in the best operating
conditions with respect to current efficiency, the brine and the equipment are usually heated
with steam. For this process, energy consumption is higher at low current densities and higher
for membrane cell plants than for diaphragm cell plants due to the lower Joule heating. Reported
consumption figures range from approximately 0.1 to 1.3 t steam/t Cl, produced, the median
being approximately 0.2 t steam/t Cl, produced (Table 3.12).

Liquefaction of chlorine is used to facilitate the transportation of the product and/or to remove
inert gases such as oxygen and carbon dioxide, especially in the case of the diaphragm and
membrane cell techniques. Reported electrical energy consumption figures for chlorine
liquefaction range from approximately 10 to 200 kWh/t Cl, liquefied, the median being
approximately 50 kWh/t Cl, liquefied. Steam consumption for chlorine evaporation ranges from
approximately 0.1 to 0.8 tsteam/tCl, vaporised, the median being approximately
0.2 t steam/t Cl, vaporised (Table 3.12) [ 63, Euro Chlor 2011 ].

Table 3.12: Energy consumption for auxiliary processes of chlor-alkali plants in the EU-27 and
EFTA countries
_ All cell techniques ()
Parameter Unit - -
Min. Max. Average Median

Electrical energy use
by other electrical
equ_men.t, excep_t for AC kWhtt 60 596 101 177
chlorine liquefaction Cl, produced
(pumps, compressors,
etc.) (%)
Brine and equipment | ot cl, 0.080 1.270 0.292 0.226
heating
Temperature of steam °C 133 285 208 190
Pressure of steam bar 0.6 18.0 9.2 8.8
Energy use for

7y . AC kWhtt
((:Sf;lorlne liquefaction Cl, liquefied 8 200 67 53
Steam consumption
for chlorine tsteam/t Cl, 0.058 0.830 0.214 0.160

. vaporised
evaporation
(%) Data from 80 plants in the EU-27 and EFTA countries. Reference year 2008: 75 plants; reference year 2009:
4 plants; reference year 2010: 1 plant.

(%) 44 plants measured electricity consumption and 32 estimated it.
(®) 23 plants measured electricity consumption and 36 estimated it.
Source: [ 58, Euro Chlor 2010 ]
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3.3.4.6 Comparison of the three cell techniques

When attempting to deal with comparisons of energy consumption, it is fundamental to define
both the reference conditions and the boundaries of the comparison. In this section, energy
consumption for the mercury, diaphragm and membrane cell technigues is based on the energy
necessary to produce one tonne of dry and compressed chlorine with its co-products: dry
hydrogen at low pressure and 50 wt-% caustic soda or potash, starting from salt, water,
electricity and steam. Neither the energy required to extract, purify and transport the raw
materials nor the energy required for liquefaction and vaporisation of chlorine is included in this
comparison. In the case of the diaphragm and membrane cell techniques, liquefaction and
evaporation are often necessary to obtain chlorine with a purity similar to the one obtained by
using the mercury cell technique.

If global energy consumption figures are to be determined for each chlor-alkali manufacturing
technique, steam and electricity have to be expressed in the same units. The most logical way is
to refer to the primary energy necessary to produce both steam and electricity. For this purpose,
a power generation efficiency of 40 % and a steam production efficiency of 90 % was assumed,
just as in a 2009 publication of the International Energy Agency [ 64, IEA 2009 ].

This leads to a primary energy consumption of 9.0 GJ per MWh of electricity consumed and,
considering an exergy of 2.5 GJ/tsteam (at 10 bar and with condensate return at 90 °C),
approximately 2.8 GJ per tonne of steam consumed [ 63, Euro Chlor 2011 ]. Furthermore, steam
consumption based on caustic produced was converted to steam consumption based on chlorine
produced by multiplying it by the stoichiometric factor of 1.128. A comparison of the total
energy consumption of the three cell techniques is shown in Table 3.13.

Table 3.13: Total energy consumption of chlor-alkali plants in the EU-27 and EFTA countries
. Oth_er Caustic soda
. Electrolysis | electrical .
Process equipment it . concentration Total
cells () equipment 1 /3
Iy (2 O0)
00
Electricity AC kWht Cl, 3400 200 NA 3600
produced
Mercury t/t NaOH
cell Steam (50 wt-%) NA NA 0 0
technique produced
Primary GJit Cl,
energy (%) produced 30.6 1.8 0 324
Electricity | AC KWNLCL | 5809 200 NA 3000
produced
Diaphragm t/t NaOH
cell Steam (50 wt-%) NA NA 2.6 2.6
technique produced
Primary GJit Cl,
energy () oroduced 25.2 1.8 8.1 35.1
Electricity | ACKWCL | 5609 200 NA 2800
produced
Membrane t/t NaOH
cell Steam (50 wt-%) NA NA 0.70 0.70
technique produced
Primary GILCl, 23.4 1.8 2.2 27.4
energy (*) produced
() Median values of chlor-alkali plants in the EU-27 and EFTA countries. The values may vary considerably from
one plant to another, depending on the current density and other plant-specific factors.
(%) Energy consumption for chlorine liquefaction/vaporisation is not included.
(%) Caustic concentration may not be necessary.
(%) Assuming an exergy of 2.5 GJ/t steam (at 10 bar and with condensate return at 90 °C), a power generation
efficiency of 40 %, a steam generation efficiency of 90 % and a production ratio of 1.128 t NaOH/t Cl,.
NB: NA = not applicable.
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The mercury cell technique is characterised by the highest electrical energy consumption.
However, no steam is required to concentrate the caustic solution. The consumption of electrical
energy with the diaphragm cell technique is lower, but the total energy consumption is higher
due to the steam required to concentrate the caustic. The consumption of electrical energy of the
membrane cell technique is the lowest and the amount of steam needed for concentration of the
caustic solution is moderate, resulting in the lowest total energy consumption. While these
general conclusions are widely accepted, it is necessary to go into more detail when it comes to
evaluating the energy consumption of a specific plant.
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3.4

Emissions and waste generation from all cell plants

34.1 Overview

Section 3.4 deals with emissions and waste generation from all cell plants. Emissions and waste
generation specific to the mercury cell technique are described in Section 3.5, specific to the
diaphragm cell technique in Section 3.6 and specific to the membrane cell technique in
Section 3.7. Major potential sources of emissions and waste in membrane cell plants are shown
in Figure 3.3.
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Source: [ 332, EIPPCB 2012 ]

Figure 3.3: Major potential sources of emissions and waste in a membrane cell plant

The presence of a waste gas, waste water or solid waste stream depends on the specific layout of
each plant. Although Figure 3.3 shows the major potential sources of emissions and waste for a
membrane cell plant, most of them also occur in mercury and diaphragm cell plants (except for
mercury which occurs in mercury cell plants and asbestos which occurs in diaphragm cell plants
using asbestos). However, in diaphragm cell plants there is usually no brine purge and in
mercury cell plants no condensate from caustic concentration. Moreover, diaphragm and
mercury cell plants usually do not carry out secondary brine purification, while some mercury
and membrane cell plants using vacuum salt do not carry out primary brine purification. Several
of the waste water (e.g. condensates, spent sulphuric acid and bleach from the chlorine
absorption unit) and waste gas streams (e.g. chlorine from treatment of depleted brine) may be
partially or fully recycled within the process or elsewhere.

74 Production of Chlor-alkali




Chapter 3

3.4.2 Emissions from the storage and handling of solids

Emissions from the storage and handling of solids include dust emissions to air originating from
salt and ancillary materials, as well as emissions to water caused by the seepage of rainwater
and discharge with run-off water. Percolation into the soil can be prevented by an impermeable
layer (sometimes with hardened salt) under the salt [ 3, Euro Chlor 2011 ].

3.4.3 Emissions and waste generation from the brine circuit
34.3.1 Overview

Emissions from the brine circuit to air include fugitive emissions of chlorine and carbon
dioxide. Emissions to water occur via the brine purge. The emission levels depend on the purity
of the incoming salt used, the cell technique used (mercury, diaphragm or membrane), the
techniques used for brine purification and whether the brine is recirculated or wasted. Brine
sludges which are generated during brine purification are one of the largest waste streams of the
chlor-alkali industry.

3.4.3.2 Emissions to air

Emissions to air from the brine circuit include mainly fugitive emissions of carbon dioxide and
chlorine. Carbon dioxide is emitted from the brine acidification tanks due to the decomposition
of carbonate and hydrogen carbonate ions to water and carbon dioxide. The carbonate and
hydrogen carbonate stem from the auxiliary chemicals used in the brine purification step
(Table 3.6). The carbon dioxide either escapes from the brine and is emitted to the atmosphere
or is led to the chlorine absorption unit, depending on the presence of chlorine in the brine. The
concentration of (hydrogen) carbonate is expected to be lower when the depleted brine is
recirculated and resaturated with solid salts (membrane and mercury cells). CO, emissions due
to brine acidification are approximately 1.2kg per tonne of chlorine produced
[ 75, COM 2001 ].

When the mercury cell technique is used, mercury emissions may occur from brine resaturators
and salt dissolvers if there is no oxidising species (Section 3.5.6.3.2).

Because chlorine is a hazardous gas, leakage from electrolytic cells is avoided. However, small
amounts of chlorine might be emitted through leakages from the brine system and the cells, if
these are under pressure. In some cases, chlorine detectors are placed in the cell room, giving an
immediate indication of any significant leakage. The chlorine concentration in the cell room can
be below the odour detection level if the cells are operated under a slight vacuum. Odour
detection levels are in the range of 0.2-3.5ml/m® (ppmv), equivalent to 0.6-11 mg/m°
[ 1, Ullmann's 2006 ]). Due to their diffuse nature, emissions from the cell room and the brine
circuit are difficult to measure but may nevertheless contribute significantly to the overall
chlorine emissions to air. One plant reports chlorine concentrations in the cell room of
0.08-0.1 ppmv and an average emission load of 3.1 g/t annual chlorine capacity, while another
reports emission loads from the cell room ranging from 3.6 to 14 g/t annual chlorine capacity
[57, CAKTWG 2012].
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3.4.3.3 Emissions to water
34331 Overview

Potential sources of waste water in chlor-alkali plants include (Section 3.3.2):

. brine purge in mercury and membrane cell plants using a brine recirculation system;

o depleted brine in mercury and membrane cell plants using a once-through brine system;

. (back)washing water from primary brine purification;

. backwashing water of ion-exchange resins from secondary brine purification, in the case
of membrane cell plants;

° backwashing water of ion-exchange resins from water demineralisation;

. water from the condensers during chlorine cooling;

o diluted sulphuric acid from chlorine drying;

o water from the condensers during hydrogen cooling;

o water from the condensers during caustic soda evaporation in diaphragm and membrane
cell plants;

° water from the recrystallisation of salt recovered during caustic evaporation in diaphragm
cell plants;

o bleach produced by the chlorine absorption unit if it cannot be used or sold;
. water from cleaning of equipment.

Relevant pollutants include sulphate, chloride, free chlorine, chlorate, bromate, heavy metals,
organic compounds, halogenated organic compounds and sulphite which are described in more
detail below (Figure 3.3). Pollutant emissions specific to the mercury and diaphragm cell
techniques are described in Sections 3.5.7 and 3.6.4, respectively.

