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		 Preface

The petroleum refining industry integrates many process operations that are engaged in refining crude petroleum into petroleum products, liquid fuels such as gasoline and diesel in particular. It also incorporates many processes that produce raw materials for the petrochemical industry.

Over the past four decades, the refining industry has experienced significant changes in oil market dynamics, resource availability, and technological advancements. Advancements made in exploration, production, and refining technologies allow utilization of resources such as heavy oil and tar sand bitumen that were considered economically and technically unsuitable in the middle decades of the past century. To meet these challenges, it is imperative for refiners to raise their operations to new levels of performance. Merely extending today's performance incrementally will fail to meet most company's goals.

Petroleum refining in the 21st century will continue to be shaped by factors such as consolidation of oil companies, dramatic changes in market demand, customization of products, and a decrease in the API gravity and sulfur content of the petroleum feedstocks. In fact, in addition to a (hopefully but unlikely) plentiful supply of petroleum, the future direction of the refining industry will be determined by (1) increased operating costs or investments due to stringent environmental regulations for facilities and products, and (2) accelerating globalization resulting in stronger international petroleum price scenarios. The effect of these factors is likely to reduce refinery profit margins further, and petroleum companies worldwide will need to make significant changes in their operation and structure to be globally competitive. Development and incorporation of novel technologies to cope with future challenges are therefore essential to achieve a profitable outcome.

As global petroleum consumption increases and resources are depleted, it is expected that conventional oil production will decline, and production of oil from residua, heavy oils, and tar sand bitumen will increase significantly. Over the next decade, refineries will need to adapt to receiving heavier oils as well as a range of bio-feedstocks. It is likely that current refineries could not handle such a diverse slate of feedstocks without experiencing shut-downs and related problems.

As feedstocks to refineries change, there must be an accompanying change in refinery technology. At the same time, more stringent anti-pollution regulations are forcing greater restrictions on fuel specifications. There are fundamental limitations on how far current processes can go in achieving proper control over feedstock behavior. This means a movement from refining heavy feedstocks by using a coking process, to development and use of more innovative processes that will maximize the yields of liquid fuels, or other desired products, from the feedstock.

The need to upgrade processes continues, in order to fulfill market demand, as well as to satisfy environmental regulations. The need for residuum conversion technology, has emerged as result of a declining market for residual fuel oil and the necessity to upgrade crude oil residua beyond the capabilities of the visbreaking, coking and low-severity hydrodesulfurization processes.

With the arrival of the 21st century, the industry has entered a significant transition period, and it is not surprising that refinery operations have started to include a range of next-generation processes as the demand for transportation fuels and fuel oil has shown a steady growth. These processes are different from one another in terms of method and product slates, and will find employment in refineries according to their respective features. Their primary goal is to convert heavy feedstocks, such as residua, to lower-boiling products, and such processes are noted in this book.

This book will present to the reader the evolution of refinery processes during the last century, and will also discuss the means by which refinery processes will evolve during the next three to five decades. Chapters of this book contain material relevant to: comparisons of current feedstocks with heavy oil and bio-feedstocks; evolution of refineries since the 1950s, properties and refinability of heavy oil and bio-feedstocks, thermal processes vs. hydroprocesses, and evolution of products to match the environmental market.

Technological advances are on the horizon for using alternative sources of transportation fuels. Gas-to-liquid and biomass-to-liquid conversion are just two concepts currently under development. However, the state of many of these technologies, coupled with the associated infrastructure that is required to implement them, leave traditional refining of petroleum hydrocarbons for transportation fuels as the modus operandi for the foreseeable future. For the purposes of this text the future will be fifty years. The near future challenge for refiners will be how to harness new technologies to remain viable in a changing global marketplace.

To raise refinery operations to new levels of performance, it will be necessary to reshape refining technology to be more adaptive to changing feedstocks and product demand. Exploration of the means by which technology and methodology developments can be translated, not only into increased profitability, but also into survivability will also become imperative.

Furthermore, there is considerable uncertainty surrounding the future of unconventional crude oil production in the United States. Environmental regulations could either preclude unconventional production or, more likely, raise its cost significantly. If future US laws limit and/or tax greenhouse gas emissions, they will lead to a substantial increase in the costs of production of fuels from unconventional sources. In addition to increases in the volumes of carbon dioxide, restrictions on access to water also could prove costly, especially in the arid or semi-arid western states. Environmental restrictions on land use could also preclude unconventional oil production in some areas of the United States.

Such policies could open the way to the increased use of biomass feedstocks as a means of supplementing production of hydrocarbon fuels.

