Low Carbon Intensity Ethylene August 2022 Report Contents

SPECIAL REPORTS

Low Carbon Intensity Ethylene
Table of Contents
A Report by NexantECA, the Energy and Chemical Advisory company
Published Date: August 2022

www.nexanteca.com/subscriptions-and-reports

Contents
1 EXECULIVE SUIMIMAIY ...eeiiiiiiiiiie ettt ettt ekttt e skt e skt e e s bbbt e e e sttt e e enbb e e e e e e s 1
11 OVBIVIBW.......teee ettt ettt et e ettt e e e ettt e e ettt e e ettt e e et et e e e b e et e e s br e e e e nnneee e e 1
1.2 TECNNOIOGY ANAIYSIS .ottt ettt e e 1
1.2.1 Ethylene Decarbonization Activity of Major Players...........ccccccceiiiii, 2
1.2.2 Renewable Feedstocks for Steam Cracking..........cccccoooeiiiiiii 4
1.2.3 Renewable Methanol and MTO ... 5
1.2.4 Ethanolto Ethylene ... 7
13 Carbon INEENSILY ANAIYSIS ... .eeiiiiiiii ittt e et e s e e 7
1.4 ECONOMIC ANAIYSIS ..o 12
O R B 1 011 =T B = (SRS 14
S 1 o1 o - SRS 15
LA.3  BIAZIleeoieeiii it e e raeaeeaae 16
1.4.4  WEeSIEIN EUIOPE ... 17
15 Y=Y =0 [ A g =1 ] P PPPPPPPPPPNt 18
151 High LeVel INSIGNTS ..cciiiiiiiiiiiiie ettt e 18
1.5.2 Carbon Reduction Scenario Break-Even Values ............cccooviiiiiiiiiiiiiciiecs 18
1.6 CONCIUSIONS ...ttt e ket e ket e ekt e st e e e et e s annneee s 24
1.6.1  Cracker DeCarbONIZAtION.........c.ciiieiiieiiee e cetiieee e e e e e e e e a e e e e e e nnneeeees 24
I T2 |V N 1 TSRS OUPRPRPPPPP 25
1.6.3  Ethanol to EtNYIENE ........oooiiii e 25
2 0T [T o) o OO PPPERR 26
2.1 OVBIVIBW. ...ttt ettt e oo ookttt et e e e o4 e e a kb bt ettt e e e e s e n b bbbt e e e e e e e e e e nnbbeeeaaaeeaaannne 26
2.2 The Current Push: Sustainability ..........ccuuuiiiiiiiii e 26
221 The Big EMIEEIS ...ttt e e 27
2.2.2 Plastics: Key Enablers of Sustainability ............cccueeeiiiiiiiiiiieee e 27
2.3 Options for Low Carbon Ethylene Production ...........occeeveiiiiiieiiiiiie e 27
2.4 Conventional EthYIENE OVEIVIEW .........cciiiiiiiiiiiiii ettt e e 29
2.4.1  The Ethylene Value Chain ... 30
2.4.2  Ethylene ENG USES......ccciiiiiiiieii ettt a e e e st e e e e e e s e nnnnaneneeaeeannnnes 31
O NexanteCcA SPECIAL REPORTS 1

Low Carbon Intensity Ethylene
610863.300.2022.02



Low Carbon Intensity Ethylene August 2022 Report Contents

3 TECNNOIOGY ANAIYSIS ...ttt ettt a ket s bbbt e e st e st e e s e s 32
31 OVBIVIBW....c ettt ettt ettt et e e oo oottt et e e e e e e maebeeee e e e e e s e e nnsbeeeeeeeeesaannbbneaaaeeeaaannnes 32
3.2 S (=T 1 T O = T (1T U PERPR 33

32,1 CREMISIIY ettt ettt 33
3.2.2  PrOCESS OVEIVIEW ...utiiiieiiiiiiteiiieeee sttt ettt e ettt e et e e e et e e e e st e e e e nnba e e e e nnbaeeeeannees 35
3.2.3  CraCking FUIMACES ......oiiiiiiiieiiiiit ettt 39
3.2.4  Steam Cracker FEEASIOCKS .......uuiiiiiiiiie it 41
3.2.5 Steam Cracking Renewable Naphthas ............cccccviiiiiieiiiiiiiic e 42
3.2.6 Renewable Naphtha ProducCtion .............ccceeeiiiiiiiiiiiiie e 45
3.3 = Tot g ot (o] o H PP PPTP P TPPPPP 61
3.3.1 Sustainable INdustry DeVEIOPMENT .......coiiiiiiiiiiiie e 61
3.3.2  EIECHIIC CraCKEIS ...ttt e e e e e e e e 62
3.3.3 Electrification Technologies by ProjeCt/LICENSOr(S) ......ccoeeviuummnnieeeeeseeesennn 65
3.3.4  POWENNG the CracCKer .......uviiiiiiiii ittt 84
3.3.1 Electric Heating for Other TechnolOgIes ... 106
34 1 PSSP 110
3.4.1  MTO ProCcess DESCHPLION ...uuuuuuuuiriiiiiiiiiiiii s 111
3.4.2  Methanol SYNNESIS ....ccooiiiiiiiii e 111
3.4.3  Methanol t0 OlEfiNS .....oiiii i 118
35 Ethanol to Ethylene ... 121
3.5.1  Bioethanol t0 EtNYIENE .......ccoiiiiiiiiii e 121
3.5.2  Generations Of EtNANOL.............uiiiiiiiii e 129
3.6 (0= 17 oJo ] 0 I G- 10 U1 (PP 144
3.6.1  Carbon Capture OVEIVIEW.........uuuuuureuiuiiniiieiiiie s 144
3.6.2 Carbon Capture by Gas ADSOIPLION ........uuuuuuiiii s 145
3.7 Other Emerging Technologies for Fossil Feedstocks ... 156
3.8 Other Developmental Routes to Green Ethylene............ovvvviiiiiiiiiiieiiiiiiiieieeeeeeeveiveeens 163
3.8.1  DIreCt FEIMENTAtION .....ceiieee ittt e e s e e e e e e s e e e e e e s e e eeeaeeeas 163
3.8.2  PlANtS @S PlantS......cueiiiiiiiiiiieee e 163
3.8.3  CO21t0 EtNYIENE ...t 163
4 Carbon INEENSILY ANBIYSIS ......eiiiie ettt e ettt e e e e e e ettt e e e e e e e nnnbreeaaaeae s 165
4.1 =3 i gTe e (o] (oo VPSPPI 165
4.1.1  Generic Nature of ThiS ANAIYSIS.......cuuieaiiiiiiiiiiie e 165
4.1.2 Carbon Intensity MethodOIOgY ......ccciiuiiiiiiiiiiee e 165
4.2 RESUILS. ..ttt e oottt e e e e e ettt e e e e e e e bbb e e e e e e e e e nnnenees 172
A.2.1 OVEIVIEW ..ottt e ettt ettt e e oo oo bbbttt e a2 e e s a e bbbt e e e e e e e e s nnbb bt e e eeeeeeaannbenneeas 172
4.2.2 Regional CompPariSON CASES .......cceeiiuiiiiiiiiieieeitireeeatieeeesteeeesstieeesataeeessnsaeeeeaes 177
4.2.3  REQIONAI OVEIVIEWS .....teeiiiieeeii ittt e ettt e e ettt e e e e e e s e st b e e e e e e e e e annreeneeas 179
4.2.4  Carbon Intensities by TEChNOIOGY ........oviiiiiiiiiiiiie e 207

