Acrylonitrile

October 2020 Report Contents

TECHNOLOGY & COSTS

Technoeconomics - Energy & Chemicals (TECH)

TECH 2020-3 Acrylonitrile

Table of Contents
A Report by NexantECA, Inc.
Published Date: October 2020

www.nexanteca.com/subscriptions-and-reports

Contents
1 EXECULIVE SUMIMAIY ..coiiiiiiiieee e, 1
1.1 a0 [0 1o o] o [P PRRR PSP 1
111 BacCKgrOoUNd .....ccooiiiiiic e 1
1.2 (@70 aa]aaT=T (T = 1R I =Tox o1 To [T | 2SSO PPPPRPNt 1
7 R IR o T 1 o PSRRI 1
1.3 Developing TeChNOIOQY ......ccoo i 3
14 [ o ToT TSI oo o] 1 1 o= PSSR 3
15 APPICALIONS ... ———————————— 5
1.6 Regional Market ANalySiS........coooo i 6
0 700 R €1 o - | PSSR 6
2 L aTrgeTo [0 T i o] o PP PO PP PPPPRRTN 10
2.1 = 1o (o | (o0 o o IO PU PP OUPPPPPPPP 10
2.2 [V 2= 10T O o =Vl o TP OT T TPPRUPPPRT 11
2.3 HIStOrCal ProCESS ROULES .....coiiiiieiieeee ettt e e e e e e e et e e e e e e e e nnnneeeees 11
2.4 Development of Conventional Propylene Ammoxidation Technology .........ccccccoveeiiiieeenns 12
2.5 Development of Alternative Propane Ammoxidation Technology.............cccccci. 13
2.6 Developing TECHNOIOGY ... ...uiiiiiiiie it et et e e e baeeeeaae 14
2.7 [ Tol=T Ko £ TR PPURPPPP 14
2 A R | V1= 1 U SPEEP 15
2.7.2 SINOPEC eeeetee ettt ettt e oottt e e e ettt e e e e e b e e et e e e e e e e nn b e teaaaeeeaanne 15
2.7.3  ASANT KBS 1ottt a e e 15
2.8 Key Physical and ThermodynamicC PropPerties .........ccveiviiieeiiiiiiee it 16
2.9 Regulatory REQUIFEIMENTS. .. ..coi ittt e e e et e e e e e e e e ennneeeeeas 17
2.9.1 Storage and TranSPOITALION ........coiueiiiiiiiiieiiiie e 17
2.9.2  HeEAIth HAZAIUS. ... .eeeiiieeeite et e e e e e e e e e nees 17
3 COMMEICIAl TECNNOIOGIES ...ttt e e e e ettt e e e e e e e e nnereeeeaaeeeas 18
3.1 0T [T 1o ) o SRS 18
3.2 Propylene AMMOXIAATION ........oouuuuieiieiee ittt e e et e e e e e e e ennneeeeeas 18
B.2.1 INEOS et e e e e 18
I S o] o1 o PP PUPUPPRPTI 27
O NexanrtECcA TECHNOLOGY & COSTS 1

TECH 2020-3 Acrylonitrile
100101.200.2020.003



Acrylonitrile October 2020 Report Contents
3.3 Propane AmMMOXIGALION ........cciiiiiiiieie e e e e e e e e st e e e e e e s e e e e e e e e e e nnnenaeees 31

3.3.1 PTT Asahi Chemicals Joint Venture (PTTAC) ...ccuuviiieeeiiiiiiiieeee st e e 31

3.4 Inactive Licensors and Technology PlayYerS..........coouiiiiiiiiiiiiiicieeecieee e 36

3.4.1 Ascend Performance MaterialS LLC ........ccveiiiiiiiiiiiiie e 36

3.4.2  DUPONT AN KBR ...ttt e e e e e e e e e e enee 37

4 [DI=)Y Y o] o] 1o T I IT=Ted a1 0o (o )Y 2 PO PEEPR 38
4.1 L a 0T [0 1o 4 o] o [P RRRR SR 38

4.2 GIYCEIOI ROULE ...ttt ettt ekt e e e e anneee s 38

4.2.1 Two-Step from Glycerol via ACIolEIN.........c..uviviiee e 38

4.2.2  ONe-Step from GIYCEIOL........cooiiiiiiiii e 42

4.2.3 Three-Step from Glycerol via ACIOIEIN .......cccoeeiiiiiiiie e 42

4.3 GIUtAMIC ACIH ROULE ...t e ettt e et e e e e e e e st e e e e e e e eannbeneeaaeeeeaannnes 42

4.4 BIOMASS ROULE ... eiiiiiiieeie ettt ettt e e e e ettt e e e e e e ettt e e e e e e e e e nnteseeeaeeeeeennnsennees 44

