Polystyrene December 2016 Report Contents

Polystyrene

Table of Contents

A Report by
Process Evaluation/Research Planning (PERP) Program
PERP Report 2016-6 — Published December 2016

www.nexantthinking.com

Section Page
1 EXECULIVE SUMIMAIY ...coiiiiiiicec e, 1
1.1 INTRODUCTION ..., 1
1.2 TECHNOLOGY .o 2
1.2.1 Technology LiCeNnSiNg STAtUS .........eeeiiiiiiiieiiiiiie e 2
1.2.2  Technology OVEIVIEW.......cccceiiii e, 2
13 PROCESS ECONOMICS. ... ., 4
1.3.1 General Purpose Polystyrene Process ECONOMICS .........ccceeeeeeeieeeiceneeeennn. 4
1.3.2  High Impact Polystyrene Process ECONOMICS ..........coocvvvviiieeeesiiiiiiiiineeennn 5
1.3.3 Expandable Polystyrene Process ECONOMICS...........ccccceeeeeeeeiiiieicciccieeee, 6
1.4 GLOBAL MARKET ANALYSIS ...ttt seeeneneees 7
1.4.1  General Purpose Polystyrene and High Impact Polystyrene Market
OVEBIVIBW ...ttt ettt e sttt e e st e e et e e e s e e e e 7
1.4.2 Expandable Polystyrene Market OVEIVIEW ..........ccccccviuviieiiiiiieniiiieeiiiieeen 8
2 INEFOTUCTION ...ttt e et e et e e e et e e e e e e e 10
2.1 POLYSTYRENE TYPES AND GRADES ... 11
2.1.1 General PUrpoSE POIYSIYIENE ......covvviiiiiiiiiiiieeiiieeeeeeeieeeeeeeeeveeeveeeeeaeaeaaeeannanes 11
2.1.2  High Impact POIYSLYIENE .....couiiiiiiiiiiie et 11
2.1.3  Expandable POIYSYreNe ..........ooviiiiiiiiiiiiiiiiiiieiiieeeeeeeeeeeeeeeeeveeeeeeeeeeaaeaaanannanes 12
2.1.4  SyndiotactiC POIYSYIENE ......covviiiiiiiiiieiieeeeeeeeee ettt aaanaenaees 12
2.1.5  SPECIAlIILY Grades ......ciiiieiiieiiiiie ettt 13
2.1.6  StYrene COPOIYMEIS ...ccoi ittt e e et e e e e e e e nneeeeeas 13
2.2 TECHNOLOGY OVERVIEW ... .. 14
2.3 MAJOR PRODUCERS ... ..o 15
2.4 INDUSTRY STRUCTURE AND BUSINESS DEVELOPMENTS...........ccoeeiiiiii. 17
2.5 TECHNOLOGY HOLDERS AND LICENSORS ... 20
O Nexanr PERP PROGRAM 1
Wi nexantihinking.com PERP 2016-6, Polystyrene

