PLASTICS FROM TREES

March 2012 Report Contents

PLASTICS FROM TREES

Table of Contents
A Report by Nexant's CHEMSYSTEMS

Process Evaluation/Research Planning (PERP) Program

PERP 2011S4 - Published March 2012

Www.chemsystems.com
Section Page
EXECUTIVE SUMMATY .....eoiiiieiie ettt te et e steenaeeneenneens 1
2 T 8 oo 18 [od o] o AR 3
2.1  TECHNOLOGY AND BUSINESS DEVELOPMENTS........cccoovviiririnnen, 5
2.2 TREES AS RENEWABLE FEEDSTOCKS ... 6
3 Catalytic Fast PYrolySisS t0 PET ........ccocviiiiieiicie e sn e 8
3.1 TECHNOLOGY AND CHEMISTRY OF TREES TO PARA-
XY LENE ...ttt bt bbbt 9
3.1.1 ANelloteCh, INC...cvoiieie 9
4 Gasification to POIYPrOPYIENE......cc.ooviiiee et 16
4.1 TECHNOLOGY AND CHEMISTRY OF TREES TO PROPYLENE......... 17
4.1.1 LINDE’S CHOREN Carbo-V®-Staged Gasification....................... 17
4.1.2 Alternative Process Steps from Trees to Propylene............cccccoeuenee. 20
5  Enzymatic Hydrolysis in SSF 10 HDPE ...........ccccoiieii i 23
5.1 TECHNOLOGY AND CHEMISTRY OF TREES TO ETHANOL.............. 24
5.1.1 Enzymatic Hydrolysis-Based Simultaneous Saccharification
and Fermentation .........ccocceoveiiiiiie e 24
5.1.2 Alternative Processes and Technologies..........cccccevvverviiinirenieseennnnn, 30
6 CellUIOSIC PIASTICS ......eoviiiieiieieee st 31
6.1  BACKGROUND .....ccoiiiiiiiiiieie e 31
6.2 CHARACTERISTICS ...ttt 31
6.3 MARKET APPLICATIONS .....otiiiiiitrtsitnie e 31
6.4 TECHNOLOGY AND CHEMISTRY ..o 32
B.4.1  OVEIVIBW ....ooiiiiitiiie ittt bbbt 32
B.4.2  DELAIS ....ovieeiiee s 32
B.4.3  YHElUS ..o 34
O Nexanr CHEMSYSTEMS PERP PROGRAM 1
wwiw.chemsystems.com PERP 201154, Plastics From Trees

A00101.0011.4112


http://www.chemsystems.com/

PLASTICS FROM TREES

March 2012 Report Contents

7 Production ECONOMICS .......cciiiiiiiiiiieiieie ettt 35
7.1 COSTING BASIS ...ttt raa e 35
7.1.1  INVESIMENT BASIS ....veiviiiiiiiiieieie et 35
7.1.2  PrICING BASIS ....eeiiiiiiiiieiieiie sttt e 36
7.1.3  Cost of Production BasiS...........ccoceriririninieieiene e, 36
7.2 COST OF PRODUCTION OF PET USING TREE-BASED PARA-
XYLENE PRODUCED VIA CATALYTIC FAST PYROLYSIS
ROUTE ..ot e e sra e e e e e e e ne e e 37
7.3 COST OF PRODUCTION OF POLYPROPYLENE USING TREE-
BASED PROPYLENE PRODUCED VIA GASIFICATION ROUTE ........ 42
7.4  COST OF PRODUCTION OF HIGH DENSITY POLYETHYLENE
USING TREE-BASED ETHANOL PRODUCED VIA ENZYMATIC
HYDROLYSIS IN SIMULTANEOUS SACCHARIFICATION AND
FERMENTATION ROUTE ...cooiiii et 47
7.5 COMPARISON TO TRADITIONAL ROUTES ......c.ccooiiiiinineeieeeee, 51
1.5 PET ol
7.5.2  POIYPIOPYIENE ...t 95
7.5.3 High Density Polyethylene ..o 113
8  Commercial APPHCALIONS.........ccuviiiiieie e 125
8.1 PET (BOTTLE GRADE POLYETHYLENE TEREPHTHALATE)............ 126
8.2 PP (POLYPROPYLENE).....ccoiiiiiiiit sttt 128
8.3  HDPE (HIGH DENSITY POLYETHYLENE) ....cccoooiiiiiiiiiineceees 131
e €1 01 1ST- | YRS R PRSPPI 134
10 RETEIEICES .. .ociiieieiee ettt b e bbbt e s 136
Appendix Page
A  Definitions of Capital Cost Terms Used in Process ECONOMICS............cccocenene. A-1
B  Definitions of Operating Cost Terms Used in Process Economics...................... B-1
C  PERP Program Title Index (2001/2002 - 2011) ....c.cccvvueieerieiiesieesie e sieesee e, C-1
O Nexanr CHEMSYSTEMS PERP PROGRAM 2
www.chemsystems.com PERP 201154, Plastics From Trees