5 ECONOMIC ANGIYSIS ...ttt ettt e et e e e ettt e e e st e e e anbb e e e e anbeeeeennnes 222

5.1 /1] 1 g ToTe (o] (oo Y2 TP 222
D.1.1 SOUIMCES ..ttt s 222
O NexanteCcA SPECIAL REPORTS 2

Low Carbon Intensity Ethylene
610863.300.2022.02



Low Carbon Intensity Ethylene August 2022 Report Contents

5.1.2  COSHNG BASIS ..eeeiiiiiiiiiieee ettt s e e e e e e e e e e e e e 222
5.1.3  Capital COSt EIEMENES.....ccci ittt e e e s r e e e e 222
5.1.4 Operating COSt EIEMENIS .....coiviiiiiiiiiiee e 226
5.1.5  BASE CASES ..uuuuuiiiniiiniiiiiiiiiii s 229
5.1.6  EIECHNC CraCKerS ...ttt e e e e e e 232
5.1.7 Conventional Technologies with Carbon Capture...........cccccecvvviveeeeeiiiiciiieeeeeen 234
5.2 OVBIVIBW. ...ttt ettt e e e e e ettt et e e e e e e n s bttt e e e e e e ae e nnbe st e e eeeeeeaannbbneeeaaeesaannnes 234
LT O o To = PR TPPPPPR 234
5.3 (O0] 4] 0 F= 1= 1LY/ I8 o0 [0 1 0] (o= PSRRI 237
Lo T A U 1 71 (=0 IR = L= USSP 237
LT T O o 1| o - W PP PRR 243
5.3.3  BrAZIle e e e e e e e 247
5.314  WESEEIN EUIOPE ...ttt ettt e e e e 253
5.4 Cost Of Production MOEIS .......cooiiiiiiiii e e e 258
L A = 7= T O = T (= £ USSP 259
54,2 BCIACKEIS .ot 264
B5.4.3  CCS CrACKEIS ...oiiiitieieeee ettt e e ettt e e e e e e e st e e e e e e s e nnnnnaeeeeaeeeas 269
L S Y I PSPPSR 273
5.4.5 Ethanol t0 EtNYIENE .......uuuiiiiiii s 275
55 (@] o (11T 1O PPEER 277
6 SHTALEGIC ANGIYSIS ...ttt ettt e ettt e e st e e e e b e e e e e bb et e e bb e e e bae e e e e 279
6.1 Y=Y (=T [l [ 7T | L PP PPPPPPPPRt 279
6.1.1  High LeVel INSIGNTS ....coiiiiiiiiiiiiii et 279
6.2 Carbon Intensity Reduction Value SCENAIIOS. ...........uuiiiiiieiiieieieieieeeieieieiereseserereserererernnane. 284
6.2.1  EMISSIONS BASEINES ...t 284
6.2.2  SCOPE L EMISSIONS ....eiiiiiiiieiitiit ettt ettt 288
6.2.3 Scope 1 + 2 Emissions (Process EMISSIONS).........c.uuvvvevieieirieeeieieiiiieeseneresenennnnnns 290
6.2.4 Scope 1+ 2+ 3 Emissions (Value Chain EMISSIONS).........ccoovvveeiiiiieeiiiieeenie, 294
Appendices
A RETEIENCES ... 298
O NexanteCcA SPECIAL REPORTS 3