4.4.1 Southern Research and the United States Department of Energy ...........cccceeennn. 44

4.4.2 National Renewable Energy Laboratory ...........cccccoiuiiieiiiiieeiiiiiee e 48

4.5 Bio-based Propylene ROULE ... 52

451  ANQOIE ECONIIIE ..c..eiiiiiieee ettt e e e e e e e eeeeeeeas 54

5 o Te (UToiuTo] gl =ToTe] g To] 1 4102 PP TP PO PPPPPPRPPN 55
51 (@011 11T TN == ] PRSPPIt 55

5.1.1  INVESIMENT BASIS .uutetiiiieeeie it iee e et ettt e e e e s ettt e e e e e e st e e e e e e e e ssnnneneeeaeeeeeanne 55

R I o Tor T o = 7= T L PSP PPPPPPPPPNt 55

5.1.3  Cost Of ProduCtion BaSIS ..........uuiiiieiiiiiiiiiiiiie e iisiiiieie e e e e e e e e e e s sieneeeaeeeaennnes 57

5.2 Cost of Production EValuation BaSIS .........cooiiiiiiiiiiiieiiiiiieie et 58

LI R OF= T o T Tox | Y PRSPPSO 58

5.2.2 Key Feedstocks and Other ASSUMPLIONS ........ccuviiiiiiiiieiiiiiee e 58

5.3 Process Cost COMPELItIVENESS ......coooiiiieeieeeee e 59

LR 0 A U 171 1= 0 IR = = SRR 59

5.3.2  MIAAIE E@ST ...ttt 60

L0 T N 1 1 11 - L PSRRI 61

L S 1o 10 11 g (== ) AN - R SUPESR 62

5.3.5  WESLEIN BEUIOPE ...uiiiiiiiiiiiiiiieti s 63

5.3.6  Cost of Production SUMMAIIES ......cciiiiuiriiiiiieeeiiiiiiieite e e e e seteeeeee e e s e snniaeeeeeeeesennnes 64

5.4 Regional CoSt COMPELILIVENESS .....eeiiiieiiiiiiiiiiie ettt e e e et a e e e e e ennneeeeeas 74

55 Historical Feedstock Price SENSITIVILY ......c.ueiiiiiiiiiiiiiiic e 75

6 CoMMEICIAl APPIICALIONS .....eeeeeeeeee ettt e e e e ettt e e e e e e et bt e e e e e e e e e s annnrreeaaaeaeas 77
6.1 OVBIVIBW. ...ttt ettt ettt e oo ookttt et e e 44 e skt bttt e e e e e e e b bbbt e e e e e e e s e e nnbbneeeeaeeaaannnes 77

6.2 Styrene Acrylonitrile (SAN)/Acrylonitrile Butadiene Styrene (ABS) ........coovvvvieriiieeeiiinenen. 77

6.3 101 £ TSP PRTRP PP 77

6.4 F o Y] = 10 1o = RSSO 78

6.5 Hexamethylene Diamine or 1,6-Diaminohexane (HMDA) .........ccuoeiiiiiiiiiiiiieeieeeee e, 78

6.6 (@1 = £ PSRRI 78

7 RegioNal Market ANAIYSIS ......ccoii it et s st e e e s e e e e e e e e s e s st eeeeaeeasasnbaneaeeeeesnnnnnes 79
7.1 (€1(0] o= | O PP PPUPPPRRPTIN 79