A00101.0011.4112



PLASTICS FROM TREES March 2012 Report Contents

Figure Page
2.1 Sources Of Tree-Based FEEUSLOCKS ........ccuiiiiiiiiiiie et 7
3.1 TrEE-BaSeA PET ...ocuiiiiiiieie ettt bbbttt 8
3.2 Simplified Block Flow Diagram for Anellotech’s Biomass to Aromatics™

PIOCESS ...ttt re e 10
3.3 Proposed Reaction Scheme for Catalytic Fast PYrolysis..........ccocvveienieninncninnnnns 13
4.1 Tree-Based PropYIENE ........oooi ittt aa e nneas 16
5.1 Tree-Based HDPE.........ccoiiiiiiieiii ettt st sbe e nreas 23
5.2 Yield in This Study at the Low End of Reported Ranges............cccoevevveiesieernernennnns 29
5.3 Sensitivity of Ethanol Cost of Production to Yield ... 29
6.1 TENMITE™ PrOCESS. .. ..eiueeuiesieieite sttt sttt ettt sttt bbbttt et b bbbt b e e e e 32
6.2 Detailed View of Eastman’s TENITE™ PrOCESS ......ccccoveririerieiinie e 33
6.3 Tenite™ FIOW DIAQIAM.......oiiiiieiiiie ettt st nreas 34
7.1 Toluene Disproportionation/Transalkylation Typical Flowsheet...............ccccovennnen. 56
7.2 para-Xylene Production PxMax>™ Process Flow Diagram.............ccocoeveeereerennene.. 58
7.3 PX-Plus™ Process FIOW Diagram.........cccccceiveieiiieiieeniesieseesis e see e snee e e enee s 61
7.4 XYIeNeS RECOVEIY PIOCESSES. .....eiueeiiieiteeiesieesteeiesieesteestesseesseestesseesteessesseesseessesseessens 63
7.5 Equilibrium Concentrations for Cg-Aromatic COmpouNds............ccoereervesieereereennnns 64
7.6 para-Xylene Production via UOP Parex™/ISomar ProCess ..........cccevveevvveiiveesveesnnenn 67
7.7 Eluxyl® Process FIOW DIGQIam ..........cccocovereiemeneesseiseossesseesesseessssesssessssessess s, 70
7.8 para-Xylene Production via Crystallization/Isomerization............c.ccccoevveviveiiennnenn 73
7.9 Xylenes Isomerization: UOP ISOMAr PrOCESS.......ccciverieiieiieeriesieseesiesieseesie e e 76
7.10 Renewable versus Conventional ROULES t0 PX........ccoveviiiiiiiiiiie e 80
7.11 para-Xylene Cost of Production + 10% ROCE COomparison ..........cccccvevereerueereesnnns 81
7.12 Sensitivity of PX Cost t0 FEASIOCK PriCe ........ccvvieiiieiiiieieee e 82
7.13 Crude Terephthalic Acid Process (Block Flow Diagram).........cccceeveveeivesieeseeneennnns 83
7.14 Purified Terephthalic Acid Process (Block Flow Diagram) ..........cccceveveiieencninnnns 84
7.15 Esterification of PTA and EG to biS-HET ......oooiiiiiiiie e 88
7.16 Polycondensation Of DIS-HET .......cooiiiiii e 90
7.17 Continuous Solid — State POIYMEriZation ..........cccevvevieiieiiecece e 92
7.18 How to Make 100 Percent Renewable PET .........cocoiieiiiieiieiice e 95
7.19 DCC SIMPIITIEA PrOCESS ....vevveieeriecieeiieeiesie st se e se et see st a e e sraesae e e e saeenaenneas 102
7.20 Tree-Based versus Traditional Pathway to Propylene..........cccccoviieieneninnciinnnns 105
7.21 Propylene Cost Of ProdUCTION ..........ccoiveieiieieee e 106