Low Carbon Intensity Ethylene
610863.300.2022.02



Low Carbon Intensity Ethylene August 2022 Report Contents

Figures

Figure 1 Primary Routes to Conventional Low Carbon Intensity Ethylene...........cccccociiiiiiiienn, 2
Figure 2 Typical HEFA Process BIOCK FIOW ........uuviiiiiiiii ettt e e 4
Figure 3 FT PrOCESS OVEIVIEW ...ttt ettt ettt ettt e e et e e et e e et e e e 5
Figure 4 Primary Bio-based Routes to Methanol.............cccoiiiiiiiiiiie e 6
Figure 5 Ethanol to Ethylene BIOCK FIOW DIBGIaM .......coouuiiieiiiiiieiiiie ettt 7
Figure 6 Global Ethylene Carbon Intensity COMPAriSON ..........ccoccuurieiieeee it e e e e e s e e e e e sreaaees 9
Figure 7 Ethylene Value Chain Carbon Intensity Comparison, United States ...........cccccceveeeeevicvnnnnn. 10
Figure 8 Ethylene Process Emissions Carbon Intensity Comparison, United States ................cc....... 11
Figure 9 Ethylene Direct Emissions Carbon Intensity Comparison, United States ............................. 12
Figure 10  Comparative Economics for Cracker Cases, United States..........cocvveeiiiiieiiiiiiee e, 14
Figure 11  Comparative Economics for MTO Cases, United States ........cccceeeiiiiiiiiiiiiiiiiicsceeceeeeeeeeeeen 14
Figure 12  Comparative Economics for Ethanol to Ethylene Cases, United States...........cccoeeeeeieieiennn. 14
Figure 13  Comparative Economics for Cracker Cases, ChiNa ..........cevvveeiiiiiiiiiiiieee e 15
Figure 14  Comparative Economics for MTO Cases, ChiNa........ccccocoeiiiiiiiiiiiiiiiiicccceecee s 15
Figure 15 Comparative Economics for Ethanol to Ethylene Cases, China .........ccccocveeiiiiiic e, 15
Figure 16  Comparative Economics for Cracker Cases, Brazil .........ccccoeeoieiiiiiiiiiiiiiiiiicceeceeee e 16
Figure 17  Comparative Economics for MTO Cases, Brazil ..........cccocvviiiiiiiiiiiiice e 16
Figure 18 Comparative Economics for Ethanol to Ethylene Cases, Brazil............cccocceiviiiiiniieccnnnn, 16
Figure 19 Comparative Economics for Cracker Cases, Western EUrope ........ccooeeeeeeeeieeeieieeeeeeeeeeeeennn 17
Figure 20 Comparative Economics for MTO Cases, Western EUrOpPe ........ccoovvivieiiiiiee it 17
Figure 21  Comparative Economics for Ethanol to Ethylene Cases, Western Europe...........ccceeeeeeennnn. 18
Figure 22 Annual Global Emission for the Chemical INAUSLIY .........ccoviiiiiiiiii e 27
Figure 23  Raw Material Feeds for EtNYIENE ...........uuiiii s 30
Figure 24 Ethylene DeriVatiVES ... 31
Figure 25  Primary Routes to Conventional Low Carbon Intensity Ethylene.............cccccooieiinieeinne, 32
Figure 26 Steam Cracking ProCeSS OVEIVIEW .........uuuuuuuuuiiii s 36
Figure 27  NGL Cracking (Cracking and Compression) Simplified Process Flow Diagram................... 37
Figure 28  NGL Cracking (Fractionation and Recovery) Simplified Process Flow Diagram .................. 38
Figure 29  Typical Cracking FUrNace ProCeSsS FIOW ............uuuuiiiii s 40
Figure 30  Typical Dual Radiant Cell Cracking FUrnace DeSIgN .......ccccceiiiiieeiiiiiee i 40
Figure 31  Typical HEFA Process BIOCK FIOW .........cooiiiiiiiiiiiiiiiiie et 45
Figure 32 Overall HEFA ChEemMISIIY .....ooiiiiiii ittt ettt 46
Figure 33  UOP Ecofining HVO Process FIOW DIiagram .........ccouiiiiiiiiiaeeiiiiieiee e 47
FIQUIE 34 FT PrOCESS OVEIVIEW ...ccoiiiieiiiiiiie et ettt e et e ettt e e e st e e e et et e e e e bt e e e anbe e e e e anbaeeeennnes 48
Figure 35  BiO-TCAI™ PrOCESS ...ieiuttietiieiiiieitieesiteeateeasteeesnteeesteeeaseeeateeesseeeaneeeaaseeeanteeanseeeaseeeanseeesneneans 50
Figure 36  PYrolysiS SCREMALIC ........uuviiiiiiiii ettt e e e e e e 51
Figure 37  Plastics to Liquid Fuel RECYCIING PrOCESS .....c.cuiiiiiiiiiie e 53
Figure 38  BIC SIMPIfied PrOCESS ......uiiiiiiiiiiitiiit ettt e e e e e et e e e e e e e eas 55
Figure 39  HC-HEFA SPK ProducCtion PrOCESS ......ccicuuiiiiiiiiieiiiit ettt 56
Figure 40 REACH Technology FIOW DIGQIaM ......ccceaiiiiiiiiiiiiee et e e 57
Figure 41  SIMPIIfied SBI PIrOCESS .....uuieiiiiiiiiitiiiieie ettt e e e et e e e e e e e et be e e e e e e e e annrenneeas 58
O NexanteCcA SPECIAL REPORTS 4

Low Carbon Intensity Ethylene
610863.300.2022.02



Low Carbon Intensity Ethylene August 2022 Report Contents

Figure 42 BASF and Linde's Electrically Heatable Reactor Process Flow Diagram ..............c..cccvvveee.. 66
Figure 43  Proposed Electrical Heating/Cooling Methods for Steam Cracking Processes.................... 68
Figure 44  Linde Roadmap to Net Zero CO2 Emissions in Olefin Plants...........ccccccooiieiiiieeiiiee e, 70
Figure 45 Linde’s Customized Toolbox to Net Zero CO2 Olefin Plants...........cccceeviiieiiiiiee e 71
Figure 46  Schematic Diagram of Shell EIECHIC FUMMACE .......coccuviiiiiiiiiiiiiiie e 72
Figure 47  Simplified Schematic of TOYO €-FUMNACE™ .........ccciiiiiiiiiiieie e 73
Figure 48  Representation of Coolbrook’s RDR ........c..oiiiiiiiiiiiii e 75
Figure 49  Scaled Representation of RDR in a Cracking Plant............cccooiviiiiiiiiiiiiiiece e 76
Figure 50  Energy Transformation Profile along RDR’s Three-Blade Row Configuration...................... 76
Figure 51  Schematic Diagram Of RDR ........ccoiiiiiiiiiiiii ittt 78
Figure 52  Global Annual Renewable Generation Capacity GrowWth ..........cccoceeiiiiiiiiiiiiiieeicceseeeee e 86
Figure 53  Typical Large-Scale Solar PV, Wind and BESS System Design and Integration ................. 87
Figure 54  Global Annual Growth of Installed Renewable Power Capacity ..........ccocovveeiiiiiieiiiieeeennn, 87
Figure 55  Profile of Load Demand with Impact Of StOrage........ccccoeoieieiiiiiiiiiicceeece e 91
Figure 56  Integration of Renewable Power Supply with BESS “Across-the-Meter” .............ccccoeeeinne. 92
Figure 57  Battery Energy Storage Systems — FTM and BTM ... 92
Figure 58  Variety of BESS End-Use APPIICALIONS .......cooiiiiiiiiiiiiieiiiiie e 93
Figure 59  Solar PV Energy Shifting USE CaSE .........uuuuuiiiiii s 94
Figure 60  Solar PV FirMING USE CaSe......uuuuuuuuiiiiiiiiiiiii s 94
Figure 61  Solar PV Ramp Management USE CaASE .......coicuuiiiiiiiiieiiiiie ettt 95
Figure 62  Synthetic Inertia and Fast Frequecy Response USE CasSe ......ccccceeeeveiiiiiiiiiiiiiieieseesseeeeeseenns 95
Figure 63  Power and Energy Requirements for ENd-USe CaSeS........ccooiuiiieiiiiiiiiniiiee e 97
Figure 64  Role of Policies, Regulations, and Markets in Enabling Energy Storage..........cccoeeeeeeeeeeennn. 98
Figure 65 ERCOT System Needs and SCENAIIOS .......cccuiiiiiiiiiiiieaiiiiee e iiieee et e et e e e e enaeee e 100
Figure 66  Broad Cost Metrics for RENEWADIE POWET ..........oiiiiiiiiiiiiiiie et 101
Figure 67  Regional Weighted-average LCOE of Offshore Wind, 2010 and 2020...........ccccceeeeeeeeiennn. 103
Figure 68 FTM Power Grid-Related TeChniCal ISSUES..........coiiiiiiiiiiiii e 106
Figure 69  Traditional Reactor versus Electrified REACION ...........cccoviiiiiiiiiiiiicie e 108
Figure 70  Simplified Schematic of Biogreen® REACION .........ceiiuiieiiieiiieeiiee et 109
Figure 71 Methanol t0 OlEfiNS PrOCESS. ... ..uuiiiiiiiii ittt e e 111
Figure 72 Primary Bio-based Routes t0 Methanol................oiiiiiiiii e 114
Figure 73 BIOMCN Bio-Methanol PrOCESS .......cuuiiiiiiiiiee ittt et naeee e 115
Figure 74  Diagram of Enerkem’s MSW to Biofuel ProCess ..........ooouviiiiiiiiiiiiiiiiieie e 116
Figure 75 Chemrec’s Entrained Flow Gasification Reactor..............cceeiiiiiiiiiiiiiiiiiic e 116
Figure 76  CRI's Process for the Production of Renewable Methanol .................ccccccciiis 117
Figure 77 UOP Advanced MTO Process: Reaction and Olefins RECOVErY ...........cccceviiiiiiiiiiiiennnninns 120
Figure 78  Bio-Ethanol to Green Ethylene: Conceptual Process FIOW ............cocveiiiiiiiiiiiiiiieiiieeeee 121
Figure 79  Braskem Ethanol Dehydration PrOCESS.........ocuuuiiiiiiiaiiiiiiiiie et e e 123
Figure 80  Ethylene from EthAn0l ...........cooiiiiiiiiiii et 125
Figure 81  Comparison of Hummingbird and Conventional Ethanol-to-Ethylene Catalysts................. 126
Figure 82  TechnipFMC Hummingbird® Technology Simplified Block Flow Diagram ..............ccceeu..... 127
Figure 83  TechnipFMC Hummingbird® Technology Process Diagram ............cccceeevvieeeeiiieeeeiiineeeens 127
Figure 84 KBR K-SEET™ Process BIOW FIOW Diagram ...........ccueeiieeiiuieeiiee e ssiie s sive e 128
O NexanteCcA SPECIAL REPORTS 5