3.4.3.3.2 Sulphate

Brine is generally purged in NaCl electrolysis to reduce the levels of sodium sulphate and/or
sodium chlorate in the cells. However, brine purge is generally avoided in KCI electrolysis due
to the costs of the salt. The source of sulphate in brine is the salt used. Sulphate has a negative
effect on the electrolysis process (it damages the anode coating) and its level is carefully
controlled. This is normally achieved by a purge from the brine treatment system for mercury
and membrane cell plants and by purge from the caustic evaporator for diaphragm cell plants.
Sulphate emissions may also be due to the neutralisation and discharge of spent sulphuric acid
from chlorine drying. In addition, (hydrogen) sulphite is frequently used for complete
dechlorination of the brine in the membrane cell technique, as well as for the treatment of waste
water containing free chlorine. In both cases, (hydrogen) sulphite is converted to sulphate.
Reported emission concentrations and loads are summarised in Table 3.14.

76 Production of Chlor-alkali



Chapter 3

Table 3.14: Emissions of sulphate to water from chlor-alkali plants in the EU-27 and EFTA
countries in 2008 to 2011

Sulphate emission concentrations in g/l (*) ()

Value Min 10th 25th Median 75th 90th Max
reported (°) ' percentile | percentile percentile | percentile '
Min. (4) 0.030 0.050 0.10 0.55 2.1 3.8 9.0
Max. (5) 0.070 0.48 0.71 5.2 7.8 24 75
Average (°) () | 0.42 ND 0.50 2.4 6.0 ND 6.0
Sulphate emission loads in kg per tonne of chlorine produced (%)
Value . 10th 25th . 75th 90th
reported (°) Min. percentile | percentile Median percentile | percentile Max.
Average (') (%) | 0.065 0.10 0.36 0.61 1.4 4.4 7.4

(%) Coverage: all three cell techniques; both brine recirculation and once-through brine plants.
Data refer to the outlet of the electrolysis plant prior to mixing with other waste water.
Most of the reporting plants perform periodic measurements (mostly weekly and daily). 24-hour composite
samples were mostly taken, as well as a few grab samples.

(%) Data from 24 plants. 15 of these plants reported ranges with minimum and maximum values, 4 of these plants
reported only maximum values, 4 plants reported annual average values and 1 plant reported both, a range and
an average.

(®) For a better understanding of the data, refer to Table 3.1.

(%) 16 data from 16 plants.

(®) 20 data from 20 plants.

(®) 5 data from 5 plants.

() Annual average values.

(®) 20 data from 20 plants.

NB: ND = not enough data.
Source: [ 57, CAK TWG 2012 ]

Plants using solely vacuum salt show sulphate emission loads in the range of
0.1-1.6 kg/t chlorine produced. In general, higher values, up to 7 kg/t chlorine produced, were
reported by plants using rock salt (individually or in combination with other salts). Sulphate
emission loads of approximately 5 kg/t chlorine produced were also reported by plants that use
sulphuric acid for the neutralisation of waste water or that produce their own vacuum salt
[57, CAK TWG 2012].

The discharge of sulphate may be considered problematic, depending on where the releases
occur.

3.4.3.3.3 Chloride

In the case of mercury and membrane cell plants, during purification of the brine, approximately
3-4 % of the brine is purged to avoid the build-up of undesired components, except in the case
of KCI electrolysis. This purge usually contains a high concentration of chloride. Generally,
after treatment to remove free chlorine, the purge is discharged into the site's waste water
system. In the case of diaphragm cell plants, chloride emissions result from the purge of the
condensers for chlorine cooling and caustic concentration. Reported emission concentrations
and loads are summarised in Table 3.15.
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Table 3.15: Emissions of chloride to water from chlor-alkali plants in the EU-27 and EFTA
countries in 2008 to 2011

Chloride emission concentrations in g/l (*) ()

Value Min 10th 25th Median 75th 90th Max
reported (%) " | percentile | percentile percentile | percentile '
Min. (4) 0.020 0.095 0.40 1.3 12 31 115
Max. (5) 0.12 1.1 7.9 31 103 150 152
Average (°) () | 0.87 2.9 16 39 117 124 182
Chloride emission loads in kg per tonne of chlorine produced ()
Value . 10th 25th . 75th 90th
reported (°) Min. percentile | percentile Median percentile | percentile Max.
Average () ®) | 0.63 3.3 6.9 13 39 100 1060 (°)

(%) Coverage: all three cell techniques; both brine recirculation and once-through brine plants.
Data refer to the outlet of the electrolysis plant prior to mixing with other waste water.
Most of the reporting plants perform periodic measurements (mostly daily). 24-hour composite samples were
mostly taken, as well as a few grab samples.

(%) Data from 40 plants. 21 of these plants reported ranges with minimum and maximum values, 5 of these plants
reported only maximum values, 6 plants reported annual average values (2 of these 6 plants for 2 separate
electrolysis units) and 8 plants reported both, a range and an average.

(®) For a better understanding of the data, refer to Table 3.1.

(%) 29 data from 29 plants.

(®) 34 data from 34 plants.

(%) 16 data from 14 plants. 2 of these plants provided separate data for different electrolysis units.

(') Annual average values.

(®) 41 data from 38 plants. 3 of these plants provided separate data for different electrolysis units.

(® Plant with once-through brine system.

Source: [ 57, CAK TWG 2012

Chloride emission loads to water depend on the degree of brine depletion during electrolysis and
the volume of the brine purge, which itself is influenced by various factors, such as the purity of
the salt, the technique used to control impurities in the brine circuit (e.g. sulphate precipitation,
nanofiltration, chlorate destruction) and the cell technique (e.g. generally higher brine purge
volumes from membrane cell plants compared to mercury cell plants, due to higher brine quality
requirements).

In the case of the process using waste brine, 1.4-2.1 tonnes of salt per tonne of chlorine
produced are purged (Section 3.3.1), which is equivalent to chloride emission loads of
850-1 300 kg per tonne of chlorine produced. The discharge of chloride may have some impact
on the receiving water body, depending on local conditions.

3.4.3.34 Free chlorine

Free chlorine results from the production and dissolution of chlorine in the brine and its
subsequent reactions with potential brine impurities, such as bromide.

When measuring chlorine in water samples, several oxidising species are included, depending
on the analytical method employed. According to the European standards EN I1SO 7393-1, -2
and -3, free chlorine includes hypochlorite, hypochlorous acid and dissolved elementary
chlorine, while total chlorine also includes organic and inorganic chloramines. Furthermore,
other oxidising species such as hypobromite, hypobromic acid and dissolved elementary
bromine are included in the parameter free chlorine. In addition to these brominated species, the
parameter total chlorine also includes bromamines [ 162, CEN 2000 ], [ 163, CEN 2000 ],
[ 164, CEN 2000 ]. These oxidants may be present in the brine purge.

The purge from the brine purification is normally treated before being discharged to the
environment. Reported emission concentrations and loads are summarised in Table 3.16.
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Table 3.16: Emissions of free chlorine to water from chlor-alkali plants in the EU-27 and
EFTA countries in 2008 to 2011

Concentrations of free chlorine in mg/l (*) (%)

Value Min 10th 25th Median 75th 90th Max
reported (°) ' percentile | percentile percentile | percentile '
Min. (4) 0.030 ND 0.10 0.10 0.10 ND 1.0
Max. (5) 0.047 0.050 0.18 1.0 5.0 17 653

6
A"er("}?e O 0022 ND 0.040 | 0.045 1.4 ND 141
Free chlorine emission loads in g per tonne of chlorine produced (})
Value . 10th 25th . 75th 90th
reported (%) Min. percentile | percentile Median percentile | percentile Max.
T
Average () | 50010 | 00075 0.020 | 0.065 1.0 3.8 32 ()

(3 Coverage: all three cell techniques; both brine recirculation and once-through brine plants.
Data refer to the outlet of the electrolysis plant prior to mixing with other waste water.
Most of the reporting plants perform continuous (reduction potential) and daily measurements. For periodic
measurements, 24-hour composite samples were mostly taken, as well as a few grab samples.

(® Data from 30 plants. 21 of these plants reported ranges with minimum and maximum values, 4 plants reported

annual average values and 5 plants reported both, a range and an average (1 of these 5 plants for 2 separate

electrolysis units).

For a better understanding of the data, refer to Table 3.1.

6 data from 6 plants. In addition, 7 plants reported values below the detection limit, 3 plants a value of

<0.01 mg/l, 1 plant a value of < 0.02 mg/ for 2 different electrolysis units, 1 plant a value of < 0.03 mg/I,

1 plant a value of < 0.05 mg/l, 4 plants a value of < 0.1 mg/l, 1 plant a value of < 0.2 mg/l, 1 plant a value

of <2 mg/l and 1 plant a value of < 4 mg/l.

(®) 19 data from 18 plants. 1 of these plants provided separate data for different electrolysis units. In addition,
2 plants reported values below the detection limit, 1 plant a value of <0.03 mg/l, 3 plants a value of
< 0.1 mg/l, 1 plant a value of < 0.2 mg/l and 1 plant a value of < 2 mg/I.

(®) 6 data from 5 plants. 1 of these plants provided separate data for different electrolysis units. In addition,
1 plant reported a value below the detection limit, 1 plant a value of < 0.05 mg/l and 2 plants a value of
< 0.2 mg/l.

(') Annual average values.

(®) 11 data from 11 plants. In addition, 3 plants reported values below the detection limit, 1 plant a value of
<0.008 g/t, 1 plant a value of <0.025¢g/t, 1 plant a value of <0.08 g/t and 1 plant a value of
< 3 g/t chlorine produced.

(® Plant with once-through brine system.

NB: ND = not enough data.
Source: [ 57, CAK TWG 2012 ]

The highest emission concentrations of free chlorine were observed for plants which reported
that no specific waste water treatment takes place at the plant level, apart from the generally
applied partial dechlorination using a vacuum [ 57, CAK TWG 2012 ]. In the case of membrane
cell plants, the depleted brine is always totally dechlorinated (Section 2.5.4). The release of free
chlorine is higher for plants that destroy the produced bleach in the chlorine absorption unit and
discharge the remaining liquid, which may contain significant amounts of free chlorine
[ 17, Dutch Ministry 1998 ].

Free chlorine is toxic to aquatic biota. If waste water containing free chlorine becomes acidic,
chlorine is released. Moreover, the mixing of waste water containing free chlorine with other
waste water containing organic substances may lead to the formation of halogenated organic
compounds. Substances which may form halogenated organic compounds in the aquatic
environment are included in Annex Il to the Industrial Emissions Directive [ 77, Directive
2010/75/EU 2010 ].
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3.4.3.35 Chlorate and bromate

The main sources of chlorate and bromate are the purge from brine purification and also water
streams that have been treated to decompose free chlorine into the less reactive chlorate and
bromate. Chlorate (ClIO3) and (to a much lesser extent) bromate (BrOj3’) are formed during
electrolysis, particularly when using the diaphragm or membrane cell technique (Section 2.1 and
Table 2.1). Bromate is present in only small quantities, as bromine is only present as a
contaminant of the salt.

