LUBE OIL

May 2012 Report Contents

LUBE OIL

Table of Contents

A Report by Nexant's CHEMSYSTEMS
Process Evaluation/Research Planning (PERP) Program

PERP 2011S8 - Published May 2012

Www.chemsystems.com

Section Page
1 EXECULIVE SUMMAIY ..cuiiiiiiieiieeie et iesieeste et staeae s e ste e e snaesaeenaesneesteeneesneenseens 1
11 REPORT SCOPE AND STRUCTURE.......cccccoiiiiiieeie e 1

12  TECHNOLOGY DEVELOPMENTS ....ccccoiiiiiiiienieise e 2

1.3 BUSINESS DEVELOPMENTS ......ooiiiie et 2

1.4  TECHNOLOGY LICENSING STATUS ..ot 3

15 STRATEGIC CONSIDERATIONS ...t 4

1.6 CONVENTIONAL TECHNOLOGIES.........coceiiiiirinineeese e 5

1.7 DEVELOPING TECHNOLOGIES..........ccoei e 6

1.8 ECONOMIC ANALYSIS ...ttt 6

1.8.1 Conventional Base Oil ManufacCture............ccccoovvevinenienenie e 6

1.8.2  GTL ECONOIMICS ....eviviiiiiiiieie ittt 7

1.8.3 PAO ECONOMICS.....uiiiiiiiiitiaiieieesieeiesieesie et ee e sae e sreeeesnes 8

1.9  MARKET ANALYSIS ..o 9

1.9. 1 DEMANG ....ciiiiiiiieiieeie ettt 9

2 INEFOAUCTION ...ttt bbb 11
2.1 BASE OIL GROUPS ... ..ot 14

2.2  TECHNOLOGY OVERVIEW......ccocoiiiiiicieieise e 14

2.2.1 Commercial TeChNOIOQIeS .......ccoveiiiiiiiiiiee s 14

2.2.2 Developing TechnolOgies .......cccccvevivereiiieiieie e 19

2.3 BUSINESS DEVELOPMENTS ......ooiiiii e 19

24  TECHNOLOGY LICENSING STATUS .....cceiitiieese e, 20

2.5 STRATEGIC CONSIDERATIONS ...t 21

2.6 PHYSICAL AND THERMODYNAMIC PROPERTIES.........cccecvrerirnenen. 22

2.7 HEALTH HAZARDS. ...t 23

O Nexanrt CHEMSYSTEMS PERP PROGRAM 1
wa chemsystems com PERP 201158, Lube Oil

A00101.0011.4116


http://www.chemsystems.com/

LUBE OIL

May 2012 Report Contents

2.8  HANDLING AND USE ......ocotiiiiiiiiieieese e 23
3 Commercial TEChNOIOGIES .......coviiiiiiiiie e 25
3.1l OVERVIEW ..ottt 25
3.2 TRADITIONAL OIL REFINING PROCESS..........ccooiiieeiie e 26
3.2.1  ProCeSS OVEIVIEW. ....ccuiiiiiiiiiieiieiiesie ettt sttt 26
3.3 HYDROPROCESSING......cccotiiiiieieniesiesie ettt nees 30
3.3.1 ExxonMobil’s Lube Hydrocracking, Catalytic Isomerization,
and Hydrofinishing ProCeSS ........cocvvieiiiieiierice e 30
3.3.2 Chevron Lummus Global’s All Hydroprocessing Base Qil
Production ROULE .........coeiiiiienieseet e 32
3.4  GAS-TO-LIQUIDS (GTL) PRODUCTION ....ccoviiiieisiirierieic e, 36
341 TeChnOlOgy ....covveieiieie e 37
3.5  POLY-ALPHA-OLEFIN PRODUCTION ......ccoceitiiieieinieeec e, 45
3.5.1  ProCeSS ROULE........eiiiieiieeii ettt 47
3.5.2  Manufacturing Process for PAO.......cccccoveiieeieiiieneese e, 48
3.5.3  Chemistry for PAO SYNthesSiS........ccoceiiiiiiiiiiinieniee e 48
3.5.4 Molecular Weight and Performance ...........cccoccvevvevveresieseeseseesnen, 49
3.5.5 Key EQUIPMENT ....ooiiiieie e 54
356 LECENSOIS .ttt ettt bbb 55
4 Developing TeChNOIOGIES ......ccveiieiiiie e eneas 56
4.1 INTRODUCGTION ..ottt e e 56
4.2  BIO-BASED LUBRICANT COMPANIES ......ccooiieieieiee e 56
421 EIBVANCE ...ueiiieiiee ettt et 56
4.2.2  SOIAZYME.....i ettt e 57
A.2.3  AMYTIS. ottt ettt bbbt neenreas 57
5 ProCESS ECONOIMICS ....viiiiiiiieie ettt 59
5.1 CRUDE OIL PRICING OUTLOOK ..ot 59
5.1.1  BaCKQrOUNG .......ccouiiieiiieiicie ettt nne e 59
5.1.2  Crude Oil Price ASSUMPLIONS.......ccueiieriiiieiieeiiesiie e 59
52  REFINED FUELS AND LUBE OILS PRICE OUTLOOK.........ccceevrurnennen. 60
5.2.1 Methodology for Forecasting PriCeS.........ccceierienienenienieeriesee i, 60
53  KEY BASE OIL PRICE REFERENCES........cccccooiiiiiiiiieseeeee e, 62
5.4 CONVENTIONAL BASE OIL COST TRENDS ..o 63
5.4.1 INVESIMENT BASIS ...c.viiviiiiiiiiiiiiiiee e 65
O Nexanrt CHEMSYSTEMS PERP PROGRAM 2
v chemsystems.com PERP 201158, Lube Oil