A00101.0016.4106



Polystyrene December 2016 Report Contents
2.6 ENVIRONMENTAL AND HEALTH HAZARDS ... 24
2.7 REGULATIONS .. 25
2.8 STORAGE AND TRANSPORT ..ottt eeaeeeaeaeseeeneees 26
3 (O 01T 01 1Y PRSP 27
31 OVERVIEW OF CHEMISTRY ..ttt aeseaeaeseaennnes 28
3.2 POLYMERIZATION MECHANISMS ... 29
3.2.1  Free-Radical POlymMerization ...........cccooiiiiiieiiiiiee e 29
3.2.2  10NIC POIYMENZALION ...eviiiiii et e e 31
3.2.3  Ziegler-Natta and Metallocene Polymerization ............cccccceeiiiiiiinniineennnnn, 31
3.2.4 Copolymerization — HIPS .........uuiiiiii s 33
4 GENETIC ProCESS DESCIIPLIONS ....utiieei it ettt ettt e et e et e e e b ee e e 35
4.1 GENERAL PURPOSE POLYSTYRENE CONTINUOUS (BULK/MASS)
PRO CESS ... 35
4.1.1 Polymerization REaCtOr DESION .....ccoiuurieiiiiiieiiiiiee ettt 36
4.1.2  DeVoIatiliZAtION ......coiiriiie e 37
4.2 HIGH IMPACT POLYSTYRENE CONTINUOUS (MASS) PROCESS .........ccccoee..... 38
4.3 EXPANDABLE POLYSTYRENE. ... 39
4.3. 1 SUSPENSION PIOCESS. ...eeiiiiitiiieeitiiie ettt e sttt et e st e e e bb e e s baeee e e 39
4.3.2  ContiNUOUS (MASS) PrOCESS .....coiiieiieiecce e s 40
4.4 SYNDIOTACTIC POLYSTYRENE .....ooiiiiiiiiiiiiiiieiiiieeeeeeeeeeeeeeeeeee et eeeeeeeeeeeeeeeeaeneees 41
5 Commercial TECNNOIOQY ... ...uieiiiiiiiiiiieiieee ettt aeeseeeeeeeaesssssasssssesesesssssssnsssnnnnnnes 42
51 INTRODUCTION ... 42
5.2 GENERAL PURPOSE AND HIGH IMPACT POLYSTYRENE TECHNOLOGY ....... 44
5.2.1 Total PetroChEMICAIS.........uiiiiiiiiiiiii e 44
5.2.2  INEOS SEYFOIULION ....eeiiiiiiie ettt 51
5.2.3  VEISANIS....eiiiiiiiei i 56
524 NOVA ChEMICAIS ....cveiieiiiiieieeit e 61
5.2.5  TOYO-MIESUI ..eeiiiiiiiiiiiiiiieiiiiiiiee ettt e e eee e e sasesasesesesseesnennnnnnes 66
D5.2.8  POLYSTY Lottt s 70
5.2.7  Sulzer ChemMIECN ........oiiii e 76
5.3 EXPANDABLE POLYSTYRENE TECHNOLOGY ...ccoiiiiiiiiiiiieeeeeeee, 79
5.3 1 INEOS SEYFENICS ..uitieiiiiieaie ittt ettt ettt e et e e e e e e e nnaeeeeas 79
B5.3.2 VEISAIIS ..t 81
5.3.3  NOVA ChEMICAIS .....tieieiiiiiieit ettt 83
D5.314  POLYSTY ottt s 85
O Nexanr PERP PROGRAM

www.nexantthinking.com

PERP 2016-6, Polystyrene
A00101.0016.4106



Polystyrene December 2016 Report Contents

5.3.5  Sulzer ChemIECh .......ooiiii e 87

6 D=V o] o] 1 To I IY=Ted a1 0 o] (o |2 PSP 89
6.1 HIPS PATENT REVIEW. ... .o 89
6.1.1 Versalis HIPS Integrated ContinUOUS ProCESS ........ccceeeviiiiuiviireeeeeieeiiinnnenns 89

6.1.2 HIPS Increasing Rubber-Phase Volume..........ccccooiiiiiiiiiiiee 91

6.1.3  HIPS Crosslinking CoNtrol..........cccoiiiiiiiiiiie e 91

6.2 EPS PATENT REVIEW .. .. 92
6.2.1 Improvement to EPS Insulation and Fire Retardant Properties................... 92

6.2.2 Carbon Dioxide as an EPS BIOWING AGENT ........ccoiiiiiiiiiiiieeiiiee e 92

7 PrOCESS ECONOMICS ....uiiiiiiitiie e sttt ettt e et e e et e e e e e e e e e e e e ennes 93
7.1 COSTING BASIS ..ottt ettt ettt ettt e e e e et et e seeeeeseeeennnnes 93
7.1.1  INVESIMENT BASIS ....ceeiiiiiiiiie ittt 93