O NexanTtECA TECHNOLOGY & COSTS 2

TECH 2020-3 Acrylonitrile
100101.200.2020.003



Acrylonitrile

October 2020 Report Contents

7485 8 R o o =YW 3 o o] 1o o RS PRRPR 79
7.2 INOFTN AMEIICA .ottt ettt s e b e r e e 84
7.2, CONSUMPTION 1.tttk e et et e e e e e anbne e s 84
7.5.3  Supply, Demand, and Trade ........cccciiiuiriiiiee i e s r e e e e s ee e e e e e e eennes 99
B.1 V2= L= o] [T O 01 PSSR 106
Appendices
A Definitions of Capital Cost Terms Used in ProcesS ECONOMICS.......ccuieeiiiiiiiiiiiieeaiiiiiiiieeae e 101
B Definitions of Operating Cost Terms Used in Process ECONOMICS .........ovcuvviieiieeeiiiiiiiiieeeeee e 106
C TECH Program Title Index (2010-2020) ......ccooiiiiieee e 109
D RETEIENCES ...tk b bbbt bbb 112
Figures
Figure 1 Acrylonitrile Chemical StIUCTUE ......ccoooiii e 1
Figure 2 Regional Propylene Ammoxidation and Propane Ammoxidation Cost
(070] 101 0TS 11 11V7=T =TT SRR 4
Figure 3 Acrylonitrile Commercial APPICALIONS .......oviiiiiiiiiiiiii e 5
Figure 4 Global Acrylonitrile Demand, 2019-€.......ccoiuiiiiiiiiie e 6
Figure 5 Global Acrylonitrile Consumption BY REQION .........vvviiiiiiiiiiiieiiiiieeieieeeieieveeeeveveeeaeeeeeveeeeeaeennenes 7
Figure 6 Global Acrylonitrile Capacity Share by Marketer, 2019-€............cuvvvvvieiiieieiiieiiiiieiereeeeeveievainnns 8
Figure 7 Global Acrylonitrile Supply, Demand, and Trade ..........cccooiiieiiiiiee e 9
Figure 8 Acrylonitrile Chemical StIUCTUIE .......ccooiieie e 10
Figure 9 Acrylonitrile Commercial APPICALIONS ......uviiiiiiiiie i 11
Figure 10  Propylene Ammoxidation MeChaniSM ............uuuuiii s 21
Figure 11 ACrylonitrile Via PrOPYIENE .......uuieiiiii s 25
Figure 12  Integrated Acrylonitrile Wastewater Treatment SYSIEM ........coooviiiiiiiieiiiiee e 27
Figure 13  SiNOPEC S-ANT PrOCESS ....uuuuuiuiiiiiiiiiiie s 29
Figure 14  Asahi Kasei's Propane AmMmoXidation PrOCESS........c..uieiiiiiieiiiiieeiiiece e 35
Figure 15  Acrylonitrile from GlYCErol PrOCESS.......uuuuuiiiiiiiiii s 41
Figure 16  Reaction 1: HydroCracCking Of SUGAI........cuuiiiiiiiiieiiiiii et 45
Figure 17  Reaction 2: Glycerol DENYAratioN ..........coiuiiieiiiiieeiiieie ettt 46
Figure 18 Reaction 3: AmMmoxidation Of ACIOIBIN ........oiiuiiiiiiie e 46
FIGUre 19  SR'S B2ACN PIrOCESS ...cciiutiieeiiitiie ettt ettt e ettt e e ettt e e e et e e e et e e e e et e e e annes 47
Figure 20 NItFIatION PrOCESS.....coii ittt ettt e e e ettt e e e e e s st e et e e e e e e anneeeneeas 49
Figure 21  Nitrilation Process Reaction MeChaNiSM .........ccuuiiiiiiiiieiiie e 50
Figure 22  Total-Conversion EXperiment ProCeSS FIOW ..........ccoiiiiiiiiiiiiiiiiiii e 51
Figure 23  Conceptual Process to Produce Bio-Acrylonitrile from Biomass-Derived Sugars ................ 52
Figure 24  ROULES t0 BIO-PrOPYIENE. .....coiiiiiiee e 53
Figure 25  Typical Cost Of ProduCtion OVEIVIEW........cooiuuuiiiiiieeeieiiteeie et e e 57
Figure 26 Summary Acrylonitrile Cost of Production — United States ...........cooovveeiiiieeiiiieee e 59
Figure 27  Summary Acrylonitrile Cost of Production — Middle East............cccueeiiiiiiiiiiiiiiiiiceeeeiiie, 60
Figure 28  Summary Acrylonitrile Cost of Production - China .............eciiiiiiiiiiiiieeee e 61
O NexanTtECA TECHNOLOGY & COSTS 3