Low Carbon Intensity Ethylene
610863.300.2022.02



Low Carbon Intensity Ethylene August 2022 Report Contents

Figure 85  Global Corn Production, 2019 ........cccuuiiiiiee i s e e e s e e e e e s s e an e e e e e e annnes 130
Figure 86  Wet Milling versus Dry Milling ProCess FIOW .........cccceiiiiiiiiiiiiie et 131
Figure 87  Flow Diagram of Cane Milling Process for Ethanol and Sugar Production ..............c......... 135
Figure 88  Block Flow Diagram of Ethanol Production from Sugarcane ...........cccccceeeeviiiiiiieeeeee e, 136
Figure 89  SUNLIQUID® Process Of CIANaNt..........cccuiiiiuiiiiiieiiie ettt bee e 137
Figure 90  LanzaTech BIOCK FIOW Diagram ..........uuiiieeiiiiiiiiiieeiee e s e iiiieee e ee e e s s sisiraee e e e e e s s snnnsnneneeeeesnnnnes 141
Figure 91  LanzaTecCh REACIOI SYSIEIM ....uuiiiiiiiiiie ittt et e e b e e e 142
Figure 92 Amine-based CarbOn CAptUre .........ocuuiiiiiiiiiiiiiiei e 147
Figure 93  Carbon Capture Integrated with Ethylene Production ..........ccccccoeviiiviiieeeee e 149
Figure 94  AXENS DIMX™ PrOCESS ......vviiiiiiiiiieiitiie ettt ete ettt et e e bt e et e e e et e e e s bb e e e e e abaeeeeaaes 151
Figure 95  Carbonate Looping Process SCheMALIC ..........uuuuuiiiii s 155
Figure 96  Linde EDHOX™ Process Block FIOW Diagram ..........c..ccoiuiiiiiiiiieiiiiiiceiiiiee e 157
Figure 97 EDHOX™ Zero Emission Configuration............c.eeoiiiiiiiiiiiiiiiiiiiee e 157
Figure 98  Clariant ODH CatalySt ..........uuuuuuiiiiiii s 158
Figure 99  Siluria's OCM Process Simplified Block FIOW Diagram ............cccceiiiieiiiiiinieeniiieee e 161
Figure 100 Siluria’s OCM Reactor DESIGN ........c.uviiiiiiee ittt e e ar e e e e e 162
Figure 101  Definitions of SCOPE EMISSIONS .....ciuviiiiiiiiiiiiiiiie ettt eee e 165
Figure 102 Process Carbon BalanCe...........uuuuuiuiiiiiii s 166
Figure 103 Equation for Raw Material EMISSIONS........uuuuuiiii s 167
Figure 104 Carbon Intensity of Ethylene Raw Materials ............cccoiiiiiiiiiiiiiiiccee e 168
Figure 105 Impact of Byproducts on Carbon INENSILY ... 169
Figure 106 Equation for Utility EMISSIONS .......cciiuiiiiiiiiiie ittt et e e naeeeeaae 170
Figure 107 Global Ethylene Carbon Intensity COMPAriSON ..........coeeeiiiiiiiiiiiieieee s 173
Figure 108 Ethylene Value Chain Carbon Intensity Comparison by Region: Naphtha Cracking,

Coal-Based MTO, and 1G Ethanol to Ethylene................uvvvviiiiiiiiiiiiiiiiiiiieieeieeeeeveveeveaeens 177
Figure 109 Ethylene Process Carbon Intensity Comparison by Region: Naphtha Cracking,

Coal-Based MTO, and 1G Ethanol to Ethylene..........ccoooiiiiiiiee e 178
Figure 110 Ethylene Value Chain Carbon Intensity Comparison, United States ..............ccceeeeeeeiieeennn. 179
Figure 111 Ethylene Process Emissions Carbon Intensity Comparison, United States .............c......... 181
Figure 112 Ethylene Direct Emission Carbon Intensity Comparison, United States...........cccccevvveeeenne 184
Figure 113 Ethylene Value Chain Carbon Intensity Comparison, Western EUrope ..........ccccceeeeeeeeeennnn. 186
Figure 114 Ethylene Process Emissions Carbon Intensity Comparison, Western Europe ................... 188
Figure 115 Ethylene Direct Emission Carbon Intensity Comparison, Western Europe................c........ 191
Figure 116 Ethylene Value Chain Carbon Intensity Comparison, Brazil ...........ccccccoviiiiiiiiiiiciiee e 193
Figure 117 Ethylene Process Emissions Carbon Intensity Comparison, Brazil ...........ccccccovviiieinnnins 195
Figure 118 Ethylene Direct Emission Carbon Intensity Comparison, Brazil............ccccccoiiiiiiiiiinnnnnnn. 198
Figure 119 Ethylene Value Chain Carbon Intensity Comparison, China..........c.cccccoviiiiiiiiiieeeiiieeeene 200
Figure 120 Ethylene Process Emissions Carbon Intensity Comparison, China.........cccooeeuviiiieiiennnnnns 202
Figure 121 Ethylene Direct Emission Carbon Intensity Comparison, China ..........ccccocveeiiiiiieiiieeene 205
Figure 122 Carbon Intensity of Ethane-based Ethylene, with and without CCS and eCracking,

(0] a1 (T ] £= LS PRPRRR PR 207
Figure 123 Carbon Intensity of Ethane-based Ethylene, with and without CCS and eCracking,