712 PrICING BASIS....eiiiiiiiiiie ittt ettt 93

7.1.3  CoSt Of ProducCtion BaSIS .........uuvieiiuiiiieiiiiiie ittt 95

7.2 COST OF PRODUCTION ESTIMATES. ....oeeeeeieeeieeiieeeeeieeeeeeeeeeee e 96
7.2.1  General Purpose Polystyrene (GPPS)........coociiiiiiiiieiiieeeiee e 96

7.2.2  High Impact Polystyrene (HIPS) .........ooviiiiiiiiiiiiiiiieieieieeeieeeeeeeeeeeeeeeeevevaaenaens 99

7.2.3  Expanded Polystyrene (EPS)........ccooioiiiiiiiiiiiiie e 102

8 General Purpose and High Impact Polystyrene Market REVIEW ...............evvvvvvvvevevevvevinininrennns 105
8.1 GLOBAL ...ttt ettt ettt ettt ettt ettt et ittt tenennnnnnnnnnnes 105
8.1.1  CONSUMPLION L.uutiiitiiiiiiiiiiiiitiie s 105

8.L.2  SUPPIY ot 106

8.1.3  Supply/Demand and Trade ...........ccccuuummmmmmmiiii s 107

8.2 NORTH AMERICA ... 109
8.2.1  CONSUMPLION L.uutiiitiiiiiiiiitiiiiiiti s 109

8.2.2  SUPPIY et 111

8.2.3  Supply/Demand and Trade ............uuueummmmmmmmiiii s 112

8.3 WESTERN EUROPE ... s 114
8.3.1  CONSUMPLION ...ttt ettt ettt e 114

8.3 2 SUPPIY ittt et e e e eeeeas 114

8.3.3  Supply/Demand and Trade ........ccooiiiiieiiiiiee et 116

8.4 ASTA PACHFIC s 117
8.4.1  CONSUMPLION ..ttt ettt ettt e et e e et re e et e e 117

ST S TV o] o] | TP UPPRT PSR 121

8.4.3  Supply/Demand and Trade ........ccooiuiiieiiiiiee et 125

O Nexanr PERP PROGRAM 3
Wi nexantihinking.com PERP 2016-6, Polystyrene

A00101.0016.4106



Polystyrene December 2016 Report Contents

9 Expandable Polystyrene Market REVIEW. .........ccuuviiiiiiiiiiiiiie ettt 129
9.1 GLOBAL ..ttt 129

9.1.1  CONSUMPLION ..ttt e et e et e e 129

9.1.2  SUPPIY ettt 130

9.1.3  Supply/Demand and Trade .........ccouuiiieiiiiieeiiie e 131

9.2 NORTH AMERICA ...ttt 133

9.2.1  CONSUMPLION ..ttt ettt ettt e e 133

9.2.2  SUPPIY ettt 134

9.2.3  Supply/Demand and Trade .........cooiuiiieiiiiieeie e 135

9.3 WESTERN EUROPE ..ottt 137

9.3.1  CONSUMPLION ..ttt ettt et e e 137

9.3.2  SUPPIY ettt 138

9.3.3  Supply/Demand and Trade .........cooiuiiieiiiiieeiiee e 139

9.4 ASITA PACIFIC s 141

9.4. 1 CONSUMPLION L.uuttiitiiiiiiiiiiirtineas s 141

0142 SUPPIY e 144

9.4.3  Supply/Demand and Trade ...........ccceuummmmmmmiiii s 149

O €10 111 1 Y RO P P UUPPPPUPRP 152
L1 REFEIEINCES ..ottt e oot e e ettt e e ettt e e et e e et et e e e e e n e e e e 154
Appendix Page
A Definition of Capital Cost Terms Used in Process ECONOMICS .........cceveeeviiiciiiiieeeeeneeiiieeenn. A-1
B Definitions of Operating Cost Terms Used in Process ECONOMICS .............cccooeevviieieieeeeene. B-1
C Cost Of Production ESHIMAES .....cciiiiiiiiiie ettt e e e et e e e e e e e s e e e e e e e s enneneeees C-1
D PERP Program Title IndeX (2007 = 2016) .....cccoeeiiiieiiieeeeeeeeeee e D-1