Due to the recycling of the brine, these components build up. Chlorate and bromate are
unwanted compounds in the process as their presence reduces the solubility of incoming salt
and, in the case of the membrane cell technique, may negatively affect the caustic soda quality,
the ion-exchange resins used for brine purification and the membranes. Measures are usually
taken to keep the level of chlorate low (usually below 10 g/l in the feed brine). To maintain this
level, there is a need to purge an appropriate volume of the brine, which can be carried out
alongside operating under acidic conditions in the anolyte (approximately pH 2, see
Sections 2.5.3.2 and 4.3.6.4.2) or alongside using a chlorate decomposer (Sections 2.5.5,
4.3.6.4.3 and 4.3.6.4.4). The purge can also be used as a raw material in a plant which produces
sodium chlorate (Section 4.3.6.4.5).

In the case of diaphragm cell plants, any bromate or chlorate formed in the anolyte compartment
migrates through the diaphragm and may be reduced by nascent hydrogen at the cathode
(Section 4.3.6.3.6). Residual levels remain in the caustic liquor which leaves the cell. Reported
emission concentrations and loads are summarised in Table 3.17 and Table 3.18.

Table 3.17: Emissions of chlorate to water from chlor-alkali plants in the EU-27 and EFTA
countries in 2008 to 2011

Chlorate emission concentrations in g/l () (%)

Value . 10th 25th . 75th 90th
reported () Min. percentile | percentile Median percentile | percentile Max.
Min. (%) 0.010 ND 0.012 0.54 3.0 ND 5.0
Max. (°) 0.0070 | 0.026 0.40 5.0 5.5 7.0 14
Average () () | 0.23 ND 1.0 2.4 4.0 ND 5.0
Chlorate emission loads in g per tonne of chlorine produced (%)
rep\c/)erltlgg A Min. perlc(«)str:]tile pel?citr?tile Median pel?citr?tile pel?c(()atr?tile Max.
Average () (%) 0.92 26 134 285 1430 2500 3500

(%) Coverage: all three cell techniques; both brine recirculation and once-through brine plants.
Data refer to the outlet of the electrolysis plant prior to mixing with other waste water.
Most of the reporting plants perform periodic measurements (mostly daily and weekly). For periodic
measurements, 24-hour composite samples were mostly taken, as well as a few grab samples.

(%) Data from 17 plants. 9 of these plants reported ranges with minimum and maximum values, 6 plants reported
annual average values, 1 plant reported both, a range and an average, and 1 plant only a maximum value.

(®) For a better understanding of the data, refer to Table 3.1.

(%) 9 data from 9 plants. In addition, 1 plant reported a value below the detection limit.

(®) 11 data from 11 plants.

(®) 7 data from 7 plants.

(') Annual average values.

(®) 18 data from 18 plants.

NB: ND = not enough data.
Source: [ 57, CAK TWG 2012 ]
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Table 3.18: Emissions of bromate to water from chlor-alkali plants in the EU-27 and EFTA
countries in 2008 to 2011
Emission concentrations Emission loads In g per Cell
Plant in mg/l () tonne of chlorine technique Salt source
9 produced (%) () q
A <05 0.05 (%) M Vv
B <1.2-2 0.3 M V
C <1.2 <05 M V
D <3 NI M S
E 0.3 () 0.26 M SMB
F () 2-10 33 M SMB

(B Coverage: all three cell techniques; both brine recirculation and once-through brine plants.
Data refer to the outlet of the electrolysis plant prior to mixing with other waste water.
All of the reporting plants performed periodic measurements (monthly and six-monthly). 24-hour composite
samples were taken.

(® Annual average values.

(®) Estimated value.

() Annual average value.

(®) Plant with once-through brine system.

NB: M = membrane cell plant; NI = no information provided; S = solar salt; SMB = solution-mined brine;
V = vacuum salt.

Source: [ 57, CAK TWG 2012]

Particularly relevant with regards to chlorate and bromate are plants that do not use the bleach
produced from the chlorine-containing waste gases but instead destroy it by means of heating to
70 °C and acidifying it to pH 6 or 7. In these cases, the free chlorine is converted to chlorate and
bromate. A value of 4 kg chlorate per tonne of chlorine produced is reported for a plant applying
thermal bleach destruction, while bromate was in the range of 0.22-550 g per tonne of chlorine
produced [ 17, Dutch Ministry 1998 1.

Chlorate and bromate are less reactive than free chlorine and have a lower acute toxicity for
aquatic biota. However, chlorate is classified as toxic to aquatic life with long-lasting effects
(chronic toxicity) and bromate is presumed to have carcinogenic potential for humans
[ 76, Regulation EC/1272/2008 2008 ].

3.4.3.36 Heavy metals except mercury

Brine contains a certain amount of dissolved metals, such as nickel, zinc, iron, and copper,
which originate from salt impurities and metallic equipment (Table 2.4). The addition of an anti-
caking agent (ferrocyanides) to the solid salt for transport, loading and unloading purposes
creates an extra source of iron, which is mostly the case if vacuum salt is used. Dissolved heavy
metals are unwanted compounds in the process. In the case of the mercury cell technique, they
can lead to the release of hydrogen in the anode compartment (Section 2.2.1), while in the case
of the membrane cell technique, they negatively affect the performance of the cells (Table 2.4).

Dissolved metals are partly removed by the purge from the brine treatment, although the
majority are precipitated as hydroxides (e.g. iron hydroxide, Fe(OH)3) and are removed during
brine filtration. In the case of membrane cell plants, dissolved metals are further removed from
the brine during ion exchange and subsequently emitted during regeneration. A decompaosition
unit for iron complexes may be necessary for membrane cell plants. Reported emission
concentrations and loads are summarised in Table 3.19.
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Table 3.19: Emissions of heavy metals to water from chlor-alkali plants in the EU-27 and
EFTA countries in 2008 to 2011
Heavy Emission concentrations in Emission Ioa_lds In g per Cell Salt
1 tonne of chlorine produced .
metal mg/l (%) MO technique source
Cd <0.02 NI M, D SMB
NI 0.008 2 M V
Cr 0.001-0.025 NI M S
<0.1 NI M, D SMB
NI 0.14 M V
Cu 0.01-0.04 NI M S
0.01-1.4 NI Hg, D SMB, S
0.01-0.22 0.36 M SMB
Fe 0.1-2 1 M V
0.1-4 NI M S
0.01-0.5 0.01 M V
NI 0.010 M V
Ni 0.005-0.01 NI M S
0.12-0.18 NI M, D SMB
0.05 (% 0.007 M R
NI 0.0163 M V
Pb 0.01-0.05 NI M S
<0.2 NI M, D SMB
7n NI 0.0392 M V
0.05-0.4 NI M S
() Coverage: all three cell techniques; both brine recirculation and once-through brine plants.
Data refer to the outlet of the electrolysis plant prior to mixing with other waste water.
All of the reporting plants perform periodic measurements (twice per month, monthly, quarterly and six-
monthly). Grab samples and 24-hour composite samples were taken.
(® Annual average values.
NB: D = diaphragm cell plant; Hg = mercury cell plant; M = membrane cell plant; NI = no information provided;
R =rock salt; S = solar salt; SMB = solution-mined brine; V = vacuum salt.
Source: [ 57, CAK TWG 2012 ]

Emission loads of heavy metals to water are determined by the purity of the salt used. Apart
from their co-precipitation during brine purification, no additional techniques for their removal
are used.

Some of the heavy metals such as cadmium, nickel and lead are priority substances under the
Water Framework Directive [ 74, Directive 2008/105/EC 2008 ]. Metals and their compounds
are also included in Annex Il to the Industrial Emissions Directive [ 77, Directive 2010/75/EU

20101].

3.4.3.3.7 Organic compounds

Organic compounds in waste water originate from the raw materials (salt and water), ancillary
materials and equipment used (leaching). They are usually measured as BOD (biochemical
oxygen demand), COD (chemical oxygen demand), and TOC (total organic carbon). Reported
emission concentrations and loads are summarised in Table 3.20.
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Table 3.20: Emissions of organic compounds to water from chlor-alkali plants in the EU-27
and EFTA countries in 2008 to 2011
Emission concentrations Emission loads In g per Cell
Parameter in mg/l () tonne of chlorine technique Salt source
9 produced () () q
BOD 1-10 3.6 M \
30-90 40 M \
COD <30-111 84 Hg, M R,V,0
<dl-90 NI M R
5-20 7 M \
4-95 30 M \
Toc NI 2.48 Hg \
70 () 34.2 M R

(Y Coverage: all three cell techniques; both brine recirculation and once-through brine plants.
Data refer to the outlet of the electrolysis plant prior to mixing with other waste water.
All of the reporting plants perform periodic measurements (daily, twice per week, weekly, monthly). Grab
samples and 24-hour composite samples were taken.

(® Annual average values.

NB: BOD = biochemical oxygen demand; COD = chemical oxygen demand; dl = detection limit; Hg = mercury
cell plant; M = membrane cell plant; NI = no information provided; O = other salt sources; R = rock salt;
TOC = total organic carbon; V = vacuum salt.

Source: [ 57, CAK TWG 2012 ]

The emissions of organic compounds from chlor-alkali plants have decreased significantly since
the switch from graphite to metal anodes. Emissions depend primarily on the purity of raw and
ancillary materials.

Substances which have an unfavourable influence on the oxygen balance and which can be
measured using parameters such as BOD, COD, etc. are included in Annex Il to the Industrial
Emissions Directive [ 77, Directive 2010/75/EU 2010 ].

3.4.3.3.8 Halogenated organic compounds

Halogenated organic compounds are formed in a reaction between organic contaminants in the
electrolyser or the brine system and free chlorine. Organic contaminants may originate from the
raw materials (salt and water), ancillary materials, or the equipment used. Examples of
chlorinated hydrocarbons which can be found in the effluent of chlor-alkali plants are
chloroform  (CHCI;), dichloromethane (CH,Cl,), carbon tetrachloride (CCl;) and
tetrachloroethylene (C,Cl,), but other chlorinated and also brominated compounds may be
found [17, Dutch Ministry 1998 ]. Halogenated organic compounds in water are usually
measured as AOX (adsorbable organically bound halogens) and EOX (extractable organically
bound halogens). Reported emission concentrations and loads are summarised in Table 3.21.
Volatile halogenated organic compounds may be transferred from the brine to the gas phase
during electrolysis, and especially during brine dechlorination.
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Table 3.21: Emissions of halogenated organic compounds to water from chlor-alkali plants in
the EU-27 and EFTA countries in 2008 to 2011
Emission concentrations Emission loads In g per Cell
Parameter in mg/l () tonne of chlorine technique Salt source
g produced (%) () q
0.04-0.4 0.2 M V
0.1-0.5 0.5 M V
0.43-0.83 NI M R
NI-1.3 NI M R
AOX NI 1.1 M R
0.026-0.11 0.3 M SMB, O
0.5-3.5 0.8 Hg V
NI 0.8 Hg V
0.01-0.05 0.015 M V
EOX 0.2-0.3 0.22 M SMB
VOX 0.020-0.13 0.025 M V
(B Coverage: all three cell techniques; both brine recirculation and once-through brine plants.
Data refer to the outlet of the electrolysis plant prior to mixing with other waste water.
All of the reporting plants perform periodic measurements (daily, twice per week, weekly, monthly, six-
monthly). Grab samples, as well as half-hourly, hourly and 24-hour composite samples were taken.
(® Annual average values.
NB: AOX = adsorbable organically bound halogens; EOX = extractable organically bound halogens;
Hg = mercury cell plant; M = membrane cell plant; NI = no information provided; O = other salt sources;
R =rock salt; SMB = solution-mined brine; V = vacuum salt; VOX = volatile organically bound halogens.
Source: [ 57, CAK TWG 2012]

The emissions of halogenated organic compounds from chlor-alkali plants have decreased
significantly since the switch from graphite to metal anodes, but can be higher for plants that
destroy the produced bleach in the chlorine absorption unit and discharge the remaining liquid.
Emissions depend primarily on the concentrations of organic compounds in the brine, which are
usually low due to brine quality requirements (Table 2.4).

