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PREFACE

The Handbook of Petroleum Refining Processes is a compendium of licensable technologies for
the refining of petroleum and production of environmentally acceptable fuels and petrochemical
intermediates.

This fourth edition is being published as technological advances in the production of shale,
offshore and lower-quality gas, and petroleum resources require new, advanced refining technol-
ogies. Advanced methanol-to-olefins processes will provide a pathway to convert cost-advantaged
alternative feedstocks such as coal, natural gas, biomass, and petroleum coke to light olefins, such
as ethylene and propylene. There is emphasis on low-sulfur fuels, driven by regulations requiring
the average annual sulfur content of all gasoline used in the United States to be phased down
according to Tier III regulations beginning in 2017, reducing the sulfur content in motor gasoline
to <10 wt ppm.

Also, regulations on the benzene content in gasoline have continued to be more stringent, with
the intent of further reducing hazardous air pollutants. In the United States, the Environmental
Protection Agency (EPA) has implemented a Mobile Source Air Toxics (MSAT?2) rule for reducing
the benzene content in gasoline. Regulations started in July 2012, limiting gasoline to a maximum
annual average benzene content of 1.3 vol%. Benzene also is being regulated in other regions such
as Europe, with the Euro V fuel specifications set at a maximum benzene content of 1.0 vol%.
Many other nations such as China, Russia, Canada, and Japan have adapted the 1.0 vol% benzene
maximum. Diesel fuel in Europe and most parts of Asia already has to adhere to very low sulfur
and multiple other specifications related to emissions. On the fuel oil side, International Maritime
Organization (IMO) specifications will severely impact the residual fuel oil market within the next
5 years, and most major refiners are either implementing or planning to implement residue upgrading
utilizing either desulfurization or hydrocracking.

This Handbook presents technology for meeting all of these challenges while providing excep-
tionally high yields, superior product quality, lower investment and operating costs, reliable
long-run operations, operating versatility, reduced water usage, and minimization of wastes and
pollution.

The Handbook has been prepared by a group of eight major global licensors of petroleum refin-
ing technology. These are Amec Foster Wheeler USA Corporation, Axens, Badger, CB&I, Chevron
Lummus Global, Honeywell UOP, Sinopec, and Technip Stone & Webster.

The Handbook is divided into 15 parts, containing 53 chapters:

Part 1, “Alkylation and Polymerization,” presents technologies for combining olefins, or ole-
fins with paraffins, to form clean-burning, high-octane, aromatic-free alkylate, for gasoline or
distillate transportation fuel blending, and olefins with benzene to produce cumene and linear

alkylbenzene.

Part 2, “Base Aromatics Production Processes,” presents technologies to convert petroleum naph-
tha, LPG, and pyrolysis gasoline into the basic petrochemical intermediates benzene, toluene,
and xylene (BTX). Technologies to recover aromatics from hydrocarbon and aromatic mixtures
and processes to convert alkylbenzenes to high-purity benzene, xylene, or naphthalene also are
covered.

Part 3, “Catalytic Cracking,” covers fluid catalytic cracking technologies for converting vacuum
gas oils, coker gas oils, and some residual oils, as well as aromatic lube extracts, to gasoline, C3 to
C5 olefins, and light cycle oil.
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Part 4, “Dehydrogenation,” presents technology for the dehydrogenation of light and heavy paraf-
fins to the corresponding monoolefins.

Part 5, “Synthesis Gas and Hydrogen Production,” covers production of hydrogen from natural
gas by steam reforming, or partial oxidation followed by shift conversion, and also hydrogen pro-
duction via an initial gasification of bituminous, sub-bituminous, and lignitic coals.

Part 6, “Hydrocracking,” presents technologies to convert any petroleum fraction from naphtha
to cycle gas oil and coker distillates into LPG, gasoline, diesel, jet fuel, and lubricating oils while
removing sulfur, nitrogen, oxygen, and saturating olefins.

Part 7, “Hydrotreating,” covers technologies for improving the quality of various oil fractions
by removing sulfur, nitrogen, carbon residue, metals, and wax, while increasing the hydrogen
content by saturating olefins, dienes, acetylenes, and aromatics. Simultaneous cracking of heavy
residua also is covered in this part.