O Nexanr PERP PROGRAM 4
www.nexantihinking.com PERP 2016-6, Polystyrene

A00101.0016.4106



Polystyrene December 2016 Report Contents

Figure Page
1.1 Styrene POIYMEIIZALION ......ouiiiiiiiiieee ittt e et e et e e s abaeeeeaaes 1
1.2 Regional Cost of Production Summary for GPPS..........ooviiiiiiiiiiieeic e 4
1.3 Regional Cost of Production Summary for HIPS ........c.ooiiiiiiiii e 5
1.4 Regional Cost of Production Summary for EPS........ccueviiiiiiiiee e 6
1.5 Global Polystyrene Supply and Demand ............cceeeeiiiiiiiiiiiiieeiiiie et 8
1.6 Global EPS Supply and DEMANG ..........ccccuiiiiiiee e e st e e e st en e e e e e e e ennrneaeea e 9
2.1 Global Polystyrene (GPPS/HIPS/EPS) Capacity Share by Region ..........cccoevvveiiiinicininnnenn 15
2.2 Global Polystyrene (GPPS/HIPS/EPS) Capacity Share by Marketer.................................... 17
3.1 POIYSLYrene SIUCIUIES ..., 27
3.2 StYrene POIYMEIZALION .....oooiiiiiiiiiiii ettt e e s 28
3.3 Formation of the Styrene Dimer Radical ..............ccoo oo 29
3.4 Free Radical Polymerization MeChaniSm ...........coiiiiiiiiiiiiiii e 30
3.5 Metallocene Catalyst Used for Syndiotactic Polystyrene (SPS) Production.......................... 31
3.6 Catalysts used for Syndiotactic Polystyrene ProducCtion ............ccccuuvviiiiiiieiiiiiic e 32
3.7 Metallocene Catalyst Used for Styrene-Ethylene Copolymerization...................................... 32
3.8 Phenyl-Phenyl Interaction and Chain Propagation Mechanism..........c.cccccoiiiiiiiiincininnn, 33
3.9 HIPS Copolymerization MechaniSmM...........ccooiiiiiiiiii 34
5.1 Total Petrochemicals/ Atochem GPPS Continuous Process (Process FIOW) ...........cccocuve.. 46
5.2 Total Petrochemicals GPPS Continuous Process (Process FIOW) ...........cccooeiieii. 47
5.3 Total Petrochemicals HIPS Continuous Process (Process FIOW) ..........cccceviiiiiiiiiiieeiiiineenn 49
5.4 Total Petrochemicals HIPS Integrated Continuous Process (Process FIOW) ........................ 50
5.5 INEOS Styrolution GPPS Continuous Process (Process FIOW)...........ccccooe, 52
5.6 INEOS Styrolution HIPS Continuous Process (ProCcess FIOW) .........cooviiviiiiiiiiieiiiiiie e 55
5.7 Versalis GPPS Continuous Process (Process FIOW) ......ccoooiiiiiiiiiiiii 57
5.8 Versalis HIPS Continuous Process (Process FIOW) ..........coiiuiiiiiiiiiieiiiiiie e 59
5.9 NOVA/Huntsman/Shell GPPS Continuous Process (Process FIOW) ..........ccccooo. 63
5.10 NOVA/Huntsman/Shell HIPS Continuous Process (Process FIOW).........cccccvvveiiiiiieiiinnnen, 65
5.11 Toyo-Mitsui GPPS Continuous Process (ProCcess FIOW) .........oooiuiiiiiiiiiiiiiiiiiiiecee e 67
5.12 Toyo-Mitsui HIPS Continuous Process (ProCess FIOW) .......cc.eeveiiiiiieiiiiiieiiiiee s 69
5.13 POYLSTY DV PIUS DEVOIALIZET ........eviiiiiiiieiiiiii ettt 71
5.14 POYLSTY GPPS PIrOCESS....cctiiiiiititititete ettt ettt e ettt e e e e e e e n e 73
5.15 POYLSTY HIPS PrOCESS ..o 75
5.16 Sulzer Chemtech PolyMerization PrOCESS .......cciiiuiiiieiiiiiie it 78
O Nexanr PERP PROGRAM 5
Wi nexantihinking.com PERP 2016-6, Polystyrene