Halogenated organic compounds are included in Annex Il to the Industrial Emissions Directive
[ 77, Directive 2010/75/EU 2010 ].

3.4.3.39 Sulphite

Sodium (hydrogen) sulphite is frequently used for the removal of free chlorine from waste
water. It is usually applied in stoichiometric excess, with the remainder being discharged. One
membrane cell plant reported average sulphite concentrations of 2.7 mg/l (weekly
measurements) at the outlet of the electrolysis plant, while a second plant reported sulphite
concentrations of 0.1-1.0 mg/l with an average of 0.54 mg/l (periodic measurements), and a
third reported sulphite concentrations to be <1 mg/l [ 57, CAK TWG 2012 ].

3.4.34 Generation of wastes

The quantity of brine filtration sludges mainly depends on the incoming salt. The salts
precipitated during purification of the brine are removed in a filter unit or a clarifier. The
precipitate consists mainly of calcium carbonate and magnesium hydroxide, and in some cases
barium sulphate. In the case of the mercury cell technique, the residual brine in the sludge
usually contains some dissolved mercury in its oxidised form. In some plants, this brine is
washed out to reduce the mercury contamination. The sludge can be filtered and disposed of as
a solid waste, or periodically removed by flushing with a weak hydrochloric acid solution. The
acid causes the precipitate to dissolve (except barium sulphate and mercury) and the relatively
harmless solution can be discharged with liquid effluent [ 3, Euro Chlor 2011 ]. The treatment
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of brine filtration sludges containing mercury is described in Section 3.5.9.2. Reported figures
on the generation of sludges from primary brine purification are summarised in Table 3.22.

Table 3.22: Generation of sludges from primary brine purification in chlor-alkali plants in the
EU-27 and EFTA countries in 2008 to 2011

Generation of sludges from primary brine purification
in kg per tonne of chlorine produced (%) (%)

Salt type

Min. 10th . 25th . Median 75th . 90th . Max.
percentile | percentile percentile | percentile
NaCl and KCl, all 0.020 | 0.001 0.75 12 25 33 57
types ()
L\'a?tc('i)on'y vacuum 0.020 | 0.070 0.10 0.18 0.75 1.0 1.1
NaCl, only rock salt (°) 15 ND 23 27 33 ND 45

NaCl, only solution-
mined brine (°) 10 and 36 and 57

NaCl, only solar salt (") 18 and 30

NaCl, only from potash |~ 5, ND 23 27 30 ND 33

mining wastes (°)

KCl, all types (°) 0.050 ND 0.56 1.4 1.5 ND 4.2

(%) Annual average values.

(® 17 plants out of a total of 42 reported solids content in the brine sludge which ranged from 30 wt-% to
100 wt-%.

(®) 44 data from 42 plants. 2 of these plants provided separate data for different electrolysis units. 5 of the
42 plants included sludges and/or pre-coat filters from secondary brine purification in the reported values.

(%) 11 data from 10 plants. 1 of these plants provided separate data for different electrolysis units.

(®) 9 data from 9 plants. 2 of the 9 plants included sludges and/or pre-coat filters from secondary brine
purification in the reported values.

(®) 5 data from 5 plants.

(') 3 data from 3 plants.

(®) 2 data from 2 plants. 1 of the 2 plants included sludges and/or pre-coat filters from secondary brine
purification in the reported values.

(® 5 data from 5 plants. 1 of the 5 plants included sludges and/or pre-coat filters from secondary brine
purification in the reported values.

NB: ND = not enough data.
Source: [ 57, CAK TWG 2012]

Table 3.22 shows that rock salt, solution-mined brine and salt from potash mining wastes
usually generate much higher amounts of brine filtration sludges than vacuum salt. In addition,
the membrane cell technique requires more rigorous purification of the brine, and sludge
disposal from the filters is thus more significant.

Some plants using vacuum salt omit primary brine purification completely and therefore do not
generate any sludges from this treatment step [ 57, CAK TWG 2012 ].
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3.44 Emissions and waste generation from chlorine processing,
storage and handling

3441 Overview

Air emissions consist of fugitive emissions of carbon dioxide and chlorine from the processing
steps, from the storage and handling of chlorine, as well as of channelled emissions from the
chlorine absorption unit. Emissions of carbon tetrachloride during chlorine processing occur at a
few installations that make use of this substance. Small amounts of chlorine dioxide could also
be emitted from the chlorine absorption unit, as well as small amounts of refrigerants from the
chlorine liquefaction system.

The condensed water formed after cooling is usually recycled as brine make-up, although some
facilities combine this stream with other waste water streams prior to treatment. The remaining
water vapour is removed by scrubbing the chlorine gas with concentrated sulphuric acid. The
spent sulphuric acid is used for other purposes, is recycled, or is sent to the site's waste water
collection system.

3.4.4.2 Emissions to air
34421 Carbon dioxide

Small amounts of carbon dioxide are released from the anode compartment and are collected
and treated together with the chlorine. During chlorine liquefaction, carbon dioxide and other
gases (N,, O,, H,) remain in the gas phase and are finally purged from the system, together with
a small amount of chlorine. This waste gas stream is usually processed in the chlorine
absorption unit. Carbon dioxide that is not absorbed by the chlorine absorption unit is emitted
into the atmosphere.

3.44.2.2 Chlorine

Because chlorine is a hazardous gas, extreme precaution is taken to prevent emissions of
chlorine from the process and from handling and storage. Therefore, emissions of chlorine gas
into the atmosphere are generally low. The sources of significant potential emissions are
normally connected with the chlorine absorption unit.

When measuring chlorine in the gas phase, other oxidising species are included, depending on
the analytical method employed. This holds true for both categories of measurement techniques.
The first is based on absorption of a gas stream in a liquid, with subsequent wet chemical
analysis, while the second is based on direct measurements in the gas phase with
electrochemical cells (Section 4.3.3.4) [ 67, Euro Chlor 2010]. Other oxidising species are
usually unlikely to be present in relevant concentrations, with the exception of chlorine dioxide
(Section 3.4.4.2.3).

Chlor-alkali plants in the EU-27 and EFTA countries have a chlorine absorption unit to destroy
the chlorine present in waste gases. Whenever possible, the residual chlorine is first valorised in
bleach or hydrochloric acid production units. Subsequently, all chlorine production units have a
safety chlorine absorption unit for the removal of chlorine from waste gases during normal
operation and also during emergencies. The absorption of chlorine in caustic soda is most
commonly used for chlorine destruction [ 3, Euro Chlor 2011 ]. Reported emission levels at the
outlet of this unit are highly variable and are often below the detection limit (Table 3.23)
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Table 3.23: Emissions of chlorine to air from chlor-alkali plants in the EU-27 and EFTA
countries in 2008-2011

Chlorine emission concentrations in mg/m® (*) (%)

Value . 10th 25th . 75th 90th
reported (%) Min. percentile | percentile Median percentile | percentile Max.
Min. (4) 0.020 0.050 0.17 0.59 0.90 15 51
Max. (5) 0.050 0.39 0.56 1.8 3.8 8.2 20
Average (°) (') | 0.024 0.17 0.20 0.50 1.4 45 8.4
Chlorine emission loads in g per tonne of chlorine produced ()
rep\c/)?tlgg A Min. perlcoetr?tile perzcsetr?tile Median per705et:tile pergc%t:tile Max.
Average () ®) | 0.010 0.019 0.059 0.25 1.4 2.9 15

(3 Data refer to the outlet of the chlorine absorption unit under standard conditions (273.15 K, 101.3 kPa) after
deduction of the water content.
Plants usually perform continuous indicative monitoring with alarm thresholds (e.g. with electrochemical
cells), in combination with periodic monitoring (mostly twice per month, quarterly and six-monthly). Sampling
periods reported for periodic monitoring were mostly half-hourly, but also included instantaneous (grab
sample), and hourly.

(% Data from a total of 54 absorption units. For 27 of these absorption units ranges with minimum and maximum

values were reported, for 9 of these absorption units annual average values were reported and for 18 of these

absorption units both.

For a better understanding of the data, refer to Table 3.1.

26 data from 25 plants. 1 of these plants provided separate data for different electrolysis units. In addition,

6 plants reported values below the detection limit, 2 plants a value of < 0.02 mg/m?®, 3 plants a value of

<0.1mg/m* 1 plant a value of <0.19 mg/m®, 1 plant a value of <0.25 mg/m®, 2 plants a value of

< 0.3 mg/m?, 2 plants a value of < 0.5 mg/m® and 1 plant a value of < 0.6 mg/m®.

(®) 38 data from 36 plants. 2 of these plants provided separate data for different electrolysis units. In addition,
1 plant reported a value of < 0.1 mg/m?, 1 plant a value of < 0.19 mg/m®, 2 plants a value of < 0.3 mg/m?,
1 plant a value of < 0.5 mg/m3, 1 plant a value of < 0.6 mg/m® and 1 plant a value of < 10 mg/m®.

(®) 25 data from 24 plants. 1 of these plants provided separate data for different electrolysis units. In addition,
1 plant reported a value of < 2 mg/m® and 1 plant a value of < 6 mg/m®

(') Annual average values.

(®) 34 data from 33 plants. 1 of these plants provided separate data for different electrolysis units. In addition,
1 plant reported a value of < 0.13 g/t.

Source: [ 57, CAK TWG 2012 ]

Other chlorine-containing waste gases arise from the loading and unloading of tanks, vessels
and containers (volume displacement), as well as from emergency venting. They are
systematically collected and directed to the chlorine absorption unit [ 3, Euro Chlor 2011 ].

Chlorine and its compounds are included in Annex Il to the Industrial Emissions Directive
[ 77, Directive 2010/75/EU 2010 ].

3.4.4.23 Chlorine dioxide

Small amounts of chlorine dioxide originating from side reactions can be emitted from the
chlorine absorption unit (Section 4.3.5.2). When measuring chlorine in the exhaust from the
chlorine absorption unit, chlorine dioxide is usually included in the analytical result
(Section 4.3.3.4) [ 67, Euro Chlor 2010].

Three plants reported chlorine dioxide concentrations in untreated waste gas from the chlorine
absorption unit amounting to 9-22 mg/m®, 2-6 mg/m®, and up to approximately 40 mg/m®.
Emission concentrations largely depend on the concentration of non-condensable gases, such as
nitrogen and oxygen. Chlorine dioxide can be removed to concentrations below 0.4 mg/m® by
using hydrogen peroxide (Section 4.3.5.2) [ 68, AkzoNobel 2007 ], [ 185, InfoMil 2011 ].