Part 8, “Isomerization,” presents technologies for converting light, straight-chain naphthas (C4 to
C6 and benzene-containing reformates) to branched and higher-octane products while saturating
benzene.

Part 9, “Separation Processes,” presents technologies for recovery of catalysts from high-metal
residua; olefins from mixtures of olefins and paraffins; and normal paraffins from isoparaffins,
naphthenes, and aromatics; and separation of vacuum residua into an uncontaminated, demetal-
lized oil and highly viscous pitch.

Part 10, “Sulfur Compound Extraction and Sweetening,” contains technologies for the removal
of sulfur from refinery streams and the production of ultralow sulfur diesel and gasoline fuels as
well as sulfur by-products.

Part 11, “Visbreaking and Coking,” contains technologies for rejection of metals and coke, gasifi-
cation of coke, and recovery of lighter hydrocarbons from distillation unit bottoms.

Part 12, “Catalytic Reforming,” covers conversion of naphthas, paraffins, naphthenes, and aromat-
ics, by contact with a platinum-containing acidic catalyst at elevated temperatures, to a product
that is rich in aromatic hydrocarbons.

Part 13, “Oxygenates Production Technologies,” presents methods for production of refinery
ethers for the oxygenate portion of the gasoline pool.

Part 14, “Olefins from Methanol,” contains methods to (1) convert natural gas to ultraclean liquid
fuels (naphtha, kerosene, diesel/gas oil) that contain no sulfur, aromatics, or heavy metals, which
can also be used as cracker feed for ethylene and propylene production, and (2) produce methanol
and then convert to ethylene and propylene as feed to a polyolefins plant.

Part 15, “Hydrogen Processing,” is a comprehensive historical treatment of hydrogen use within
the refinery covering fundamentals, design, and process capabilities.

The authors of the various chapters were asked to follow the technology-presentation specification

given below (some of the requested information was not deemed to be disclosable by the licensors
for certain of the chapters):

1,

General process description. Including charge and product yield and purity, and a simplified flow
diagram.

. Process chemistry and thermodynamics. For each major process unit.

. Process perspective. Developers, locations, and specifications of all test and commercial plants,

and near-term and long-term plans.

. Detailed process description. Process flow diagram with mass and energy balances for major pro-

cess variations, and feeds and details on unique or key equipment.

. Product and by-product specifications. Detailed analyses of all process products and by-products

as a function of processing variations and feeds.
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6. Wastes and emissions. Process solid, liquid, and gas wastes and emissions as a function of
processing variations and feeds.

7. Process economics. Installed capital cost by major section, total capital investment, operating
costs, annualized capital costs with the basis, and a price range for each product.

The back matter contains a glossary of terms and a list of abbreviations and acronyms, which are
meant to be useful for the nonspecialist in understanding the content of the chapters.

Robert A. Meyers, Ph.D.
Editor-in-Chief



ACKNOWLEDGMENTS

A team of more than 90 distinguished scientists and engineers prepared the 53 chapters of this
Handbook. These contributors are listed on pp. xix to xxi. They were supported by additional staff
and management at each firm.

Amanda Quinn, our McGraw-Hill Education editor, deserves special recognition for her
hands-on leadership in bringing the project to completion.

xvi



vi

CONTENTS

Preface xiii
Acknowledgments  xvi

Bath (FH) ZFERREASHEIZ

Part 10 Sulfur Compound Extraction and Sweetening

Chapter 10.1. UOP Merox Process J. A. Tertel

Chapter 10.2. S Zorb™ Sulfur Removal Technology for Gasoline
Paul F. Meier, Huang Zechuan, Wu Defei, and Yuan Zhongxun

13

Chapter 10.3. CB&l’s CDHydro®/CDHDS® Process for Selectively
Desulfurizing FCC Gasoline Luis Simoes, Arvids Judzis, Jr.,
and Michael A. Haworth