O Nexanrt CHEMSYSTEMS PERP PROGRAM 3
www.chemsystems.com PERP 201154, Plastics From Trees

A00101.0011.4112



PLASTICS FROM TREES

March 2012 Report Contents

7.22 Spheripol Bulk Loop Reactor Polypropylene ProcCess..........cccccvvveviveieeiesieesneniennnns 108
7.23 Spheripol Copolymer Process and Monomer RECOVENY .........cccvvvviierenieneenieseeneens 109
7.24 Typical Polypropylene Pelletizing PrOCESS........ccvcvvevverieiiiesieiesieseesie e sie e 110
7.25 Tree-Based versus Traditional Pathway to Ethylene ..., 116
7.26 Ethylene Cost OF PrOQUCTION .......cveiiiiieie e 117
7.27 Ethylene from Ethanol (Chematur ROULE) ........ccooviiiiiiiiiinieicee e 120
7.28 Hostalen ACP HDPE Process, Reactor, and Separation Sections............c.ccccvevenen. 122
8.1 PET Global Demand by End-Use, 2011 ........cccooiiiiiiiieiieiienieie e 126
8.2 PET Regional CoONSUMPLION ......ccviiiiiieie et e et see e e e sae e nneas 127
8.3 Polypropylene Global Demand by End-Use, 2011.........ccccoiiiiiniinnenieseeneeee e 128
8.4 Polypropylene Regional CoNSUMPLION .......c.ccveiviieieeriesie e se e 130
8.5 HDPE Global Demand by End-Use, 2011........ccccooiiieiiiieiieiieie e 132
8.6 HDPE Regional CoNSUMPLION ........ccceiiiieiieieerie e e esiesee e e e sae e sneas 133
O Nexanrt CHEMSYSTEMS PERP PROGRAM 4

www.chemsystems.com

PERP 201154, Plastics From Trees
A00101.0011.4112



PLASTICS FROM TREES March 2012 Report Contents

Table Page
5.1 Pretreatment Hydrolyzer Reactions and CONVEISIONS ..........ccoccueeeieeneneeseeniesenneens 26
5.2 SSF Production SPeCifiCatiONS.........c.coiveiueiiieiieii e cee e se e 27
5.3 Production SSF Saccharification Reactions and CONVersion ...........c.ccoevveveveiennenne. 27
5.4 SSF Fermentation Reactions and CONVEISIONS.........cc.ccouiieierierienienesiesesesee e 28
7.1 Prices of Raw Materials, Byproducts, and Other INputs............ccccovveienieniennciinnnns 36
7.2 Cost of Production Estimate for: BTX

Process: Catalytic Fast Process (CUIMENT) ......cceeririeiiereeie e 38

7.3 Cost of Production Estimate for: para-Xylene
Process: Adsorption/ISOmMerization (CUMENT) .........c.oovererieneeninie e 39

7.4 Cost of Production Estimate for: Tree-based Purified Terephthalic Acid
(PTA) Process: para-Xylene Oxidation, CTA Hydrogenation from Tree-

Based Para-XYIENE .........coviiiiiiiee et 40
7.5 Cost of Production Estimate for: PET BOTTLE CHIP RESIN

Process: Continuous Solid State from Tree-Based PTA.......cccoov v, 41
7.6 Cost of Production Estimate for: Syngas

Process: Gasification of Biomass (Purchased OXYgeN)........cccvvververeereeriesieesessnnnenns 43

7.7 Cost of Production Estimate for: Methanol
Process: Conversion from Syngas (2:1 Hz:CO)...oovvvvevieie e 44

7.8 Cost of Production Estimate for: Polymer Grade Propylene
Process: Lurgi's Methanol-to-Propylene...........cccoovviieiiiie e 45

7.9 Cost of Production Estimate for: Homopolymer Polypropylene
Process: Basell, SPHERIPOL, BUIK .........cccoiiiiiiiiiiniieese e 46

7.10 Cost of Production Estimate for: Ethanol via Woody Chips (Yellow Poplar)
Process: Enzymatic Hydrolysis in Simultaneous Saccharification and

FEIMENTALION ...ttt ettt a e sne e be e nreas 48
7.11 Cost of Production Estimate for: ETHYLENE

Process: Ethanol Dehydration — Fixed Bed ...........ccooviiiiiinii e 49
7.12 Cost of Production Estimate for: Tree-Based HDPE Bimodal/Multimodal