Chlorine and its compounds are included in Annex Il to the Industrial Emissions Directive
[ 77, Directive 2010/75/EU 2010 ].
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3.4.4.24 Carbon tetrachloride

In 2011, only three chlor-alkali plants in the EU-27 were using carbon tetrachloride. Two plants
were using the substance only for the elimination of nitrogen trichloride (Section 2.6.6) and one
plant was using it both for the elimination of nitrogen trichloride (Section 2.6.6) and the
recovery of chlorine from tail gas (Section 2.6.8) [ 61, DG CLIMA 2012 ]. The other 71 chlor-
alkali plants in the EU-27 and EFTA countries have a different layout for chlorine liquefaction
and purification, which allows operation without carbon tetrachloride (Section 4.3.5.3).

Carbon tetrachloride for the elimination of nitrogen tetrachloride or the recovery of chlorine
from tail gas is circulated in a closed loop. However, emissions may occur through leakages,
and so the gas tightness of the system is of paramount importance to achieve low emission
values [17, Dutch Ministry 1998]. In 2011, reported emissions ranged from 0 to
30 g CCl,/t annual chlorine capacity, depending also on the frequency of use and the occurrence
of accidents (Table 3.24).

Table 3.24: Emissions of carbon tetrachloride by chlor-alkali plants in the EU-27 in 2006 to
2011
Emissions of carbon tetrachloride in g/t annual Cl, capacity (*)
Purpose Year
2006 2007 2008 2009 2010 2011
Elimination of nitrogen 0.00 and 0.00 and 0.00 and 0.00and | 0.00and 0.00 and
trichloride (%) 3.0 3.0 3.3 2.2 1.8 1.5
Recovery of chlorine 0.15 and 0.20 and 0.18 and 0.93 and 40 30
from tail gas (%) 10 6.5 4.4 4.4 '

() Annual average values, usually estimated/calculated.
(%) Data from two plants.
(%) Data from two plants from 2006 to 2009 and from one plant for 2010 to 2011.

Source: [ 61, DG CLIMA 2012 ]

3.4.4.25 Refrigerants

Refrigerants used for chlorine liquefaction are circulated in closed loops, but fugitive emissions

may occur through leaks. Reported emission levels are shown in Table 3.25.

Table 3.25: Emissions of refrigerants by chlor-alkali plants in the EU-27 in 2008 to 2011

Emissions in g/t chlorine produced (%)
1.3 and 2 and 2.31 and 38.6

Refrigerant
HCFC-22 (R-22; chlorodifluoromethane) (%)

HFC-134a (R-134A; 1,1,1,2-tetrafluoroethane) (°) 2.06 and 8
R-410A (50.0 wt-% HFC-32, 50.0 wt-% HFC-125) () 2.3
HFC (unspecified) (%) 1.85

() Annual average values, usually estimated/calculated.
(%) Data from four plants.

(%) Data from two plants.

(%) Data from one plant.

Source: [ 57, CAK TWG 2012 ]

The use of HCFCs such as HCFC-22 is generally prohibited, but reclaimed or recycled HCFCs
may be used for the maintenance or servicing of existing refrigeration equipment until
31 December 2014 (Section 4.3.5.4) [ 78, Regulation EC/1005/2009 2009 ].
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3.4.4.3 Emissions to water
Sulphuric acid mists coming from the drying towers are captured by candle filters and may be
released as sulphates when the filters are washed for maintenance.

3.4.4.4 Generation of wastes

34441 Spent sulphuric acid from chlorine drying

Concentrated sulphuric acid (92-98 wt-%) is used to dry chlorine (Section 2.6.5). Often the
spent sulphuric acid is returned to the supplier for refortification. The spent acid can also be
used to control pH in process and waste water streams or to destroy surplus hypochlorite, or it
can be sold to a user who can accept this quality of acid. In rare cases, the spent acid becomes
waste. Reported figures on the generation of sulphuric acid waste are summarised in Table 3.26.

Table 3.26: Generation of sulphuric acid waste in chlor-alkali plants in the EU-27 and EFTA
countries in 2008 to 2011
Sulphuric acid waste in kg per tonne of chlorine produced,
expressed as 100 % H,SO, (%)
Min. 10th_ 25th_ Median 75th_ 90th_ Max.
percentile | percentile percentile | percentile
0 0 0 0 0 0.25 12

(B Annual average values. 39 data from 35 plants. 4 of these plants provided separate data for

different electrolysis units.

Source: [ 57, CAK TWG 2012]

The consumption of sulphuric acid depends on the water concentration in the feed gas, the
absorption temperature, and the original sulphuric acid concentration. Where it is possible to
reconcentrate sulphuric acid in a closed loop, consumption is very low, close to 0.1 kg per tonne
of chlorine produced [ 47, De Dietrich 2011]. Acid consumption can also be reduced by
optimising the contact time between chlorine and acid, keeping the fresh acid concentration as
high as possible and the spent acid concentration as low as possible.

3.4.4.4.2 Carbon tetrachloride

When carbon tetrachloride is used to absorb NCl; or to recover chlorine from tail gas, it needs to
be replaced periodically because of the build-up of pollutants (bromine, FeCls, and chlorinated
hydrocarbons, for example). The removed carbon tetrachloride is recycled, reclaimed or
destroyed, in line with the provisions of the regulation on substances that deplete the ozone
layer [ 78, Regulation EC/1005/2009 2009 ].

3.4.4.43 Bleach

During normal operation of a chlor-alkali plant, the bleach produced can be sold or used on site.
When the bleach production unit needs to handle a large amount of chlorine in a short period of
time (e.g. in the event of release of chlorine due to a malfunctioning of equipment), the bleach
produced usually does not comply with the product specifications. In this case, the 'off-spec'
bleach is either destroyed on site and discharged with the waste water, or is removed and
processed elsewhere. Moreover, the regular bleach is also destroyed when there is insufficient
on- or off-site demand, which is the case in some EU Member States.
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3.4.5 Emissions and waste generation from sodium and potassium

hydroxide processing

In diaphragm cell plants approximately four tonnes of water must be evaporated per tonne of
50 wt-% caustic soda solution produced, if this is the desired concentration. If sodium sulphate
is not removed during the brine purification process, salt recovered from the evaporators is often
recrystallised to avoid sulphate build-up in the brine. If the salt is recrystallised, the waste water
will also contain sodium sulphates. Significant levels of copper may also be present in the waste
water due to the corrosion of pipes and other equipment, along with iron and nickel which can
dissolve to a certain extent from the stainless steel equipment. In addition, the presence of nickel
may be related to the use of activated cathodes in the electrolytic cells. These metals are
removed from the caustic by means of filtration and/or electrochemical reduction. The
regeneration of the filters or the reduction cathodes generates an acid waste water flow which
may contain iron and nickel at levels which might need further treatment. Reported emissions of
sulphate and heavy metals from caustic processing in diaphragm cell plants are included in
Sections 3.4.3.3.2 and 3.4.3.3.6, respectively.

Waste water from the caustic evaporators in membrane cell plants contains caustic soda solution
and virtually no salt or sodium sulphates. It is usually recycled. In mercury cell plants, caustic
soda leaving the decomposer already has a concentration of 50 wt-%.

The caustic solution is subsequently filtered. In membrane and diaphragm cell plants, the filters
can be flushed with a weak acid solution, causing the iron hydroxide and other metal hydroxides
to dissolve. The effluent is usually discharged, as most chlor-alkali plants have a physico-
chemical waste water treatment unit which partially removes suspended solids and free chlorine.

In mercury cell plants, the caustic contains practically no salt impurities, but it does contain
mercury. Normally, the caustic soda is filtered with activated carbon to remove mercury before
handling. Emissions and waste generation related to this mercury removal are described in
Sections 3.5.6.3.3 and 3.5.9.3, respectively.

3.4.6 Emissions from hydrogen processing

The hydrogen produced in all of the electrolytic processes contains small amounts of water
vapour, sodium hydroxide and salt, which are removed through cooling and are recycled or
treated with other waste water streams. However, in mercury cell plants the hydrogen leaving
the decomposer is nearly saturated with mercury, which can lead to emissions to air, the
emission levels depending on the treatment techniques used (Section 3.5.6.3.4).

On average, approximately 10 % of the hydrogen produced by chlor-alkali plants in the EU-27
and EFTA countries was emitted to the atmosphere in 2010 [8, Euro Chlor 2011]. For
individual installations, the share of emitted hydrogen ranged from 0 % to approximately 53 %
(Table 3.27). High shares of emitted hydrogen often concern isolated mercury cell plants, due to
a lack of opportunities for hydrogen use (no customers and only limited need for steam)
[ 3, Euro Chlor 2011 ].

Table 3.27: Share of hydrogen emitted by chlor-alkali plants in the EU-27 and EFTA countries
in 2010
Share of hydrogen emitted ()
Min. 10th_ 25th_ Median 75th_ 90th_ Max.
percentile | percentile percentile | percentile

0% 0% 2 % 9% 18 % 36 % 53 %
(%) Data from 64 plants.
Source: [ 186, Euro Chlor 2011 ]
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3.4.7 Emissions during other than normal operating conditions
3.4.7.1 Emissions during start-up and shutdown operations

Start-up and shutdown operations generally lead to increased hydrogen emissions. This is due to
the fact that during plant shutdowns the relevant parts of the hydrogen network are flushed with
nitrogen to prevent the formation of explosive gas mixtures. Therefore, the hydrogen produced
during start-up usually does not have the required purity for its intended use
[ 118, Solvay 2011 ].

Similarly, the chlorine produced during plant start-ups is usually of insufficient quality for its
intended use and therefore it is completely transferred to the chlorine absorption unit. Some
plants report slightly increased emissions of chlorine from the absorption unit during these start-
up phases [ 118, Solvay 2011 ].

Chlor-alkali plants are typically shut down once per year for a period of one week to carry out
maintenance activities. The start-up phase typically lasts one hour.

3.4.7.2 Emissions during incidents and accidents

Chlorine is classified as toxic [ 76, Regulation EC/1272/2008 2008 ]. If it is released, it can pose
serious threats to the environment and human health. Chlor-alkali plants fall under the scope of
the Seveso Il and Seveso Il Directives if chlorine is present in quantities equal to or in excess
of 10t. The Sevesoll Directive is repealed with effect from 1 June 2015
[ 280, Seveso Il Directive (96/82/EC) 1996 ], [ 338, Directive 2012/18/EU 2012 ].

Emissions from incidents and accidents are by nature discontinuous but may nevertheless
contribute significantly to the overall emissions of a chlor-alkali plant. Fugitive emissions of
chlorine and mercury are described in Sections 3.4.3.2 and 3.5.6, respectively. Some examples
of incidents and accidents with chlorine on a larger scale are listed below.

o In 2009, some chlorine was released due to a defective gasket from a chlor-alkali plant in
France [ 80, Engel 2011 ].
o In 2004, a major accident occurred in the Netherlands during scheduled maintenance. An

infrared heater heated the liquid chlorine in an expansion pipe to more than 140 °C,
causing a chlorine iron fire. Approximately 35 cm of the expansion pipe was burnt and
1500 | of liquid chlorine was released. No personal injuries were reported. South-easterly
winds blew the cloud towards the harbour and the neighbouring town. A few people (both
on site and in the harbour) reported minor irritation [ 81, eMARS 2011 ].

o In 2002, a large flood in the Czech Republic led to the inundation of the emergency
retention sumps of a chlor-alkali plant in which the liquid chlorine storage tanks were
located. The containers were lifted by the force of the floodwaters, which led to a burst in
the piping and detachment of the tank socket. In total, 80.481 t of chlorine was released to
the air and water. According to the results of air monitoring in the vicinity of the plant,
the concentration of chlorine did not reach prescribed limits [ 81, eMARS 2011 ].