VVESTEIN EUIOPE ...ttt s 208
O NexanteCcA SPECIAL REPORTS 6

Low Carbon Intensity Ethylene
610863.300.2022.02



Low Carbon Intensity Ethylene August 2022 Report Contents

Figure 124 Carbon Intensity of Ethane-based Ethylene, with and without CCS and eCracking,

[ = 4| PR 209
Figure 125 Carbon Intensity of Ethane-based Ethylene, with and without CCS and eCracking,

(O3 0T 0= LSRR 209
Figure 126 Carbon intensity of Naphtha-based Ethylene, with and without CCS and eCracking,

(0 T ] ¥= L= SRR 210
Figure 127 Carbon intensity of Naphtha-based Ethylene, with and without CCS and eCracking,

WWESTEIM EUIOPE ...ttt ettt e e et r e e e e e e st e e e e e as 211
Figure 128 Carbon intensity of Naphtha-based Ethylene, with and without CCS and eCracking,

2] =V | PO RP PRSPPI 211
Figure 129 Carbon Intensity of Naphtha-based Ethylene, with and without CCS and eCracking,

L4 o113 - USSR 212
Figure 130 Carbon Intensity of Electrified Renewable Naphtha Cracking and eCracking, United

= 1 PSP PP PRPPPPPRPPPRPPN 213
Figure 131 Carbon Intensity of Electrified Renewable Naphtha Cracking and eCracking,

VA LETS] =T g U o] oL PSPPSRt 213
Figure 132 Carbon Intensity of Electrified Renewable Naphtha Cracking and eCracking, Brazil ......... 214
Figure 133 Carbon Intensity of Electrified Renewable Naphtha Cracking and eCracking, China......... 215
Figure 134 Carbon Intensity of Methanol-based Ethylene Technologies, United States...................... 216
Figure 135 Carbon Intensity of Methanol-based Ethylene Technologies, Western Europe.................. 217
Figure 136 Carbon Intensity of Methanol-based Ethylene Technologies, Brazil............ccccoeeeiiiiiiiieennn. 218
Figure 137 Carbon Intensity of Methanol-based Ethylene Technologies, China ...........cccccveieiiicene 218
Figure 138 Carbon Intensity of Ethanol-based Ethylene Technologies, United States.............ccccceunnn. 219
Figure 139 Carbon Intensity of Ethanol-based Ethylene Technologies, Western Europe .................... 220
Figure 140 Carbon Intensity of Ethanol-based Ethylene Technologies, Brazil ...........ccccccoviiiiiiiiiien. 220
Figure 141 Carbon Intensity of Ethanol-based Ethylene Technologies ..........cccoeeiiiiiiiiiiiiiiiiieceeeeeeeenn 221
Figure 142 Comparative Economics for Cracker Cases, United StatesS.........ccocvveeiiiiiiiiiiiieeeeiiieeeene 238
Figure 143 Renewable Naphtha Cracking Sensitivity to Vegetable Oil Price, United States................ 239
Figure 144 Comparative Economics for MTO Cases, United States .........cccccvviieeiiiiiiiii e 240
Figure 145 Comparative Economics for Ethanol to Ethylene Cases, United States...........cccccevvveeeenne 241
Figure 146 1G Ethanol to Ethylene Sensitivity to Ethanol Price, United States..........ccccooeeeeeieieiiiecennn. 242
Figure 147 Comparative Economics for Cracker Cases, ChiNa .........ccceiiiiiiiiiiiiiiiiiiiieie e 244
Figure 148 Renewable Naphtha Cracking Sensitivity to Vegetable Oil Price, China..............cc.cccoo.. 244
Figure 149 Comparative Economics for MTO Cases, ChiNa.........ccooiiiiiiiiiiiie i 245
Figure 150 Comparative Economics for Ethanol to Ethylene Cases, China .........ccccccoeiiiiiiiiiiiiiinnnns 246
Figure 151 1G Ethanol to Ethylene Sensitivity to Ethanol Price, China ............ccccccciiiiiiiiis 247
Figure 152 Comparative Economics for Cracker Cases, Brazil .........ccccveveeeiiiciiiiieeie e 248
Figure 153 Renewable Naphtha Cracking Sensitivity to Vegetable Oil Price, Brazil ..............ccccccoon. 249
Figure 154 Comparative Economics for MTO Cases, Brazil ..........ccooveiiiiiiiiiiiiiiiieiec e 251
Figure 155 Comparative Economics for Ethanol to Ethylene Cases, Brazil...........cccccccoviiiiiiiiiinnnnns 252
Figure 156 1G Ethanol to Ethylene Sensitivity to Ethanol Price, Brazil............ccocciviiiiiiiiieee 252
Figure 157 Comparative Economics for Cracker Cases, WeStern EUrOPE .........cccceeviveeeeiiieeeeiiieeeennne 254
Figure 158 Renewable Naphtha Cracking Sensitivity to Vegetable Oil Price, Western Europe............ 254
Figure 159 Comparative Economics for MTO Cases, WeStern EUrOPe ........ccccvvvveeeeeeeiiiiiiiiineee e e s 256
O NexanteCcA SPECIAL REPORTS 7

Low Carbon Intensity Ethylene
610863.300.2022.02



Low Carbon Intensity Ethylene August 2022 Report Contents

Figure 160 Comparative Economics for Ethanol to Ethylene Cases, Western EUrope...........ccccccoeeuvie 257
Figure 161 1G Ethanol to Ethylene Sensitivity to Ethanol Price, Western EUrope...........ccccvvvveeeeeiiinns 257
Figure 162 United States Ethylene Supply by FEedStOCK .........ccouviiiiiiiiiiiiiii e 284
Figure 163 China Ethylene Supply by FEEASIOCK . .......cciiiiiiiiiieie i 285
Figure 164 Brazil Ethylene Supply By FEEASIOCK ........uvviiiiiiiiiiiiiice e 286
Figure 165 Western Europe Ethylene Supply by FEeAStOCK .......ccoiiiiiiiiiiiie e 287
O NexanteCcA SPECIAL REPORTS 8

Low Carbon Intensity Ethylene
610863.300.2022.02



Low Carbon Intensity Ethylene August 2022 Report Contents

Tables
Table 1 Steam Cracking Decarbonization Technology DeVelOPEersS.........ccccvvveieeeeiiiiciiiiiieie e 3
Table 2 Scope 1 Emissions Carbon Value Breakeven for Cracker Decarbonization Cases ............. 19
Table 3 Scope 1 Emissions Carbon Value Breakeven for MTO Decarbonization Cases.................. 20
Table 4 Scope 1 Emissions Carbon Value Breakeven for Ethanol to Ethylene Cases............c......... 20
Table 5 Process Emissions (Scope 1+2) Carbon Value Breakeven for Cracker