A00101.0011.4116



LUBE OIL

May 2012 Report Contents

55  SYNTHETIC ALTERNATIVES TO CONVENTIONAL BASE
(@ ] S TSRS R S 68
ST T R 1 I RSOOSR 68
5.5.2  PAOD i 74
6 ComMMErcial MarketS........coooiiiiiiiiiiee s 78
6.1 FINISHED LUBRICANTS ...t 78
6.1.1 BacKground..........cocoiieiiiieieece e 78
6.1.2 DEMANG.....cciiiiiiiiie e e 78
6.1.3 Key Drivers of Finished Lubricant Demand and Quiality .................. 80
6.2 BASE OILS ...t 83
B.2.1  DEMANG ....c.oiiiiieitiiiiiieie ettt 83
B.2.2  SUPPIY oottt e 86
6.2.3  NEETIAUE ..ot e 89
A €1 01157 | YRR UT R TPRURPRPRPRRS 91
8 REIBIENCES ...t 93
Appendix Page
A Definitions of Capital Cost Terms Used in Process ECONOMICS..........c..cccevevenne. A-1
B  Definitions of Operating Cost Terms Used in Process Economics...................... B-1
C PERP Program Title Index (2001/2002 - 2011) .....ccccvimrieienenienenisieseseseenee e, C-1

O Nexanrt CHEMSYSTEMS PERP PROGRAM 3
wa chemsystems com PERP 201158, Lube Oil

A00101.0011.4116



LUBE OIL

May 2012 Report Contents

Figure Page
1.1 Common Routes for Base Oil Production ............cccocevvienininiienenieseene e 5
1.2 Global Finished Lubricants Demand by Region..........ccccccvvvvivenieiieniene e 10
2.1 Examples of Molecules Found in Lube Oils..........cccceiiiiiiiiiinniieeeeeie e, 12
2.2  Solvent Refining and Hydrocracking Lubricant Processing..........ccccccevcvervenen. 17
3.1 Common Routes for Base Oil Production .............ccoceiriieiiiiinninieseeneeie s 25
3.2 Lubricant Plant Block FIOW Diagram...........ccccecevverieiiienieeieseese e sie e 27
3.3 Diagram of a Vacuum Distillation Unit............cccooiveiiiniiiiiiinneeeceie s 28
3.4 ExxonMobil Lube Hydroprocessing Technology........cccccvevvvieiveiesieennaiiennn, 31
3.5 Isocracking Process Flow Diagram Two-Stage Hydrocracker with