Film Process: Hostalen ACP Ziegler SIUIMY .......ooiiiiiiiieiie e 50
7.13 Reactor Operating Conditions of MSTDP and PXMax™...........ccoovvmveveeereesrnnne. 59
7.14 Cg Aromatics - Physical PrOPerties.......cocoiiiiieiiiie e 71
7.15 Typical para-Xylene SPecCifiCation...........ccceiveiiiiiiieeie e 77
7.16 Competitive Costs of Production for Anellotech...........coooveeiiiiiiiiieeen 78

7.17 Cost of Production Estimate for: para-Xylene
Process: Naphtha Hydrotreating, Reforming, Adsorption/EB

1SOMENIZALION, TP, TA . ottt e e sabe e s ebb e e s sbaeesbee e 79
7.18 Molar Efficiency of Terephthalic Acid Technology.........cccocoiiiiiiiiniiiinceen, 85
O Nexanr CHEMSYSTEMS PERP PROGRAM 5
www.chemsystems.com PERP 201154, Plastics From Trees

A00101.0011.4112



PLASTICS FROM TREES

March 2012 Report Contents

7.19 Cost of Production Estimate for: Tree-based Purified Terephthalic Acid

(PTA) Process: para-Xylene Oxidation, CTA Hydrogenation.............cc.cceeevvennenn. 93
7.20 Cost of Production Estimate for: PET Bottle Resin

Process: ContinuOUSs SOHIA STALe ........ccceviiiiiieiiee e 94
7.21 DCC Product Slate and Olefin Yield ..., 99
7.22 DCC Type | and FCC Design Operating Conditions...........ccocerereenieeneniensneniennns 100
7.23 Cost of Production COMPAIiSON.........ccueiueiierieiiesieeieseese e sae e esee e sae e sreeneeenes 103
7.24 Cost of Production Estimate for: Polymer Grade Propylene

Process: Deep Catalytic CraCking........ccoooveveevieiienieie e 104
7.25 Cost of Production Estimate for: Tree-based Homopolymer Polypropylene

Process: Basell, Spheripol, BUlK............ccoveiiiiiiieiicc e 112
7.26 Cost of Production COMPAIISON........cccueieriieieiierieeie st enes 114
7.27 Cost of Production Estimate for: Ethylene

Process: Steam Cracking of Light Naphtha (Moderate Severity).........ccccoeeveenenn. 115
7.28 Cost of Production Estimate for: HDPE Bimodal/Multimodal Film

Process: Hostalen ACP Ziegler SIUMY ..o 124
8.1 PET Global Consumption by ENd-USE.........ccccciueriieiieiieiieic e 126
8.2 PET Regional CONSUMPLION ......ccviiiiiiiiiiiieie s 127
8.3 Polypropylene Global Consumption by ENd-USe.........cccccveveiieieceniene e 129
8.4 Polypropylene Regional ConSUMPLION .........ccevierieeieiieii e 130
8.5 HDPE Global Consumption by ENd-USE..........cccoriiiiiiniiiieiieneseseese e 132
8.6 HDPE Regional CoNSUMPLION .......ccveiiiieiieie et se e 133

O Nexanr CHEMSYSTEMS PERP PROGRAM 6
wwiw.chemsystems.com PERP 201154, Plastics From Trees

A00101.0011.4112



PLASTICS FROM TREES March 2012 Report Contents

CHEMSYSTEMS

PERP PROGRAM

O Nexant

www.chemsystems.com

The ChemSystems 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:

London: Dr. Alexander Coker, Manager, PERP Program
Phone: + 44-(20)-7950-1570, e-mail: acoker@nexant.com

New York: Heidi Junker Coleman, Global Multi-Client Programs Support Manager
Phone: + 1-914-609-0381, e-mail: hcoleman@nexant.com

Shanghai: Dr. Y. Larry Song, General Manager, Nexant China

Phone: +86 21 6182 6791, e-mail: ylsong@nexant.com

Nexant, Inc. (www.nexant.com) is a leading management consultancy to the global energy, chemical, and related industries. For over 38 years,
ChemSystems 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. 2012. All Rights Reserved.

O Nexanr CHEMSYSTEMS PERP PROGRAM 7
PERP 201154, Plastics From Trees
A00101.0011.4112

www.chemsystems.com


mailto:acoker@nexant.com
mailto:hcoleman@nexant.com