However, the refinery of the future will be more technologically focused than the refinery of today – a trend that has already commenced. It will make only high-value products, with one of those products being power. The refinery will be a clean refinery, with a high-value, energy-efficient installation to make it environmentally benign and its carbon footprint negligible. The refinery will also be a smart refinery, insofar as it will be able to accept a variety of feedstocks, including biomass with operations managed around chemical principles and quantitative chemical reaction engineering concepts.

Chapter 1 gives an overview of the properties of various feedstocks, including biomass. Chapters 2 and 3 focus on refining processes and refining chemistry. Chapters 4 to 9 deal with distillation, thermal cracking, catalytic cracking, deasphalting and dewaxing, hydrotreating and desulfurization, and hydrocracking respectively. Chapter 10 describes the refinery of the future and the means by which it will provide hydrocarbon fuels. Selected patents are also presented to show the potential for incorporation into future refineries.

By understanding the evolutionary changes that have occurred to date, this book will satisfy the needs of engineers and scientists at all levels from academia to the refinery, help them understand the current refining industry, and prepare for process changes and evolution.

The target audience includes engineers, scientists and students who want an update on petroleum processing and the direction of the industry over the next 50 years. Non-technical readers, with help from the extensive glossary, will also benefit from reading this book.
Dr. James G. Speight

         
         Laramie, Wyoming, USA.


		

  
		
     
       
     

       
		 Chapter 1. Feedstocks

  
     1.1. Introduction

     1.1.1. A Brief History of Petroleum Extraction

The modern petroleum industry began in the 1850s with the discovery of petroleum in 1857, and its subsequent commercialization in Pennsylvania in 1859 (Bell, 1945Yergin, 1991 and Bower, 2009). The modern refining era is said to have commenced in 1862 with the first appearance of petroleum distillation. The story of the discovery of the character of petroleum is somewhat circuitous but worthy of mention (Burke, 1996).

Joseph Priestley became involved in the attempts to carbonate the water that was to be used as a cure for scurvy on Captain Cook’s second expedition in 1771. During his experiments at a brewery near his home in Leeds, he discovered some of the properties of the carbon dioxide, which he called “fixed air”, given off by the fermenting beer vats. It was observed that when water was placed in a flat dish for a time above the vats, it acquired a pleasant, acidulous taste that reminded Priestley of seltzer mineral waters.

Experiments convinced him that the medicinal qualities of seltzer might be due to the air dissolved in it. Pouring water from one glass to another for three minutes in the fixed air above a beer vat achieved the same effect. By 1772 he had devised a pumping apparatus that would impregnate water with fixed air, and the system was set up on board Cook’s ships Resolution and Adventure in time for the voyage. It was a great success. Meanwhile, Priestley’s politics continued to cause him problems. His support for the French Revolution was seen as particularly traitorous, and in 1794 a mob burned down his house and laboratory. Priestley took ship for Pennsylvania, where he settled in Northumberland, and was respected by his American hosts as a major scientific figure. Then one night, while dining at Yale, he met a young professor of chemistry. The result of their meeting would change the life of the twentieth-century America.

It may have been because the young man at dinner that night, Benjamin Silliman, was a hypochondriac, rather than the fact that he was a chemist, that subsequent events took the course they did. Silliman imagined that he suffered from lethargy, vertigo, nervous disorders, and whatever else he could think of. In common with other invalids, he regularly visited health spas like Saratoga Springs, New York (at his mother’s expense), and he knew that such places were only for the rich. So his meeting with Priestley moved him to decide to make the mineral-water cure available to the common people (also at his mother’s expense). 

In 1809 he set up in business with an apothecary named Darling, assembled apparatus to impregnate fifty bottles of water a day and opened two soda-water fountains in New York City; one at the Tontine Coffee House and one at the City Hotel. The decor was hugely expensive, and they only sold seventy glasses on opening day, but Darling was still optimistic. A friend of Priestley’s visited and declared that drinking the waters would prevent yellow fever. In spite of Silliman’s hopes that the business would make him rich, by the end of the summer the endeavor was a disastrous flop. It would be many more decades before the soda fountain became a cultural icon in America!

Silliman cast around for some other way to make money. Two years earlier, he had analyzed the contents of a meteor that had fallen on Weston, Connecticut, and this research had enhanced his scientific reputation, so he decided to offer his services as a geologist to mining companies. His degree had been in law; so he was as qualified for geology as he was to be Yale professor of chemistry. The geology venture prospered, however, and by 1820 Silliman was in great demand for field trips, on which he took his son, Benjamin Jr. When he retired in 1853, Benjamin Jr. took up where he had left off, as professor of General and Applied Chemistry at Yale (this time, with a degree in the subject). After writing a number of chemistry books and being elected to the National Academy of Sciences, Benjamin Jr. took up lucrative consulting posts, with the Boston City Water Company and various mining enterprises.