Intermediate DiStHIAtION ........cccoviiiiiiii e, 33
3.6 Isodewaxing and Isofinishing Process Flow Diagram...........cccocvvveneenininnnnnns 35
3.7 GTL PrOCESSING .vecvvevieieeiieseeieeeesteetesseesteete e steessessaessaeeesneesseaneesneesaeensesnens 38
3.8 ShEll (SMDS) FT PrOCESS......ccuiiieiieeiesieesieeieesies e et siee e ssee st snee e saesneesneas 40
3.9 SIUITY Bed FT REACION .......cciieieceiesieeie ettt sae e enees 41
3.10 Shell Autothermal (POX) PrOCESS .......ocueiiriiiiieiieeie et 42
3.11 EXXON (AG2L) FT PrOCESS.....ccviiieiieeeeariesieesiesseesseessessaesssessssseessesssesseessesnsessens 44
3.12 Hydroisomerization 0f GTL Ol ......cccooiiiiiiiiiiiieeeseeee e 46
3.13 PAO ProCess ROULE.........cceoiiiiiieiiciieeree e 47
3.14 PAO Production from EtNYIENE..........ccoiiiiiiiiiieceeeeee e 48
3.15 Alpha Olefin Polymerization, Catalyst Quench and Drying .........ccccccevvevenen. 50
3.16 Poly-alpha-olefin Oil Purification and Hydrogenation ...........cc.ccocceveeniniennnn, 51
3.17 Schematic of Heavy Synthetic Hydrocarbon Production ............cccccceevevveiinnen, 53
5.1 Nexant’s Medium Crude Oil Price Scenario (WTI) .....ccoooveviiinninieneenieieins 60
5.2 Nexant’s Lube Base Oil Price History and Forecast ............ccccceveveveiieeieainennn, 61
5.3 North American Lube Oil Price Trends.........cccocceveeienieninie e 62
5.4  Lubricant TECANOIOQY .......veiveiiiieiieie e 67
6.1 Global Finished Lubricants Demand by RegION..........ccoovveviiiiiinienieiieieins 79
6.2 Global Base Oil/Lubricant DevelopmEeNtS.........ccoivevieiiierieiesiese e se e 82
6.3 Global Base Oil Demand DY GrOUP ......cceerieiiiieieeie e 85
6.4 Global Base Oil Production Capacity, 2012.........ccccceiveiveieiiieneere e e eie s 86
6.5 Global Base Oil Capacity by Group and Region, 2012..........ccccccevvevveineennnnnn, 87
6.6 Global Base Oil Capacity by Group and Region, 2015...........cccccveveiieeiveinennnns 88
6.7 Group I11 Base Oil Capacity by RegION.........cccooviiiiiiieiiee e 88
6.8 Global Base Oil Net Trade by REGION ......ccveiveiiiiieecieseee e 89

O Nexanr CHEMSYSTEMS PERP PROGRAM 4
ww chemsystems.com PERP 201158, Lube Oil

A00101.0011.4116



LUBE OIL

May 2012 Report Contents

Table Page
1.1 StrategiC CONSIAEIALIONS ........ccieiiiiieiieie ettt nae e 4
1.2 Conventional Lube Base Oil Process ECONOMICS..........ccccerererenenenineneseeeeneenen, 6
1.3 GTL Capital Investment COMPAriSON ..........ccveuerieieeriesiesieeie e sie e ee e e 7
1.4  GTL Cost of Production COMPAIiSON ........c.civerueiieiieiesieseesieseesieeee e sreeseesseesseens 7
1.5 PAO Cost of Production COMPAriSON..........ccveuererieeieseesieeseesieesieeeesreeseesseesseeseens 9
2.1 Indicative Composition of LUBFICANTS ........cccccveiiviiiiiiec e 13
2.2 API BaS Oll GIOUPS ..coveeuieiiieitieiesiie sttt sttt sttt sae e nreas 14
2.3 StrategiC CONSIAEIALIONS .......eeiuveieiieieeieeee e e et e e ste e e et e e sreesreane e s e e saeeneesreas 21
2.4 Physical and Thermodynamic Properties of Base OilS..........ccccooeinnniininicinnnn, 22
5.1 Conventional Lube Oil Cost of Production — Group H/H .......c.ccoovveiiiiviiieiieien, 64
5.2 Conventional Lube Base Oil Process ECONOMICS........cccooueiieiiiieiienienie e 65
5.3 GTL Capital Investment COMPAriSON.........ccccveruerieerieerieaieseeseeeeseesseseeseesseseessens 69
5.4 GTL Cost of Production COMPAIiSON .........ceiieiiririieeiesie et siee s 69
5.5 50000 BPD Shell GTL Cost 0f Production ............ccocuevuririeneneieneseseseeeeseeee e 70
5.6 50000 BPD Exxon GTL Cost 0f ProduCtion ............ccccceoeiiiiiinninnese e 71
5.7 2000 BPD Shell GTL Cost OF ProduCHION..........cccciiiiiinieieieie e 72
5.8 2000 BPD Exxon GTL Cost Of ProdUCTION .........ccoiieriiiieiieiieie e 73
5.9 PAO Cost of Production via Conventional DeCene..........ccccceverereririeninienieeienienns 75
5.10 PAO Cost of Production via GTL Derived DECENE...........ccccceeriririienienieseenie e 76
6.1 Global Finished Lubricants Demand by ReQION..........cccccveiieiiiiiiiiere e 80
6.2 Global Total Base Oil Demand by RegioN ..........ccccoiieiiiiiiiiiie e 84
O Nexanrt CHEMSYSTEMS PERP PROGRAM 5

www.chemsystems.com

PERP 2011S8, Lube QOil
A00101.0011.4116



LUBE OIL May 2012 Report Contents

CHEMSYSTEMS

PERP PROGRAM

O Nexanr

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.
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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 Nexanrt CHEMSYSTEMS PERP PROGRAM 6
PERP 201158, Lube Oil
A00101.0011.4116

www.chemsystems.com


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