25

Chapter 10.4. Amec Foster Wheeler Amine Regeneration,
Sour Water Stripping, Sulfur Recovery, and Tail Gas Treating
Anthony Coulam, Scott Kafesjian, and Nick Watts

37

Chapter 10.5. UOP Gasoline Desulfurization Eseoghene Jeroro
and Steven Zink

57

Part9 Separation Processes

Chapter 9.1. Onstream Catalyst Replacement (OCR) and
Upflow Reactor (UFR) Technologies for Fixed-Bed Residuum
Hydrotreating Christopher J. Dillon

67




CONTENTS

Chapter 9.2. UOP/Amec Foster Wheeler Solvent Deasphalting Process
Joseph Woodson, Jagannathan Govindhakannan, and Mark VanWees

vii

79

Chapter 9.3. MaxEne™ Process Gregory Funk, Ernest Bohm, and Stephen Sohn

101

Glossary 105
Abbreviations and Acronyms 107
Index 109

#1111 FHEIEMER

Part 1 Alkylation and Polymerization

Chapter 1.1. UOP AlkyPlus™ Alkylation Process
Kurt A. Detrick, Jeffrey M. Knight, and Ronald K. Subris

Chapter 1.2. CB&I’s CDA/ky® Process for the Production of High-Octane
Alkylate: Breaking the Cold-Temperature Barrier Jackeline Medina-Bolivar
and Michael A. Haworth

13

Chapter 1.3. BenzOUT™ Technology for Benzene Reduction
in Gasoline Erik Moy and Sean C. Smyth

19

Chapter 1.4. UOP Catolene™ Process Zhihao Fei and Hosoo Lim

27

Part 8 Isomerization

Chapter 8.1. UOP BenSat™ Process Mark P. Lapinski and Dana K. Sullivan

37

Chapter 8.2. UOP Par-lsom™ Process Dima Hart, Mark P. Lapinski,
and Nelson A. Cusher

43

Chapter 8.3. UOP Butamer™ Process Sean G. Mueller, Laura E. Leonard,
and Martha S. Buchan

49




viii

CONTENTS

Chapter 8.4. UOP Penex™ Process Sean G. Mueller, Laura E. Leonard,
and Martha S. Buchan

55

Part 12 Catalytic Reforming

Chapter 12.1. UOP CCR Platforming Mark P. Lapinski, M. J. Wier,
Laura E. Leonard, and Ka Lok

65

Glossary 89
Abbreviations and Acronyms 91
Index 93

B2t RUESEKE
Part3 Catalytic Cracking

Chapter 3.1. Deep Catalytic Cracking: A Commercially Well-Proven
Process for Light Olefins Dilip Dharia

Chapter 3.2. UOP Fluid Catalytic Cracking Process
Charles L. Hemler, Lester F. Smith, Lev Davydov, and Zhihao Fei

19

Chapter 3.3. Resid FCC Process: From Heavy Feeds to Valuable Products
Harvey McQuiston, Paul Marchant, and Nicolas Lambert

45

Chapter 3.4. INDMAX FCC: High Propylene Fluid Catalytic Cracking
Technology by CB&I’s Lummus Technology Inc. and Indian Oil
Corporation Ltd. Rama Rao Marri and Debasis Bhattacharyya

63

Part6 Hydrocracking

Chapter 6.1. ISOCRACKING: Hydrocracking for Superior Fuels and
Lubes Production Alan G. Bridge, Ujjal K. Mukherjee, and Marvin Greene

77




CONTENTS

Chapter 6.2. UOP Unicracking™ Process for Hydrocracking
Donald Ackelson and Rebecca Wroblewski

103

Chapter 6.3. Chevron Lummus Global Ebullated-Bed
Bottom-of-the-Barrel Hydroconversion (LC-FINING™) Process
Ujjal K. Mukherjee and Marvin Greene

113

Chapter 6.4. UOP Uniflex Grant Yokomizo and Brian Ganyu

135

Part 11 Visbreaking and Coking

Chapter 11.1. Amec Foster Wheeler/UOP Visbreaking Process
Scott A. Seiger and Randi S. Lesser