TECH 2020-3 Acrylonitrile
100101.200.2020.003



Acrylonitrile

October 2020 Report Contents

Figure 29  Summary Acrylonitrile Cost of Production — Southeast ASia ........ccccvveeeeiiiciiiiieeee e, 62
Figure 30  Summary Acrylonitrile Cost of Production — Western EUrope.........ccccveeeeeiicivivieeeeeee s 63
Figure 31  Regional Propylene Ammoxidation and Propane Ammoxidation Cost Competitiveness............ 75
Figure 32  Historical Sensitivity to Propylene and Propane PriCeS..........cccooviiiiiiieeei i i 76
Figure 33  Acrylonitrile Commercial APPIICALIONS ........vviiiiiiiieiiii e 77
Figure 34  Global Acrylonitrile DemMand, 2019-€.......ccciiiuriiiiiie e i e e e e e s e e e e e e ennaaaees 80
Figure 35  Global Acrylonitrile Consumption BY REGION ........ccoiiiiiaiiiiiieiii e 81
Figure 36 Global Acrylonitrile Capacity Share by Marketer, 2019-€.........ccccceiiiiiieiniiieeiee e 82
Figure 37  Global Acrylonitrile Supply, Demand, and Trade ..........ccccvveeeeiiiiiiiieieeeee e 83
Figure 38  North America Acrylonitrile Consumption, 2019-€ ........cooiiiiiiiiiiiieiiie e 85
Figure 39  North America Acrylonitrile Supply, Demand, and Trade..........cccceeeiiiiiiiieiiiiieiee e 86
Figure 40  Western Europe Acrylonitrile Consumption by Derivative, 2019-€ ..........cccceiiiiieeiiiineennnn. 89
Figure 41  Western Europe Acrylonitrile Supply, Demand, and Trade...........ccocoveeiiiiieeiiiiiee e 90
Figure 42  Middle East Acrylonitrile Consumption by Derivative, 2019-€........ccccoeeiiiiiiiiiiiiiiiieeeee e 92
Figure 43  Middle East Acrylonitrile Supply, Demand, and Trade ..........c.cccveeiiiiiieiniiieeeee e 94
Figure 44  Asia Pacific Consumption by Derivative, 2019-€.........cccciiiiiiiiiiiiiiiicce e 97
Figure 45  Asia Pacific Acrylonitrile Supply, Demand, and Trade .........ccoocveeiiiiiieiniiiee e 99
Tables
Table 1 Acrylonitrile TEChNOIOQY LICENSOIS .....cciiiiiiiiiiiiie ittt 2
Table 2 Global Acrylonitrile Consumption BY ENA USE.........cuviiiiiiiiiiiiiiieiiieieiiieieveveeveeveveveveseeesesesnnnnnnes 7
Table 3 Global Acrylonitrile Supply, Demand, and Trade ..........cccooiiieiiiiieeie e 9
Table 4 Commercial Specifications for ACIYIONItHIE ............ovvviiiiiiiiiiiiieieieiee e 10
Table 5 Acrylonitrile TEChNOIOQY LICENSOIS .....ccciiiiiieiiiiiie ittt 15
Table 6 Key Physical and Thermodynamic Properties of Acrylonitrile ...........cccccoviiiiiiiiiiiieee, 16
Table 7 SANC-08 Catalyst SPeCIfICAtIONS ........ceviiiiiiiiieiiiiiiiiiiieieie e seaeaaseseseseennnne 28
Table 8 Performance of SANC-08 and SANC-11 CatalyStS.......c.ccuiieiiiiiieiiiiiee e 28
Table 9 S-ANT ProCeSS PAraMELEIS ......ouviiiiiiiiiie ittt e e e e 30
Table 10  Asahi Kasei Best Documented Acrylonitrile Yields from Patent Publications........................ 33
Table 11  Asahi Kasei's Propane Ammoxidation Experimental ReSUItS ............cccviiiiiiiiiiie i, 33
Table 12 Southern Research’s Biomass to Acrylonitrile (B2ACN) Process Costs and GHG

[ Y=To 18 ox 1T0] o IS PRSP EPTRR ST 44
Table 13 Prices of Raw Materials, Utilities, and Labor............eiiiiiiiiiiiiiie e 56
Table 14 Process Economics Capacity Basis by LICENSOr........c..uuuiiiiieiiiiiiiie e 58
Table 15  Summary Acrylonitrile Cost of Production — United States .........cccceeeviiiiiiiiiieeee i 59
Table 16 ~ Summary Acrylonitrile Cost of Production — Middle East.........cccccvvveeiiiiiiiiiireee e 60
Table 17  Summary Acrylonitrile Cost of Production - ChiNa ............cooiiiiiiiiiiiiiiiiiecece e 61
Table 18  Summary Acrylonitrile Cost of Production — Southeast ASia ..........cccovveviviiiieeee i, 62
Table 19  Summary Acrylonitrile Cost of Production — Western EUrOPe........ccoovviiiiiiieeeeniiiiiiiieeeeeen 63
Table 20  Cost of Production Estimate for: Acrylonitrile

Process: Propylene AmMmoxXidation; USGC ........cccoeiiiiiiiiiiiiee e e e s sivee e e e e e snneenees 64

O NexanTtECA TECHNOLOGY & COSTS 4

TECH 2020-3 Acrylonitrile
100101.200.2020.003



Acrylonitrile October 2020 Report Contents
Table 21  Cost of Production Estimate for: Acrylonitrile

Process: Propane AmmOoXidation; USGC ........ccuuiiiiiiiiieiiiice et 65
Table 22  Cost of Production Estimate for: Acrylonitrile