In 1855 one of these enterprises asked him to research and report on some mineral samples from the new Pennsylvania Rock Oil Company. After several months work Benjamin Jr., announced that about fifty percent of the black tar-like substance could be distilled into first-rate burning oils, this product would eventually be called kerosene and paraffin oil and that an additional forty percent of what was left could be distilled for other purposes, such as lubrication. On the basis of this single report a company was launched to finance the drilling of the Drake Well at Oil Creek, Pennsylvania, and in 1857 it became the first well to produce petroleum. It would be another fifty years before Silliman’s reference to the other fractions available from the oil through extra distillation would lead to the production of gasoline for the combustion engine in the first automobile. Silliman’s report changed the world because it made possible an entirely new form of transportation, and helped turn the United States into an industrial superpower.

After completion of the first well by Edwin Drake, the surrounding areas were immediately leased and extensive drilling took place. Crude oil output in the United States increased from approximately 2000 barrels (1 barrel, bbl = 42 US gallons = 35 Imperial gallons = 5.61 ft3 = 158.8 liters) in 1859 to nearly 3,000,000 bbl in 1863 and approximately 10,000,000 bbl in 1874. In 1861 the first cargo of oil, contained in wooden barrels, was sent across the Atlantic to London. By the 1870s, refineries, tank cars, and pipelines had become characteristic features of the industry, mostly through the leadership of Standard Oil, founded by John D. Rockefeller (Johnson, 1997). Throughout the remainder of the nineteenth century the United States and Russia were the two regions in which the most striking developments in oil extraction took place. 

At the outbreak of World War I in 1914, the two major producers of oil were the United States and Russia, but supplies were also being obtained from Indonesia, Rumania, and Mexico. During the 1920s and 1930s, attention was also focused on other areas for oil production, such as other parts of the United States and the Middle East. At this time European and African countries were not considered major oil-producing areas. In the post-1945 era, Middle Eastern countries continued to rise in importance through new discoveries of vast reserves. The United States, although continuing to be the biggest producer, was also the biggest consumer and thus was not a major exporter of oil. Oil companies realized the need to search elsewhere for oil; and significant discoveries were made in Europe, Africa, and Canada.

Petroleum refining has grown increasingly complex in the last 20 years. Lower-quality crude oil, crude oil price volatility, environmental regulations that require cleaner manufacturing processes, and higher-performance products present new challenges to the refining industry. Improving processes and increasing the efficiency of energy use through technological research and development are key to meeting the challenges and maintaining the viability of the petroleum refining industry.


     1.1.2. Terminology

Even though the term petroleum and its derivatives have been used for centuries, it is only in the last decade or so that an attempt has been made to standardize related nomenclature and terminology, so confusion still exists. It is the purpose of this section to clarify the classification of petroleum terminology.

The definition of petroleum has been varied, unsystematic, and often archaic. The terminology of petroleum has evolved over many years, a direct consequence of this is that a new term, however precise, is at best adopted only slowly.

To understand petroleum and its associated technologies, it is essential that the definitions and the terminology are given prime consideration. Not all the terminology used over time, has survived, but the most commonly used are illustrated here. Particularly troublesome, and most confusing, are those terms that are applied to the more viscous materials, for example the terms bitumen and asphalt.

Petroleum is a mixture of gaseous, liquid, and solid hydrocarbon compounds that occur in sedimentary rock deposits throughout the world. It also contains small quantities of nitrogen, oxygen, and sulfur-containing compounds as well as trace amounts of metallic constituents (Colombo, 1967; Thornton, 1977; Speight, 2007a; ASTM, 2009).

For the purposes of terminology, it is preferable to subdivide petroleum and related materials into three major classes:1. Materials that are of natural origin.

2. Materials that are manufactured.

3. Materials that are integral fractions derived from the natural or manufactured products.




High acid crude oils contain considerable proportions of naphthenic acid. The term naphthenic acid, as commonly used in the petroleum industry, refers collectively to all organic acids present (Shalaby, 2005; Rikka, 2007). 

Heavy oils have a much higher viscosity and lower API gravity than conventional petroleum; and recovery of these petroleum types usually requires thermal stimulation of the reservoir. The generic term heavy oil is often applied to a crude oil that has less than 20° API and usually has a sulfur content that is higher than 2% by weight (Speight, 2000). Heavy oils are also darker in color and may even be black.