DecarbONIZAtION CASES .......eieiiiiiie ittt et e e et e e et e e e et e e e st e e s st e e e e anees 21
Table 6 Process Emissions (Scope 1+2) Carbon Value Breakeven for MTO

DeCarbONIZAtION CASES .....ceiiiiiiiiiiiiiiii ettt ettt e e e e e e e e e e e e e e bbb e e e e e e e e e b eee s 21
Table 7 Process Emissions (Scope 1+2) Carbon Value Breakeven for Ethanol to Ethylene

L= ] L PP PPPPPRPRPPPPPRE 22
Table 8 Value Chain Emissions (Scope 1+2+3) Carbon Value Breakeven for Cracker

[D=Tor= T oo g1 4= U1 T o G- E]= T R SRT S 23
Table 9 Value Chain Emissions (Scope 1+2+3) Carbon Value Breakeven for MTO

DeCarbONIZAtION CABSES .....cciiiiiiiiiiiiiiiie ettt e ettt e e e e e e e e e e e e e bbb et e e e e e e e anbeenees 23
Table 10  Value Chain Emissions (Scope 1+2+3) Carbon Value Breakeven for Ethanol to

ENYIENE CASES ..ottt 24
Table 11 Licensors and Technology Holders for Steam Cracking Routes to Ethylene ...................... 33
Table 12 Overall Cracking Yields at MOderate SEVEILY ...........uuviviieeiieiiiieieeeieieieieeeiereeeeereeeserererenennannes 44
Table 13 Plastic Feedstock Type and Pyrolysis ProducCt TYPE .........cocuiiiiiiiiiieiiiiiieiiiiiee e 51
Table 14 Pyrolysis of Mixed Plastics Waste Technology Developers........cccccccoeiiiiii 54
Table 18  Steam Cracking Decarbonization Technology Developers........occvvveiiiiieiiiiieeniieee e 61
Table 16 Strengths and Opportunities of EIeCtric CraCKers ...........uuvvvviiiiiiiiiiiiiiiiiieieieieieveveveveeeeveeeanens 62
Table 15  Typical Industrial Applications and Their Respective Temperature Ranges...........cccccceee..... 63
Table 17 Key Configurational Differences Between Conventional Steam Cracker and Electric

(O = o3 (- SRS 64
Table 19 Pyrolysis Reaction Yield Comparison Between Coolbrook Turbo-reactor and

CONVENLIONAI FUIMACES ...ttt ettt e e e et e e e e e e e anbeeeeeas 79
Table 20  Technical Features and Process Condition Settings of the Model Turbo-reactor................. 79
Table 21  Total Steam Cracking Capacity in Europe by COF CoNnSOrtium ...........cccccevviveeenniieieniineen 80
Table 22 Process Conditions of the Shockwave REACON ...............eiiiiiiiiiiiiiiiiieeee e 81
Table 23 Definition of Electric Heating Methods and Application in Feed Preheating .............cc.ccve... 81
Table 24 EIECHICAl HAZAITS ...t e e e et e e e e e e e e nneeeeeas 84
Table 25  Description of Power Generation in Terms of Modes of Duty and Service ...........cccccoovuveee. 89
Table 26 Influencing Technical Factors and Recommended Mitigation Measures.............ccceeeeeen... 105
Table 27  Temperature Range and Yield of BIOgreen® ........cccoviiiiiiiiiiiiie e 109
Table 28  Licensors and Technology Holders for MTO Technology .........cooovuiieiiiiiieiiiiiieeeieeeee 110
Table 29 Renewable Methanol Existing Commercial Scale Capacities.........cccccevviuviieiiieeeniiiiiiieen. 114
Table 30  Commercial Amine-Based ADSOrption PrOCESS ........ccoiiiiiiiiiiiiieiiiiie et 148
Table 31  Gas Adsorption Processes for Post-Combustion CO2 Capture ..........cccveeeeeeeeeiiiiiiieeeeeennn. 152
Table 32  Membrane Separation Processes for Post-Combustion CO2 Capture .........ccccceeevvveeeennnnn. 154
Table 33  Carbon Intensity of Steam Cracker Raw MaterialS ..........ccooccvveiiiieeeiiiiiieiieee e eeeieeee e 168
Table 34  Carbon Intensity of Methanol Raw MaterialS..............eeiiiiiiiiiiiiii e 168
O NexanteCcA SPECIAL REPORTS 9

Low Carbon Intensity Ethylene
610863.300.2022.02



Low Carbon Intensity Ethylene August 2022 Report Contents

Table 35  Carbon Intensity of Ethanol Raw MaterialS ..........cccuvvviieeiiiiiiiieee e 168
Table 36 Impact of Byproducts on Carbon INTENSILY .......c.cocviiieiiee i 170
Table 37 Utility Emission Factors for all REGIONS .........coiiuiiiiiiiiiieiiecc e 171
Table 38  Grid Energy Mix across all REQIONS .........uuvviiiiiiiiiiiiiie et e e e an e e e 171
Table 39  Global Ethylene Carbon Intensity COMPAriSON .........ccoiiuiieiiiiiieiiiiie e 174
Table 40 Ethylene Value Chain Carbon Intensity Comparison by Region: Naphtha Cracking,

Coal-Based MTO, and 1G Ethanol to Ethylene............ccccvviiiiii i 177
Table 41 Ethylene Process Carbon Intensity Comparison by Region: Naphtha Cracking,

Coal-Based MTO, and 1G Ethanol to Ethylene............ccovviiiiie i 178
Table 42 Ethylene Value Chain Carbon Intensity Comparison, United States ..........c.ccccveevvineeennnnn. 180
Table 43 Ethylene Process Emissions Carbon Intensity Comparison, United States ...................... 182
Table 44 Ethylene Direct Emission Carbon Intensity Comparison, United States.............c.ccceeernee. 185
Table 45  Ethylene Value Chain Carbon Intensity Comparison, Western EUrope ...........ccccoccvveennnnnn. 187
Table 46 Ethylene Process Emissions Carbon Intensity Comparison, Western Europe.................... 189
Table 47 Ethylene Direct Emission Carbon Intensity Comparison, Western Europe............cccceeeuee. 192
Table 48 Ethylene Value Chain Carbon Intensity Comparison, Brazil .................ccccccc. 194
Table 49  Ethylene Process Emissions Carbon Intensity Comparison, Brazil ...........cccccccceeviiiieennnnn. 196
Table 50 Ethylene Direct Emission Carbon Intensity Comparison, Brazil.................cccccccco. 199
Table 51 Ethylene Value Chain Carbon Intensity Comparison, China...............cccccc. 201
Table 52 Ethylene Process Emissions Carbon Intensity Comparison, China...........ccccccveeiiinieennnnn. 203
Table 53 Ethylene Direct Emission Carbon Intensity Comparison, China ............ccccccoeiei. 206
Table 54  Carbon Intensity of Ethane-based Ethylene, with and without CCS and eCracking,