Process: Propylene Ammoxidation; Middle East..........cccccvvveeiiiiiiiiiiiiic e 66
Table 23 Cost of Production Estimate for: Acrylonitrile

Process: Propane Ammoxidation; Middle East ............ccoiiiiiiiiiiiiiiiice e 67
Table 24 Cost of Production Estimate for: Acrylonitrile

Process: Propylene AmMmoxidation; ChiNa ...........cooiiiiioiiiiiieiie e 68
Table 25  Cost of Production Estimate for: Acrylonitrile

Process: Propane AmmoXidation; ChiNa............eeeeiiiiiiiiiiiiie et a e e e 69
Table 26 Cost of Production Estimate for: Acrylonitrile

Process: Propylene Ammoxidation; SOUtNEast ASIa ........c..eeeiiiiiiiiiiiieeiiie e 70
Table 27  Cost of Production Estimate for: Acrylonitrile

Process: Propane Ammoxidation; SOUth@ast ASIa..........uuvvveeeiiiiiiiiiiiieeeeeiiiiiieeee e 71
Table 28 Cost of Production Estimate for: Acrylonitrile

Process: Propylene Ammoxidation; Western EUrOpe ... 72
Table 29  Cost of Production Estimate for: Acrylonitrile

Process: Propane Ammoxidation; Western EUrope .........c.oeeiiiiieiiiiiie e 73
Table 30  Global Acrylonitrile Consumption by ENd USE..........cooiiiiiiiiiiiiieiiiiee e 80
Table 31 Global Acrylonitrile Supply, Demand, and Trade ..............ceuueieirieeeeeeeieiiieieieeeeereeereeerereeeeeen. 83
Table 32 North America Acrylonitrile Consumption by EnNd USE .........ccvviiiiiiiiiiiiiieeee e 85
Table 33  Acrylonitrile Capacity in NOrth AMEriCa .........coooviiiiiiii 85
Table 34 North America Acrylonitrile Supply, Demand, and Trade...........c.cccuveeiiiiiieiiiiiieiiee e 87
Table 35  Western Europe Acrylonitrile Consumption by End USe...........ooooiii 89
Table 36 Acrylonitrile Capacity in WeStern EUrOPE ........ooovvee i 89
Table 37  Western Europe Acrylonitrile Supply, Demand, and Trade........c.ccccceiiiiiiiiiiiiiennieee e 90
Table 38 Middle East Acrylonitrile Consumption by End USe ... 93
Table 39  Acrylonitrile Capacity in the MiddIe EASt ..........coiiiiiiiiiiiiic e 93
Table 40 Middle East Acrylonitrile Supply, Demand, and Trade ............cccooeiiiiiiii 94
Table 41  Asia Pacific Acrylonitrile Consumption by ENd US€e ... 97
Table 42 Acrylonitrile Capacity in Asia Pacific and China ... 98
Table 43  Asia Pacific Acrylonitrile Supply, Demand, and Trade .............cccooeeiiiiiii 99

O NexanTtECA TECHNOLOGY & COSTS 5

TECH 2020-3 Acrylonitrile
100101.200.2020.003



Acrylonitrile October 2020 Report Contents

O NexantECA

TECHNOLOGY & COSTS

Technoeconomics - Energy & Chemicals
(TECH)

The NexantECA Subscriptions’” Technoeconomics - Energy & Chemicals (TECH)
program is recognized globally as the industry standard source for information
relevant to the chemical process and refining industries. Technoeconomics -
Energy & Chemicals (TECH) reports are available as a subscription program or
on a single report basis.

Contact Details:

Americas:
Marcos Nogueira Cesar, Vice President, Global Products, E&CA: NexantECA Subscriptions
Phone: + 1-914-609-0324, e-mail: mcesar@nexantECA.com

Erica Hill, Client Services Coordinator, E&CA-Products
Phone: + 1-914-609-0386, e-mail: ehill@nexantECA.com

EMEA:
Anna Ibbotson, Director, NexantECA Subscriptions
Phone: +44-207-950-1528, aibbotson@nexantECA.com

Asia:
Chommanad Thammanayakatip, Managing Consultant, Energy & Chemicals Advisory
Phone: +66-2793-4606, email: chommanadt@nexantECA.com

NexantECA (www.nexantECA.com) is a leading management consultancy to the global energy, chemical, and related industries. For over
38 years, NexantECA 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 NexantECA 2021. All Rights Reserved.

O NexanTECA TECHNOLOGY & COSTS 6
TECH 2020-3 Acrylonitrile
100101.200.2020.003