141

Chapter 11.2. SYDEC™ Delayed Coking Process Srini Srivatsan
and Joseph Woodson

157

Chapter 11.3. Chevron Lummus Global’s Advanced Coking Technology
for Modern Refineries Al A. Faegh and Virendra Manral

199

Glossary 225
Abbreviations and Acronyms 227
Index 229

F3M BME. MELBS5IHIZ

Part4 Dehydrogenation

Chapter 4.1. UOP Oleflex Process for Light Olefin Production
Wolfgang Spieker and Gregory J. Nedohin

Chapter 4.2. UOP Pacol Dehydrogenation Process
Stephen Sohn, Yuree Whang, and Richard Zhang

13

Chapter 4.3. Light Olefin/Diolefin Production via CB&l’s
CATOFIN®/CATADIENE® Processes Herminio Febres Il and Dennis P. Maloney

21




X

CONTENTS

Chapter 4.4. TPC/UOP OXO-D Process John Senetar, Christopher DiGiulio,

Jeannie Blommel, Joseph Duff, Jillian Horn, Cliff Maat, and Michael Nutt 33
Part 7 Hydrotreating

Chapter 7.1. RDS/VRDS Hydrotreating: Transportation Fuels from

the Bottom of the Barrel Christopher J. Dillon and David N. Brossard 41
Chapter 7.2. Selective Hydrogenation Processes Vesna Havran-Mueller,

Jeannie Blommel, and Gregory J. Nedohin 59
Chapter 7.3. UOP RCD Unionfining Process Ping Sun 69
Chapter 7.4. Production of Superior Lubricant Base Oil Utilizing

ISODEWAXING and ISOFINISHING Subhasis Bhattacharya 81
Chapter 7.5. Process Intensification via CB&I’s CDHydro® Technologies

Maarten J. Almering and Michael A. Haworth 99
Chapter 7.6. UOP Hydrotreating Technology

Eseoghene Jeroro and Steven Zink 107
Chapter 7.7. UOP Unisar™ Process for Saturation of Aromatics

H. W. Goudy and Eseoghene Jeroro 119
Part 15 Hydrogen Processing

Chapter 15.1. Hydrogen Processing Historical Perspective

Alan G. Bridge and Gary L. Hamilton 129

Glossary 187
Abbreviations and Acronyms 189
Index 191



CONTENTS  xi
Eolt FREFIZE5RAR
Part2 Base Aromatics Production Processes
Chapter 2.1. Aromatics Complexes Patrick Whitchurch 3
Chapter 2.2. UOP Sulfolane Process Aiguo Liu 1
Chapter 2.3. Q-Max™ Process for Cumene Production
José L. Miramontes and Robert J. Schmidt 21
Chapter 2.4. UOP Cyclar Process Helin Cox 31
Chapter 2.5. UOP Isomar Process Veronica G. Deak 39
Chapter 2.6. UOP Tatoray Process Feng Xu and Claudio Bertelli 45
Chapter 2.7. UOP Parex™ Process Linda Shi Cheng 55
Part 5 Synthesis Gas and Hydrogen Production
Chapter 5.1. Amec Foster Wheeler Hydrogen Production Mitesh S. Joshi 65
Chapter 5.2. Technip Hydrogen Production
Sanjiv Ratan and Koos Overwater 91
Chapter 5.3. E-Gas™ Gasification Chancelor Williams 127
Part 13 Oxygenates Production Technologies
Chapter 13.1. CB&I's CDMtbe®/CDEtbe®/CDTame® Processes for the
Production of High-Quality Ethers and Bio-Ethers Rosette Hizon-Barias
and Jackeline Medina-Bolivar 137




xii CONTENTS

Part 14 Olefins from Methanol

Chapter 14.1. CB&I’s Methanol to Olefins Recovery and Olefin
Interconversion Carmen A. Fornarotto and Dennis P. Maloney 147

Chapter 14.2. Advanced Methanol-to-Olefins Process John Senetar
and Geoffrey Fichtl 157

Glossary 167
Abbreviations and Acronyms 169
Index 171



P -+- A - R - T - 10

SULFUR COMPOUND
EXTRACTION AND
SWEETENING