A00101.0016.4106



Polystyrene December 2016 Report Contents

5.17 INEOS Styrenics EPS Process (ProCess FIOW) .........coiuiiiiiiiiiioiiiiiieiiiec e 80
5.18 Versalis EPS Batch Suspension Process (Process FIOW) .........ccccvvvviieeeii i 82
5.19 NOVA Chemicals/ Huntsman EPS Continuous Process (Process FIOW) ...........ccccveveiiinneen. 84
5.20 POLYSTY EPS Batch Process (ProCess FIOW) .......cccccuvviiiieeeiiiiiiiiiiise e 86
5.21 Sulzer Chemtech EPS Continuous Process (ProCess FIOW) ........ccvvcviiiiieiiiiiieiiiiiiie i 88
6.1 Versalis HIPS Integrated ContiNUOUS PrOCESS........cciiiuiiiiiieiee it e et e e e e 90
7.1 Regional Cost of Production Summary for GPPS ..........ccouiiiiiiiiiiiii e 98
7.2 Regional Cost of Production Summary for HIPS ... 101
7.3 Regional Cost of Production Summary for EPS..........coccoiiiiiiiiaiiiic e 104
8.1 Global Polystyrene Consumption, 2016.........ccooeiiiiiiiiiii 106
8.2 Global Polystyrene Capacity Share by Marketer in 2015 ..........oooiiiiiieeeii e 107
8.3  Global Polystyrene Supply and Demand ... 107
8.4  North America Polystyrene Consumption, 2016 .........c.ccuviiiiiiiieiiiiiee e 109
8.5 North American Polystyrene Supply/Demand and Trade .........cccoevvvieiiiiieeiiiiiee e 113
8.6 Western European Polystyrene Supply/Demand and Trade ............ccooeeeiiii 117
8.7 Asia Pacific Polystyrene Supply/Demand and Trade..........cccueveiiiiieiiiiiieiiiiiee i 125
9.1 Global EPS Capacity Share by Marketer in 2015 ... 131
9.2 Global EPS Supply @and DEMANG ........cocuuiiiiiiiiiiiiiiii et 131
9.3 North American EPS Supply/Demand and Trade ..........cccoooeiiiiiii 136
9.4 Western European Polystyrene Supply/Demand and Trade .........cccccoovvveeeiiiiieeiiiiieee e 140
9.5 Asia Pacific EPS Supply/Demand and Trade ... 149
O Nexanr PERP PROGRAM 6
Wi nexantihinking.com PERP 2016-6, Polystyrene