3.4.7.3 Emissions during decommissioning

No information provided.
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3.4.8 Emissions of noise

Emissions of noise originate from equipment commonly used in the chemical sector and are
therefore not specific to the chlor-alkali manufacturing industry. The major sources of noise
emissions include [ 57, CAK TWG 2012 ]:

trucks for unloading and loading (e.g. salt);

transformers and rectifiers;

pumps (e.g. brine circuit, cooling water);

motors;

control valves;

punched disks;

fans (e.g. cell room ventilation, hydrogen emission);

compressors (e.g. chlorine, hydrogen, refrigerant);

centrifuges (e.g. caustic evaporation unit, in the case of diaphragm cell plants);
cooling machines;

transport of media in pipelines and other systems without optimal dimensions;
transport on and near the site including railways;

cleaning of process equipment (e.g. mechanical cleaning of cells).

Reported noise emissions from chlor-alkali plants are shown in Table 3.28.

Table 3.28: Emissions of noise from chlor-alkali plants in the EU-27 and EFTA countries in
2008 to 2011
Origin of noise emission Measurement point Noise level in dB
Entire plant Outside the site boundaries 82-35 (;)
41-48 (%)
Rectifier and transformer NI 78.2
Salt storage Conveyor 85.1-95.7
Brine filtration NI 76.1
Brine pump NI 76.7-89.6
Brine agitator NI 83.4-83.9
Between electrolysers inside building 80.5
Cell room Roof 64.0
Ground floor, outside building 77.5
Window 71.5
. . <85
Chiorine compression Inside closed building 92.1
93
. . _— 88
Hydrogen compression Inside building 90
Air compression Inside closed building 70.4
Sodium hydroxide concentration pumps NI 88
Centrifuge in caustic evaporation unit Inside closed building 86.0
Sulphate drying Inside closed building 74.6
Mercury distillation Window 74.4-86.7
Pump station cooling towers Inside closed building 92.4

(%) Emission limit value during the night 40 dB(A).
(%) Day and night measurements lasting 30 minutes.

NB: NI = No information provided.
Source: [ 57, CAK TWG 2012]

Directive 2002/49/EC relates to the assessment and management of environmental noise
[ 148, Directive 2002/49/EC 2002 ], while Directive 2003/10/EC sets exposure limit and
exposure action values for workers' protection against noise [ 149, Directive 2003/10/EC 2003 ].
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3.5 Emission and consumption levels and waste generation
from mercury cell plants

351 Overview

Emissions and consumption of mercury, as well as the generation of mercury-contaminated
waste, are specific to the mercury cell technique. Mercury is contained and recycled within the
chemical process. Nevertheless, due to the process characteristics, mercury emissions to air and
water occur and some mercury leaves the process via waste. Products, mainly caustic soda, and
to a lesser extent hydrogen, contain certain amounts of mercury and are treated before being
used or sold. As regards the mercury level in chlorine, it is virtually zero and no mercury
removal processes are used for this product. Some emissions occur during the decommissioning
of an installation or its conversion to the membrane cell technique.

Any attempt to draw a balance generally results in a difference between inputs and outputs of
mercury, either positive or negative. This issue is specifically addressed in Section 3.5.10.

3.5.2 Mercury in cells

As of January 2013, the total chlorine production capacity in the EU-27 and EFTA countries
based on the mercury cell technique amounted to 3.27 Mt/yr [ 9, Euro Chlor 2013]. As of
December 2012, a total of 6053 t of metallic mercury were contained in cells and another
1005t were stored in facilities on site, either as stock for further use or as waste after the
respective mercury cell unit had ceased to operate (Table 3.29) [ 82, Euro Chlor 2013 ].
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Table 3.29: Amounts of metallic mercury on sites of mercury cell plants in the EU-27 and EFTA countries in December 2012
oo Coun]  Company St e e e ] T s el e o e
3 BE [Solvin Antwerp-Lillo 180 () 260.92 9.87 270.79 1.45
3 BE |Solvin Antwerp-Zandvliet 110 184.91 8.70 193.61 1.68
5 BE |INEOS ChlorVinyls [Tessenderlo 205 282.50 0.00 282.50 1.38
6 CZ |Spolana Neratovice 135 214.47 0.75 215.22 1.59
7 CZ [Spolchemie Usti nad Labem 61 133.47 17.96 151.43 2.19
8 FI  |AkzoNobel Oulu 40 53.65 0.60 54.25 1.34
10 FR |PPChemicals Thann 72 124.51 20.66 145.16 1.73
13 FR |Arkema Jarrie 73 176.27 33.50 209.77 241
14 FR |Kem One Lavéra 166 274.00 24.00 298.00 1.65
17 FR |PC Harbonniéres Harbonniéres 23 26.25 0.04 26.29 1.14
18 FR [Solvay Tavaux 240 (Y 106.77 403.04 509.81 0.44
19 FR |PC Loos Loos 18 40.40 1.73 42.13 2.24
20 DE |[BASF Ludwigshafen 170 733.77 72.20 805.97 2.72
23 DE |Bayer Material SciencelUerdingen 130 (H 0.00 67.80 67.80 NA
29 DE |AkzoNobel Ibbenbiren 125 175.66 0.00 175.66 141
31 DE |Evonik Industries Lilsdorf 137 351.75 36.99 388.74 2.57
32 DE |INEOS ChlorVinyls  [Wilhelmshaven 149 175.50 3.00 178.50 1.18
33 DE |AkzoNobel Frankfurt 167 238.00 33.00 271.00 1.43
38 EL |Hellenic Petroleum  [Thessaloniki 40 47.12 0.00 47.12 1.18
39 HU [Borsodchem Kazincbarcika 131 214.49 13.05 227.54 1.64
50 IT [Tessenderlo Chemie |Pieve Vergonte 42 79.23 0.00 79.23 1.89
58 PL |PCC Rokita Brzeg Dolny 77 280.74 0.46 281.20 3.65
63 SK  [Fortischem Novaky 76 101.50 0.00 101.50 1.34
64 ES |Ercros Palos de la Frontera 48 72.52 6.38 78.90 1.51
66 ES [Ercros Vilaseca 135 208.19 0.00 208.19 154
68 ES |Elnosa Lourizan 34 65.68 1.95 67.63 1.93
69 ES |Ercros Flix 115 336.68 0.00 336.68 2.93
70 ES |Quimica del Cinca Monzén 31 55.60 341 59.02 1.79
71 ES [Hispavic Martorell 218 249.98 10.01 260.00 1.15
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Euro Country Company Site Chlorin_e pl_’oduction Mercury_used in Mercury st(_)red in| Total mercury |Mercury in ce_lls in kg Hg/t annual
Chlor No. capacity in kt/yr cellsint facility in t onsiteint chlorine capacity
72 ES [Solvay Torrelavega 63 122.94 1.38 124.32 1.95
75 SE |INEOS ChlorVinyls  |Stenungsund 120 157.32 8.34 165.66 1.31
77 CH |CABB Pratteln 27 NI NI NI NI
82 UK [INEOS ChlorVinyls  |Runcorn 277 357.53 222.48 580.01 1.29
91 RO |[Oltchim Ré&mnicu Vélcea 186 151.00 4.00 155.00 0.81
Minimum 0.44
10th percentile 1.15
25th percentile 1.32
Median 1.57
All plants 6053 1005 7058
Average 1.70
75th percentile 2.13
90th percentile 2.74
Maximum 3.65
(%) Plant was converted into a membrane cell plant in 2012.
NB: NA = not applicable; NI = no information provided.
Source: [ 9, Euro Chlor 20137, [ 82, Euro Chlor 2013 ]
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3.5.3 Reporting of figures per chlorine capacity

With regards to mercury outputs, figures are expressed and reported by the industry in terms of
chlorine capacity rather than real production. This is quite specific to the mercury cell chlor-
alkali sector. Due to the nature of the electrolytic process, mercury emissions are not linked to
production in a linear way. The majority of the emissions are from the cell room, where the
absolute amount mainly depends on small leaks or accidental losses and on historical
contamination of the building, which are mostly independent from the production rate. The
emissions are far more dependent on the equipment, plant design, maintenance requirements,
pressure and temperature of the cell and decomposer [ 83, Euro Chlor 2010 ].

However, it could be assumed that if half of the cells are switched off, the reporting of figures
per chlorine capacity may be inappropriate. The industry gives two main reasons to argue that
this is usually not the case. The first one is economic and the second technical. For economic
reasons, a plant will always prefer to run all its cells because it is the cheapest way of operating
and minimising costs. This is particularly true in countries like Spain or the United Kingdom
where electricity tariffs can vary a lot during the year or even the day. Running at lower current
densities is cheaper than switching off some cells. The second reason given is the design of the
electrical circuit. The rectifier is specified for a certain voltage and the electrical equipment may
not support a voltage drop, especially for plants using a combination of diaphragm and mercury
cell techniques or mercury and membrane cell techniques.

The industry also reports that production figures on a plant by plant basis are confidential data
for 'competitiveness reasons'.

Contrary to what is described above, a minor share of the mercury emissions is indeed
dependent on the production rate. For example, emissions via products or via the brine purge are
directly linked to production [ 83, Euro Chlor 2010 ]. In addition, maintenance frequencies and
related emissions also increase with current densities and thus production rates.

The emissions of pollutants other than mercury depend mainly on the production rate and
should thus preferably be expressed per actual production.
354 Consumption of mercury

Reported consumption of mercury ranges from 2.6 to 10.9 g/t annual chlorine capacity
[ 75, COM 2001 ].

3.55 Overall mercury emissions and waste generation

Mercury emissions and waste generation from individual chlor-alkali plants in the EU-27 and
EFTA countries in 2013 are summarised in Table 3.30. These figures will be discussed in more
detail in the subsequent sections.

Figure 3.4 shows the weighted averages of the total emissions from all chlor-alkali plants in
Western Europe (OSPAR countries) from 1977 to 1998 and Figure 3.5 for the EU-27 and EFTA
countries from 1995 to 2013. For the OSPAR countries, emissions decreased by approximately
92 % from 1977 to 1995, while for the EU-27 and EFTA countries, emissions decreased by
approximately 74 % from 1995 to 2013. The observed decreases are due to reduced emissions
from individual installations. However, the weighted average may also be influenced by the
shutdown or inclusion of installations with emissions higher or lower than the average. For
example, the slight increase from 2008 to 2009 is caused by a plant with high mercury
emissions to water, which in 2009 was included for the first time in the calculations. Otherwise,
the weighted average of the total emissions would have decreased to 0.81 g Hg/t annual
chlorine capacity.
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The reported figures for mercury emissions and for mercury in waste disposed of are subject to
some uncertainty, which is due to several factors, such as [ 97, Concorde 2006 ]:

the diffuse nature of the majority of mercury emissions to air;

the temporal variations of these diffuse emissions;

the inhomogeneous nature of mercury-contaminated waste;

the measurement uncertainty related to the monitoring technique;

the uncertainty related to the measurement of the airflow in the cell room;
the differences in applied monitoring techniques.