[T (T ] 1= 1= SRS 208
Table 55  Carbon Intensity of Ethane-based Ethylene, with and without CCS and eCracking,

WESTEIN EUIOPE ... s 208
Table 56 Carbon Intensity of Ethane-based Ethylene, with and without CCS and eCracking,

[ = 4| PSP PRTT PR 209
Table 57  Carbon Intensity of Ethane-based Ethylene, with and without CCS and eCracking,

L4 01T T PP UPEER 209
Table 58  Carbon intensity of Naphtha-based Ethylene, with and without CCS and eCracking,

[T (T ] 1= L= 210
Table 59 Carbon intensity of Naphtha-based Ethylene, with and without CCS and eCracking,

VVESTEIN EUIOPE ...t s 211
Table 60  Carbon intensity of Naphtha-based Ethylene, with and without CCS and eCracking,

2 = 4 | R 212
Table 61  Carbon Intensity of Naphtha-based Ethylene, with and without CCS and eCracking,

L4 o113 USSR 212
Table 62  Carbon Intensity of Electrified Renewable Naphtha Cracking and eCracking,

(0] a1 (T ] £= LS TR SPRRT PR 213
Table 63  Carbon Intensity of Electrified Renewable Naphtha Cracking and eCracking,

WESTEIN EUIOPE ... s 214
Table 64  Carbon Intensity of Electrified Renewable Naphtha Cracking and eCracking, Brazil ......... 214
Table 65  Carbon Intensity of Electrified Renewable Naphtha Cracking and eCracking, China......... 215
Table 66  Carbon Intensity of Methanol-based Ethylene Technologies, United States....................... 217
Table 67  Carbon Intensity of Methanol-based Ethylene Technologies, Western Europe.................. 217
O NexanteCcA SPECIAL REPORTS 10

Low Carbon Intensity Ethylene
610863.300.2022.02



Low Carbon Intensity Ethylene August 2022 Report Contents

Table 68  Carbon Intensity of Methanol-based Ethylene Technologies, Brazil..............ccccoeevvvveneeenn. 218
Table 69  Carbon Intensity of Methanol-based Ethylene Technologies, China .........cccccccoeevivveeneeenn. 219
Table 70  Carbon Intensity of Ethanol-based Ethylene Technologies, United States............c....c....... 219
Table 71  Carbon Intensity of Ethanol-based Ethylene Technologies, Western Europe .................... 220
Table 72 Carbon Intensity of Ethanol-based Ethylene Technologies, Brazil ............cccccccceiiiiiiennnn. 221
Table 73  Carbon Intensity of Ethanol-based Ethylene Technologies, China.........cccccccceevviiivieeneeenn. 221
Table 74 Key Assumptions in Developing and Estimating COPs for Electric Crackers..................... 233
Table 75  Assumed Renewable Power Prices (Onshore Wind) .........c.cccveiiiiieiiiiiiiiiiieceee e 234
Table 76 RAW MALEIIAIS PriCES ....uuiiiii ittt ettt et et e et e e et e e e enees 235
Table 77 BYPIOGUCES PrICES ...ttt e e st e e et e e e b e e e aaes 236
Table 78 Utility Prices and Manpower COSES.......ccooiiiiiiii e, 236
Table 79  Comparative Economics for Base Cracker Cases, United States .........cccccceeeevvviiiiiennennnn. 237
Table 80  Comparative Economics for Electrified Cracker Cases, United States...........ccoeevvveereeennn. 237
Table 81 Comparative Economics for Base MTO Cases, United States .............cuvvvvvvevvevveeeenierennnnnns 239
Table 82  Comparative Economics for CCS MTO Cases, United StateS..........ooocvvveeveeeeeiiiiiiiieneeenn, 240
Table 83 Comparative Economics for Ethanol to Ethylene Cases, United States...........cccccvvvvvvvnnnns 241
Table 84  Comparative Economics for Base Cracker Cases, China.........cccccevvviiviiiiieeee e, 243
Table 85 Comparative Economics for Electrified Cracker Cases, China .............euvvvvvveiveeveveveienennnnnns 243
Table 86 Comparative Economics for Base MTO Cases, ChiNa ..........cuvvvvvviveeieveieiiieiiieieieieieierennnnnns 245
Table 87  Comparative Economics for CCS MTO Cases, ChiNa........ccccvveviieeiiiiiiieiieee e 245
Table 88 Comparative Economics for Ethanol to Ethylene Cases, China ..............c.cvvvvvvviviieviienennnnn, 246
Table 89  Comparative Economics for Base Cracker Cases, Brazil ..........ccccccovvviiiiiiiieee e, 248
Table 90 Comparative Economics for Electrified Cracker Cases, Brazil .............ccccevvvvvvvvvveveveienennnnnns 248
Table 91  Comparative Economics for Base MTO Cases, Brazil.........cccccveveeeiiiiciiiiieee e 250
Table 92  Comparative Economics for CCS MTO Cases, Brazil ........ccccoveviieeeiiiiiiiiiieee e 250
Table 93 Comparative Economics for Ethanol to Ethylene Cases, Brazil............cccvvvvvevevveveveienennnnns 251
Table 94  Comparative Economics for Base Cracker Cases, Western EUrope ..........cocccveevvineeeennnn. 253
Table 95 Comparative Economics for Electrified Cracker Cases, Western EUrOpe ............cvvvvvvvennnes 253
Table 96  Comparative Economics for Base MTO Cases, WesStern EUrope.........cccceevvveeeeiiineeeennnnn, 255
Table 97  Comparative Economics for CCS MTO Cases, WesStern EUrOpe .........ccccceevvieeeeiiineeeennnn. 255
Table 98  Comparative Economics for Ethanol to Ethylene Cases, Western Europe.............ccccceee... 256
Table 99  Cost of Production Model for Ethane Cracking to Ethylene in the United States ............... 259
Table 100 Cost of Production Model for Naphtha Cracking to Ethylene in the United States ............. 260
Table 101  Cost of Production Model for HYO Naphtha Cracking to Ethylene in the

L1 ] = L= SR 261

Table 102 Cost of Production Model for FT Naphtha Cracking to Ethylene in the United States........ 262
Table 103 Cost of Production Model for Plastic Naphtha Cracking to Ethylene in the

UNIEEA STALES ...ttt ettt ettt e e st et e e ab et e e et e e e anre e e e e 263
Table 104 Cost of Production Model for Ethane eCracking to Ethylene in the United States ............. 264
Table 105 Cost of Production Model for Naphtha eCracking to Ethylene in the United States ........... 265
Table 106 Cost of Production Model for HYO Naphtha eCracking to Ethylene in the

UNIEEA STALES ...ttt ettt e ettt e e et et e e st et e e e bb e e e e aabbeeeeaae 266
O NexanTECA SPECIAL REPORTS 11