A00101.0016.4106



Polystyrene December 2016 Report Contents

Table Page
1.1 Polystyrene LiCENSOrsS and LICENSEES ......coiuiiiiiiiiiiee ittt ettt e e 2
2.1  Typical GPPS RESIN PrOPEITIES .....vvviiiiiieeiiiiiiiiiit e e e e e seetitre e e e e e e st e e e e e e e e s et e eaeee s s s nnnreneees 11
2.2 Typical HIPS RESIN PrOPEITIES ....ciuveiiiiiiiiie ettt 12
2.3 Global Polystyrene (GPPS/HIPS/EPS) Top 25 ProdUCEIS ........cccvvvieeeeeeeeciiiieeee e e 16
2.4 POlyStyrene JOINT VENIUIES . ......oiiiiiiiiie ittt ettt e e s 20
2.5 Polystyrene LiCENSOrs and LICENSEES ........cciuuiiiiiee e et e e st e e e e e e e e e e e e e nnnaenees 21
4.1 Reactor Types and Degree Of MiXiNG........uiic ittt 36
7.1 Prices of Raw Materials, Products, Utilities and Wages .........cccccoooeeeiiii, 94
7.2  Summary of Economics for U.S. Production of GPPS.................cc 97
7.3 Summary of Economics for Western Europe Production of GPPS...........ccccciiiiiiiciiiee, 97
7.4  Summary of Economics for China Production of GPPS ... 98
7.5 Summary of Economics for U.S. Production of HIPS ... 100
7.6  Summary of Economics for Western Europe Production of HIPS ...l 100
7.7 Summary of Economics for China Production of HIPS ............cccoiiiiiiiiec 101
7.8 Summary of Economics for U.S. Production of EPS...............cccc 103
7.9 Summary of Economics for Western Europe Production of EPS ..........ccccciiiiiiiiiine i, 103
7.10 Summary of Economics for China Production of EPS ............cccc 104
8.1 Global Polystyrene Supply and Demand ............cocuiiiiiiiiiiiiiiiie et 108
8.2 Capacities for Polystyrene in North AmMerica.........cccoooeeieiii 112
8.3 North American Polystyrene Supply/Demand and Trade ..........cccoovvvieiiiiiieiiiiieeiiiiee e 113
8.4  Capacities for Polystyrene in Western EUrOpe.........ooooviiiiiiiii i, 116
8.5 Western European Polystyrene Supply/Demand and Trade .............ccooeeiii, 117
8.6  Capacities for Polystyrene in ASia PACIfiC .........cooiiiiiiiiiiiiii e 123
8.7 Asia Pacific Polystyrene Supply/Demand and Trade............ccccoooeiiiiiii 125
9.1 Global EPS Supply @and DEMANG ........cocuuiiiiiiiiiieiiiii ettt 132
9.2 Capacities for EPS in North AMeriCa .......ccooeeiiiei i 135
9.3 North American EPS Supply/Demand and Trade ..........c.c.cooiiiiieiiiiieiiiiee e 136
9.4 Capacities for EPS in WeStern EUIOPE ......ooouuuiiiiiiiei ittt 139
9.5 Western European Polystyrene Supply/Demand and Trade ...........ccccoevveeeiiiiieeiiiieeesiiieeenn 140
9.6 Capacities for Polystyrene in Asia PacCifiC ...........coouiiiiiiiiiiiiiiiie e 147
9.7 Asia Pacific EPS Supply/Demand and Trade ........c.coeeiiiiiieiiiiieiiieee s 149
O Nexanr PERP PROGRAM 7
Wi nexantihinking.com PERP 2016-6, Polystyrene

A00101.0016.4106



Polystyrene December 2016 Report Contents

Process Evaluation/Research Planning

O Nexanr

www.nexantthinking.com

The NexantThinking™ Process Evaluation/Research Planning (PERP) program
is recognized globally as the industry standard source for information relevant to
the chemical process and refining industries. PERP reports are available as a
subscription program or on a single report basis.

Contact Details:

New York: Marcos Nogueira Cesar, Vice President, Global Products, E&CA: Nexant Thinking™
Phone: + 1-914-609-0324, e-mail: mcesar@nexant.com

London: Sonia Ouertani, Client Services Coordinator
Phone: + 1-44 (0) 20 7950 1587, e-mail: souertani@nexant.com

Nexant, Inc. (www.nexant.com) is a leading management consultancy to the global energy, chemical, and related industries. For over 38 years, Nexant
has helped clients increase business value through assistance in all aspects of business strategy, including business intelligence, project feasibility and
implementation, operational improvement, portfolio planning, and growth through M&A activities. Nexant has its main offices in San Francisco
(California), White Plains (New York), and London (UK), and satellite offices worldwide.

Copyright © by Nexant Inc. 2016. All Rights Reserved.

O Nexanr PERP PROGRAM 8
www.nexantthinking.com PERP 2016_6’ P0|ystyrene
A00101.0016.4106