Almost all available data concerning emissions of mercury from mercury cell plants are
provided by industry. These data are widely accepted by national authorities and international
organisations such as OSPAR and UNEP. Although in some EU Member States regular
inspections take place, these emission data are usually not published. Apart from this, some
emission data were obtained by research projects.

One example is the EU-funded project EMECAP (European Mercury Emission from Chlor-
Alkali Plants) which in 2002/2003 performed a total of six weekly measurement campaigns at
three mercury cell plants: the AkzoNobel plant in Bohus (Sweden), chlorine capacity 100 kt/yr;
the Solvay plant in Rosignano (ltaly), chlorine capacity 125 kt/yr; and the Zaklady Azotowe
plant in Tarnéw (Poland), chlorine capacity 43 kt/yr (plant capacities as reported by
[ 107, Euro Chlor 2006 ]). The study showed large differences in the mercury emissions to air
measured in winter or summer and at the different plants. Moreover, mercury emissions were
found to be strongly dependent on the wind speed. The average values for total mercury
emissions to air ranged from 6 g/h during the winter campaign at the Swedish plant to 54 g/h
during the summer campaign at the Italian plant [ 100, Grénlund et al. 2005 ], [ 102, EMECAP
2004 ]. The emissions are summarised in Table 3.31 and compared to data provided by Euro
Chlor.
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Table 3.30: Mercury emissions from individual mercury cell plants in 2013
Euro Relevant chlorine Emissions yia Emis§ions to _Emissions to air Me_rcury in waste Total emissions
Chlor [Country Company Site production capacity in products in water in g H_g/t in g Hy/t gnnual disposed of in (pro_ducts + water +
No. ktlyr () g H_g/t annua_l annual ch_lorlne chlorl_ne g H_g/t annua_l air) in g Hg/t annual
chlorine capacity capacity capacity chlorine capacity| chlorine capacity
3 BE [Solvin Antwerp-Zandvliet 110 0.02 0.01 0.43 0.03 0.46
5 BE |INEOS ChlorVinyls[Tessenderlo 205 0.02 0.01 0.61 1 0.64
6 CZ |Spolana Neratovice 135 0.08 0.13 0.32 0.87 0.53
7 CZ |Spolchemie Usti nad Labem 61 0.04 0.13 0.55 10.3 0.72
8 FI  |AkzoNobel Oulu 40 0.06 0.04 1.12 0 1.22
10 FR |PPChemicals Thann 72 0.07 0.02 0.8 194.35 0.89
13 FR |Arkema Jarrie 101 0.01 0.25 0.48 0.05 0.74
14 FR |Kem One Lavéra 166 0.04 0.09 0.51 0.03 0.64
17 FR |PC Harbonniéres |Harbonnieres 23 0.15 0 0.75 36.04 0.90
19 FR |PC Loos Loos 18 0.13 0.06 0.68 0.23 0.87
20 DE |BASF Ludwigshafen 170 0.03 0.01 0.6 128.67 0.64
29 DE |AkzoNobel Ibbenbiiren 125 0.05 0 0.41 0.14 0.46
31 DE [Evonik Industries |Lllsdorf 137 0.06 0.07 0.5 24.72 0.63
32 DE |[INEOS ChlorVinylsWilhelmshaven 81 0.02 0 0.39 29.37 0.41
33 DE |AkzoNobel Frankfurt 167 0.08 0.02 0.8 0 0.90
38 EL [Hellenic Petroleum [Thessaloniki 37 0.14 0.03 0.25 3.45 0.42
39 HU |Borsodchem Kazincbarcika 131 0.11 0.06 0.62 0.01 0.79
50 IT [Tessenderlo ChemiePieve Vergonte 42 0.1 0 0.5 2.35 0.60
58 PL |PCC Rokita Brzeg Dolny 78 (9 0.11 (9 0.82 (9 0.74 (9 12.74 (%) 1.67 ()
63 SK  [Fortischem Novaky NI NI NI NI NI NI
64 ES |Ercros Palos de la Frontera| 47 0.02 0.01 0.4 16.43 0.43
66 ES |Ercros Vilaseca 135 0.03 0.06 0.41 15.75 0.50
68 ES [Elnosa Lourizan 34 0.06 0.01 0.4 10.75 0.47
69 ES [Ercros Flix 88 0.02 0.02 0.3 11.49 0.34
70 ES |Quimica del Cinca |Monzon 31 0.1 0.01 0.61 36.64 0.72
71 ES [Hispavic Martorell 218 0.04 0.03 0.36 4.25 0.43
72 ES [Solvay Torrelavega 63 0.11 0.05 0.42 3.35 0.58
75 SE  INEQS ChlorVinyls|Stenungsund 120 0.01 0 0.14 0 0.15
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Emissions via

Emissions to

Emissions to air

Mercury in waste

Total emissions

Euro Relevant chlorine ; - . . .
Chlor Country| Company Site production capacity in products in water in g H_g/t in g Hg/t gnnual disposed of in (pro_ducts + water +
1 g Hg/t annual | annual chlorine chlorine g Hg/t annual |air) in g Hg/t annual
No. ktlyr (%) ; ] . . ; . ; .
chlorine capacity capacity capacity chlorine capacity| chlorine capacity
77 CH |CABB Pratteln 27 0.08 0.07 0.64 30.85 0.79
82 UK |INEOS ChlorVinyls|Runcorn 277 0.05 0.05 1.1 18.12 1.20
91 RO |Oltchim Rémnicu Vélcea NA () NA NA NA NA NA
Minimum 0.01 0.00 0.14 0.00 0.15
10th percentile 0.02 0.00 0.32 0.01 0.42
25th percentile 0.03 0.01 0.40 0.14 0.46
Median 0.06 0.03 0.50 4.25 0.64
All plants -
75th percentile 0.10 0.06 0.64 18.12 0.79
90th percentile 0.11 0.13 0.80 36.16 0.96
Maximum 0.15 0.82 112 194.35 1.67
Weighted average (%) 0.05 0.07 0.56 19.42 0.68

(%) The capacities may differ from those in Table 8.1 (e.g. when not all mercury cells were used).
(%) Data from 2010.
(%) The mercury cell electrolysis unit was not in operation in 2013.
(%) Weighting by the annual chlorine production capacity.
NB: NA = not applicable; NI = no information provided.

Source: [ 55, Euro Chlor 2014 ]
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Figure 3.4: Trend of mercury emissions from mercury cell plants in Western Europe (OSPAR countries) from 1977 to 1998
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Figure 3.5: Trend of mercury emissions from mercury cell plants in the EU-27 and EFTA countries from 1995 to 2013
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Table 3.31: Mercury emission data from the EMECAP project and Euro Chlor for three
mercury cell plants in 2002/2003
Chlorine Total mercury emissions to air
?;82;(;3?{; EMECAP project Euro Chlor
N /3 /t annual /t annual
Plant gh ()0 chlorir?e capacity (%) (%) chlor?ne capacity (°)
Inkt/yr | Januaryto| Juneto |Januaryto| Juneto | Annual | Annual
February | August | February | August | average | average
2002 2003 2002 2003 2002 2003
Eka Nobel,
Bohus 100 6 11 0.5 0.96 0.23 0.20
(Sweden)
Solvay,
Rosignano 125 20 54 14 3.8 0.67 0.41
(Italy)
Zaklady
Azotowe, 43 NI 28 NI 5.7 NI NI
Tarnow
(Poland)

(%) Data taken from [ 107, Euro Chlor 2006 ].

(%) Data taken from [ 102, EMECAP 2004 ].

(%) Data refer to the average of measurements conducted over one week.

(%) Data calculated using the emission data from [ 102, EMECAP 2004 ] and the annual chlorine production
capacity data from [ 107, Euro Chlor 2006 ].

(%) Data provided by Euro Chlor and reported in [ 97, Concorde 2006 ].

NB: NI = no information provided.

As can be seen, total mercury emissions to air as reported by the EMECAP project are
approximately a factor of two to nine times higher than those reported by Euro Chlor. The
reasons for these discrepancies are unclear. They might result from the differences in the
monitoring techniques used, the measurement uncertainty or from the fact that the EMECAP
figures refer to short-term measurement campaigns of one week while the Euro Chlor figures
refer to annual averages.

The results of two more independent studies on mercury emissions from the cell room are
described in Section 3.5.6.2. Moreover, other studies were carried out on mercury
concentrations in ambient air in the vicinity of mercury cell plants [95, EEB 2008],
[ 102, EMECAP 2004 ], but it is impossible to derive emission data from these measurements.

356 Emissions to air
3.5.6.1 Overview

The emissions to air specific to mercury cell plants relate to mercury. Other emissions are
described in Section 3.4 covering emissions and waste generation relevant to all three cell
techniques. Emission sources include the cell room ventilation (Section 3.5.6.2) and process
exhausts (Section 3.5.6.3).

The reported overall emission loads of mercury to air from installations in the EU-27 and EFTA
countries in 2013 range from 0.14 to 1.12 g/t annual chlorine capacity, the median being
0.50 g/t annual chlorine capacity (Table 3.30).
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3.5.6.2 Cell room ventilation
3.5.6.2.1 Emission levels

Ventilation air from the cell room is usually the main source of mercury emissions to air, and
emissions from this source can be ten times higher than from process exhaust. The cell room
with the hot mercury cells (approximately 80 °C) is usually ventilated by means of natural
ventilation. The heat produced during electrolysis requires the air to be changed 10-25 times per
hour, depending on the type of building [ 1, Ullmann's 2006 ]. Ventilation airflows in the range
of 20000-120000 m*/tonne annual chlorine capacity were found. This corresponds to total
ventilation airflows between 300000 and 2 000000 m*/h, depending on the weather conditions,
season, design and size of the plant [ 17, Dutch Ministry 1998 ]. Due to this huge volume and
the fact that the ventilation flow escapes to the atmosphere from many points, mercury removal
techniques are not used [ 87, Euro Chlor 2006 ].

Reported emissions of mercury from the cell room are summarised in Table 3.32. The two
installations with the lowest emission loads in OSPAR countries report mercury concentrations
of 2 and 1.73-4.90 pg/m® in cell room ventilation air, and emission loads of 0.132 and
0.247 g/t annual chlorine capacity, respectively [ 57, CAK TWG 2012 ]. Directive 2009/161/EU
sets an indicative occupational exposure limit value of 20 pg/m?® (at 20 °C and 101.3 kPa)
measured or calculated in relation to a reference period of an eight-hour time-weighted average
[ 88, Directive 2009/161/EU 2009 ].

Table 3.32: Emissions of mercury to air from the cell room from mercury cell plants in the
EU-27 and EFTA countries in 2008/2009

Mercury concentrations in cell room ventilation air in pg/m® ) (® )

Value Min 10th 25th Median 75th 90th Max
reported (%) ' percentile | percentile percentile | percentile '
Min. () 0.70 0.70 1.0 1.8 7.4 12 19
Max. (°) 4.9 10 17 30 42 50 140

Average (") 2 and 22

Mercury emission loads from cell room ventilation air
in g per tonne of annual chlorine capacity (%)

Value Min 10th 25th Median 75th 90th Max
reported (%) ' percentile | percentile percentile | percentile '
Average (°) 0.132 0.367 0.425 0.587 0.860 1.01 1.29

(%) Data refer to plants in the EU-27 and EFTA countries in 2008/2009 [ 57, CAK TWG 20121].