Low Carbon Intensity Ethylene
610863.300.2022.02



Low Carbon Intensity Ethylene August 2022 Report Contents

Table 107 Cost of Production Model for FT Naphtha eCracking to Ethylene in the

(0T ] ¥= L= PR 267
Table 108 Cost of Production Model for Plastic Naphtha eCracking to Ethylene in the

(0] =T0 B S] = 1= RP T OPPRRRPPPR 268
Table 109 Cost of Production Model for Ethane Cracking to Ethylene with CCS in the

(0 T ] ¥= L= SRR 269
Table 110 Cost of Production Model for Naphtha Cracking to Ethylene with CCS in the

(0T ] ¥= L= PR 270
Table 111 Cost of Production Model for Ethane eCracking to Ethylene with CCS in the

(0] =T0 B S] = 1= RP T OPPRRRPPPR 271
Table 112  Cost of Production Model for Naphtha eCracking to Ethylene with CCS in the

(01 (T ] r= L= SRR 272
Table 113  Cost of Production Model for MTO to Ethylene in the United States .............ccccevviiieennnnn. 273
Table 114 Cost of Production Model for MTO to Ethylene with CCS in the United States................... 274
Table 115 Cost of Production Model for Ethanol to Ethylene in the United States............cccccvveennne. 275
Table 116 Cost of Production Model for Ethanol to Ethylene with CCS in the United States.............. 276
Table 117 SWOT Analysis of Carbon Capture for Ethylene Production ............cccoccvveiiiiiieiininiecenne, 279
Table 118 SWOT Analysis of Electrification for Ethylene Production ..............cccccooii, 280
Table 119 SWOT Analysis of Renewable Methanol for Ethylene Production.................................. 281
Table 120 SWOT Analysis of Renewable Naphthas for Ethylene Production ............ccccccceeiiiieennnnn. 282
Table 121 SWOT Analysis of Ethanol as a Feedstock for Ethylene Production...................c.coooe. 283
Table 122  United States Baseline Ethylene Carbon INtENSItY ........cceveiiiiiiiiiiiiii e 284
Table 123 China Baseline Ethylene Carbon INteNSity ... 285
Table 124  Brazil Baseline Ethylene Carbon INtENSILY .........cocouiiiiiiiiieiii e 286
Table 125 Western Europe Baseline Ethylene Carbon INtENSILY ........coocvvveiiiiiieiiiiiee e 287
Table 126 Scope 1 Emissions Reductions for Cracker Decarbonization Cases...........c.cccccceeeeeeeeeen... 288
Table 127 Scope 1 Emissions Reductions for MTO Decarbonization Cases ........ccccccvveeevieivvienneeenn. 288
Table 128 Scope 1 Emissions Reductions for Ethanol to Ethylene Cases...........ccccccooiiiii. 289
Table 129 Scope 1 Emissions Carbon Value Breakeven for Cracker Decarbonization Cases ........... 289
Table 130 Scope 1 Emissions Carbon Value Breakeven for MTO Decarbonization Cases................ 290
Table 131 Scope 1 Emissions Carbon Value Breakeven for Ethanol to Ethylene Cases.................... 290
Table 132 Process Emissions (Scope 1+2) Reductions for Cracker Decarbonization Cases............. 291
Table 133 Process Emissions (Scope 1+2) Reductions for MTO Decarbonization Cases.................. 291
Table 134 Process Emissions (Scope 1+2) Reductions for Ethanol to Ethylene Cases ..................... 291
Table 135 Process Emissions (Scope 1+2) Carbon Value Breakeven for Cracker

(D= Tor= T oo 1A= LT o = Y=L R 292
Table 136 Process Emissions (Scope 1+2) Carbon Value Breakeven for MTO

DecarbONIZAtiON CASES ......cuieiiiiiiiiiii ettt e e e e e e st e e e e e e e et e e e e e e e anbeeaees 292
Table 137 Process Emissions (Scope 1+2) Carbon Value Breakeven for Ethanol to Ethylene

L= T L PSP PRSPPRRNS 293
Table 138 Value Chain Emissions (Scope 1+2+3) Reductions for Cracker Decarbonization

L= T L PRSP PRPPPRPNS 294
Table 139 Value Chain Emissions (Scope 1+2+3) Reductions for MTO Decarbonization

(0= L S PP PP P PP PPPUPPPPPPPRPPPRPPIRt 294
Table 140 Value Chain Emissions(Scope 1+2+3) Reductions for Ethanol to Ethylene Cases............ 295
O NexanteCcA SPECIAL REPORTS 12

Low Carbon Intensity Ethylene
610863.300.2022.02



Low Carbon Intensity Ethylene August 2022 Report Contents

Table 141 Value Chain Emissions (Scope 1+2+3) Carbon Value Breakeven for Cracker

Decarbonization CaSsEes .........coooiiiiiiiiiii 295
Table 142 Value Chain Emissions (Scope 1+2+3) Carbon Value Breakeven for MTO

DecarbONIZAtION CASES .......eiiiiiiiieeiiiie ettt e et e e ettt e e s sbb et e e s sbbe e e e anbbeeeeanbaeeeeane 296
Table 143 Value Chain Emissions (scope 1+2+3) Carbon Value Breakeven for Ethanol to

EENYIENE CaSES. ittt e e et e e e et e e e e e e aane s 296
O NexanteCcA SPECIAL REPORTS 13

Low Carbon Intensity Ethylene
610863.300.2022.02



Low Carbon Intensity Ethylene August 2022 Report Contents

O NexanttECA

SPECIAL REPORTS

The NexantECA Subscriptions’ program is recognized globally as the industry
standard source for information relevant to the chemical process and refining
industries. reports are available as a subscription program or on a single report
basis.

Contact Details:

Americas:
Marcos Nogueira Cesar, Vice President, Global Subscriptions and Reports
Phone: + 1-914-609-0324, e-mail: mcesar@NexantECA.com

Erica Hill, Client Services Coordinator, Subscriptions and Reports
Phone: + 1-914-609-0386, e-mail: ehill@NexantECA.com

EMEA:
Anna Ibbotson, Vice President, Sales and Marketing
Phone: +44-207-950-1528, aibbotson@NexantECA.com

Asia:
Chommanad Thammanayakatip, Managing Consultant
Phone: +66-2793-4606, email: chommanadt@NexantECA.com

NexantECA Subscriptions and Reports provide clients with comprehensive analytics, forecasts and insights for the chemicals, polymers,
energy and cleantech industries. Using a combination of business and technical expertise, with deep and broad understanding of markets,
technologies and economics, NexantECA provides solutions that our clients have relied upon for over 50 years.

Copyright © 2000-2021 NexantECA (BVI) Limited. All rights reserved

c NeYaanm SPECIAL REPORTS 14
Low Carbon Intensity Ethylene
610863.300.2022.02