(%) Data refer to standard conditions (273.15 K, 101.3 kPa) after deduction of the water content.

(%) Most reporting plants perform periodic measurements (mostly weekly) and some perform continuous
measurements. Averaging periods reported were mostly daily and weekly.

(%) Some plants reported ranges with minimum and maximum values and some reported average values.

(%) 10 data from 10 plants. In addition, 1 plant reported a value below the detection limit.

(®) 11 data from 11 plants.

(') 2 data from 2 plants.

(%) Data refer to plants in OSPAR countries in 2009 [ 85, Euro Chlor 2011 ].

(®) 29 data from 29 plants.

Source: [ 57, CAK TWG 2012 ], [ 85, Euro Chlor 2011 ]

In the United States, two independent studies were carried out in 2000 and 2005/2006. During
February 2000, diffuse mercury emissions from the Olin chlor-alkali plant located in Augusta,
Georgia were measured during a nine day period. The authors of the study concluded that
diffuse air emissions from the cell room roof vent are episodic and vary with plant operating
conditions (maintenance and minor operational perturbations) [ 98, Southworth et al. 2004 ].
Most of the mercury emissions occurred as elemental gaseous mercury, although approximately
2 % were in the form of divalent gaseous mercury, such as HgClI, [ 106, Landis et al. 2004 ].
The daily averages of elemental mercury emissions from the roof vent ranged from 370 to
660 g/d, during a measurement period of seven days with an average elemental mercury
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emission of 470 g/d. The latter is equivalent to mercury emissions of 1.52 g/t annual chlorine
capacity (plant capacity 309 t/d, equivalent to 113 kt/yr) [ 99, Kinsey et al. 2004 ].

In 2005/2006, the United States Environmental Protection Agency conducted another study at
three mercury cell plants with the aim of obtaining data over a number of months under a wide
range of operating conditions and during times when all major types of maintenance activities
were conducted. The study revealed that maintenance activities and alarm events can result in
short-term spikes in emissions but the analyses of the data did not show any correlation between
daily diffuse mercury emissions and these events. The only factor which showed any correlation
to daily emissions, albeit weak, was the ambient temperature. Furthermore, diffuse sources
outside the cell room did not contribute measurable mercury emissions when compared to
diffuse emissions from the cell room [ 101, US EPA 2008 ]. Reported emission data from the
study are summarised in Table 3.33.

Table 3.33: Fugitive mercury emissions from the cell room from three mercury cell plants in
the United States in 2005/2006
Chlorine
production Fugitive mercury emissions from the cell room to air
Plant capacity
/d /t annual chlorine capacit
In kt/yr - g J - pacty
Min. Average Max. Min. Average Max.
Olin in Charleston,
Tennessee (United 260 99 499 1256 0.14 0.70 1.76
States) (1)
OxyChem in
Muscle Shoals,
Alabama (United 154 150 470 1300 0.36 1.11 3.08
States) (%)
OxyChem in
Delaware City,
Delaware (United 81 19 421 1100 0.09 1.90 4.96
States) (%)

(%) Daily average values obtained during the period of August to October 2006,
(%) Daily average values obtained during the period of August 2005 to January 2006,
(%) Daily average values obtained during the period of April to November 2005.

Source: [ 104, US EPA 2008 ], [ 105, US EPA 2007 ]

The reported average emission loads for the Olin plant in Charleston and the OxyChem plant in
Muscle Shoals are higher than the median of the plants in OSPAR countries in 2009, but lower
than the maximum emission load reported for the latter (Table 3.32 and Table 3.33). However,
the emission load of the OxyChem plant in Delaware City exceeds the maximum emission load
reported for plants in OSPAR countries.

In 2011, the United States Environmental Protection Agency noted that mercury cell plants with
continuous monitoring systems and methods to estimate the flowrates had reported lower
diffuse mercury emissions compared to the 2005/2006 study, averaging around 225 g/d in 2008
[103, US EPA 2011 1].

3.5.6.2.2 Influencing factors

Mercury emissions from the cell room are influenced by a number of factors including
[ 87, Euro Chlor 2006 ], [ 116, Euro Chlor 2013 ]:

. number and area of the cells;
. design of the cells (e.g. leak tightness, type of decomposer (horizontal or vertical));
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o layout of the cell room (e.g. number of floors, accessibility, construction materials,
ventilation airflow direction);

current density and distribution;

production rate;

brine quality;

salt (NaCl or KCI);

anode lifetime;

season and climate.

For example, cell rooms with a forced downflow of ventilation air show higher temperatures
below the cells, leading to higher evaporation rates of any spilled mercury. Usually, ventilation
air flows upward due to the buoyancy effect [ 299, INEOS Runcorn 2012 ].

The electrolysis of KCI is more sensitive to trace impurities and it is therefore necessary to open
the cells more frequently for maintenance and cleaning. As a consequence, mercury emissions
from a cell room in which KCI is used are higher than if NaCl were used in the same cell room
[42, Euro Chlor 2010 ]. However, emissions also depend on other plant-specific factors and
several plants in the EU-27 and EFTA countries using exclusively NaCl show higher emissions
to air than those of plants using KCI [ 55, Euro Chlor 2014 1.

The effect of season and climate on mercury emissions from the cell room is generally accepted.
However, this applies only to mercury that is already present in the cell room, while leakage
from the cells is assumed not to depend on the ambient temperature [ 17, Dutch Ministry 1998 ].

Mercury spillage can occur during essential operations involving cells or decomposers, such as
opening the cells for anode changing or cleaning, assembling or dismantling equipment, or
replacing defective pipes. Optimisation by keeping the cells closed as much as possible reduces
the emissions due to maintenance operations [ 89, Euro Chlor 2004]. The existence of a
maintenance plan has been shown to increase the lifetime of cells sixfold and reduce the
frequency of opening to only once every two or three years

Mercury emissions are also significantly reduced by good housekeeping practices which are
backed up by employees with the motivation to work in such a way [ 89, Euro Chlor 2004 ].
The lowest values of mercury emissions have been observed in companies which have a specific
and stringent cleaning and housekeeping programme.

Another source of emissions to air is the evaporation of mercury deposited in the equipment and
in the building, for instance in cracks in the floor and in porous concrete and bricks
[ 87, Euro Chlor 2006 ].

3.5.6.3 Process exhaust
3.5.6.3.1 Overview

Process exhaust refers to all gaseous streams by which mercury can be emitted to the
atmosphere, apart from cell room ventilation air and hydrogen as product. The typical streams
which may have a significant mercury content that requires the use of a treatment technique
include [ 87, Euro Chlor 2006 ]:

o purge air from cell end-boxes;

o vents from wash water collection tanks;

o exhaust from any vacuum system used to collect spilled mercury (but some portable
vacuum cleaners have their own mercury absorption system);

o hydrogen burnt or sold as a fuel (Section 3.5.6.3.4);

o hydrogen emitted to the atmosphere (Section 3.5.6.3.4);
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vents from caustic soda pumping tanks (Section 3.5.6.3.3);

° vents from caustic soda filters (Section 3.5.6.3.3);
exhausts and vents from distillation units for mercury-contaminated solid wastes
(Section 3.5.6.3.6);

° vents from the storage of metallic mercury and waste contaminated with mercury
(Section 3.5.6.3.5);

. vents from workshops where contaminated equipment is handled (Section 3.5.6.3.7).

Some streams may be combined prior to treatment while others require separate treatment units.
For example, hydrogen streams are usually not mixed with streams containing significant
amounts of air, in order to prevent the formation of explosive mixtures [ 87, Euro Chlor 2006 ].

Other streams are likely to contain some mercury, but in such low concentrations that they do
not require treatment [ 87, Euro Chlor 2006 ]:

. vents from brine saturators (Section 3.5.6.3.2);
o vents from brine filters and treatment tanks (Section 3.5.6.3.2);
o vents from caustic soda stock tanks.

Mercury is mainly removed by (Section 8.2.3.1) [ 1, Ullmann's 2006 ], [ 87, Euro Chlor 2006 ]:

adsorption on iodised or sulphurised activated carbon;

o scrubbing with hypochlorite or chlorinated brine to form mercury(ll) chloride;
adding chlorine to form dimercury dichloride (calomel) which is collected on a solid
substrate such as rock salt in a packed column.

The liquid or solid obtained by using the first two options mentioned above can be recycled to
the brine, while the solid obtained with the last option may be disposed of in landfills/salt mines
or treated in the mercury retorting unit (Section 3.5.9.7) [ 3, Euro Chlor 2011 ].

One plant reports mercury concentrations of 1-49 pug/m® after air treatment (hydrogen not
included), while another plant reports concentrations from below the detection limit to 65 pg/m?
after filtering (hydrogen, mercury retorting and workshop ventilation not included)
[ 57, CAK TWG 2012].

Reported emission loads of mercury from process exhausts are summarised in Table 3.34.

Table 3.34: Mercury emissions to air from process exhausts from chlor-alkali plants in
OSPAR countries in 2009

Mercury emission loads from process exhausts
in g per tonne of annual chlorine capacity (%)

Value . 10th 25th . 75th 90th
Min. . . Median . . Max.
reported percentile | percentile percentile | percentile
Average () | 0.00030 0.0020 0.0028 0.0065 0.029 0.057 0.180

(%) Data refer to plants in OSPAR countries in 2009.
(%) 24 data from 24 plants. In addition, 5 plants reported values below the detection limit.

Source: [ 85, Euro Chlor 2011 ]

3.5.6.3.2 Vents from the brine system

Mercury may be released in vapours from brine systems if the presence of oxidising species is
not maintained. Depleted brine from mercury cells normally contains up to 25 ppm of mercury
in its oxidised form (as HgCls and HgCl,»). It is maintained in this form by controlling the
dechlorination unit, leaving a residual oxidising environment which largely prevents metallic
mercury from being formed and emitted to the atmosphere from salt dissolvers, brine
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resaturators or brine filters and treatment vessels. For example, the stirring air from precipitation
tanks or the vapour from resaturation units usually has mercury concentrations below 10 pg/m?
[ 86, Euro Chlor 2010 ].

3.5.6.3.3 Vents from caustic processing

Mercury contained in the caustic soda after the decomposer (in the range of 2.5 to 25 mg/l)
could be emitted from the vents from pumping tanks or from the vents from caustic filters,
depending on the type of decomposer (vertical ones have a very low flow) and temperature, and
so these vents are usually connected to a gas treatment unit.

When solid caustic soda or potash (100 %) is required, the 50 wt-% solution has to be
concentrated in a caustic evaporator after mercury filtration. The residual mercury
(10-100 pg Hg/kg NaOH (100 %), corresponding to 0.011-0.11 g/t annual chlorine capacity),
then evaporates from the caustic as a result of the heat treatment in the caustic evaporator
[ 17, Dutch Ministry 1998 ].

3.5.6.34 Burnt or emitted hydrogen

Mercury emissions from hydrogen which is emitted or burnt/sold as a fuel are included in the
figures for the overall mercury emissions to air [ 86, Euro Chlor 2010], [ 90, PARCOM
Decision 90/3 1990 ]. If the hydrogen is used for other purposes, then the related emissions of
mercury are described in Section 3.5.8 on emissions via products.

Hydrogen is formed from the exothermic reaction of sodium amal