The term heavy oil has been used to describe both the heavy oils that require thermal stimulation for recovery, and also the bitumen in bituminous sand (tar sand, q.v.) formations that is recovered by mining.

Extra heavy oils are materials that occur in the solid or near-solid state and are generally incapable of free flow under ambient conditions (bitumen, q.v.).

Opportunity crudes, also known as challenging crudes, are generally characterized by a variety of properties undesirable to a refiner, such as high total acid number (TAN), high sulfur, nitrogen and aromatics content, and high viscosity.

The term bitumen, also referred to as native asphalt, or extra heavy oil, includes a wide variety of reddish brown to black materials of semisolid, viscous to brittle character that can exist in nature with no mineral impurity or with mineral matter contents that exceed 50% by weight. Bitumen is frequently found filling pores and crevices of sandstone, limestone, or argillaceous sediments, in which case the organic and associated mineral matrix is known as rock asphalt (Abraham, 1945 and Hoiberg, 1964).

Tar sands, also called oil sands or bituminous sands, are loose-to-consolidated sandstone or porous carbonate rock, impregnated with bitumen, which is a high boiling asphaltic material with an extremely high viscosity that is immobile under reservoir conditions and vastly different to conventional petroleum (Speight, 1990Speight, 1997 and Speight, 2008).

Biomass, also referred to as bio-feedstocks, refers to living and recently dead biological material which can be used as fuel or for industrial production (Lee, 1996Wright et al., 2006Speight, 2008 and Lorenzini et al., 2010; Nersesian, 2010).

Biomass is a term used to describe any material of recent biological origin, including plant materials such as trees, grasses, agricultural crops, and even animal manure. This includes primary sources of crops and residues harvested/collected directly from the land, secondary sources such as sawmill residuals, and tertiary sources of post-consumer residuals that often end up in landfill. A fourth source, although not usually categorized as such, includes the gases that result from anaerobic digestion of animal manures or organic materials in landfills (Wright et al., 2006).



     1.2. Characteristics Of Petroleum

     1.2.1. Conventional Petroleum

Petroleum and crude oil covers a wide range of materials consisting of mixtures of hydrocarbons and other compounds containing variable amounts of sulfur, nitrogen, and oxygen. They may vary widely in volatility, specific gravity, and viscosity. Metal-containing constituents, notably those compounds that contain vanadium and nickel,  usually occur in the more viscous crude oils in amounts up to several thousand parts per million. This can have serious consequences during processing of these feedstocks (Gruse and Stevens, 1960 and Speight, 1984). Petroleum is a mixture of widely varying constituents and proportions, its physical properties and color may also vary widely.

In the crude state petroleum has minimal value, but when refined it provides high-value liquid fuels, solvents, lubricants, and many other products (Purdy, 1957). The fuels derived from petroleum make up approximately one third to one half of the total world energy supply, and are used not only for transportation fuels (i.e., gasoline, diesel fuel, and aviation fuel, among others) but also to heat buildings. Petroleum products have a wide variety of forms that vary from gaseous and liquid fuels to near-solid machinery lubricants. In addition, asphalt – the residue of many refinery processes and once considered a useless by-product – is now a premium value product for highway surfaces, roofing materials, and miscellaneous waterproofing uses.

Crude petroleum is a mixture of compounds that boil at different temperatures, and so can be separated into a variety of different generic fractions by distillation. The terminology of these fractions has been bound by utility and often bears little relationship to their composition.

The molecular composition of petroleum covers a wide range of boiling points and hydrocarbon compounds. These compounds have widely varying carbon numbers together with other compounds containing nitrogen, oxygen, and sulfur, as well as metallic (porphyrinic) constituents. However, the actual boundaries of such a petroleum map can only be arbitrarily defined in terms of boiling point and carbon number (Speight, 2007a). In fact, petroleum is so diverse that materials from different sources exhibit different boundary limits, and for this reason alone petroleum has been difficult to map in a precise manner.

Since there is a wide variation in the properties of crude petroleum (Speight, 2007a), the proportions with which the different constituents occur vary with origin (Gruse and Stevens, 1960 and Koots and Speight, 1975). Thus, some crude oils have higher proportions of the lower boiling components, and others (such as heavy oil and bitumen) have higher proportions of higher boiling components (asphaltic components and residuum).


     1.2.2. High Acid Crudes

The name high acid crudes was originally derived from the early discovery of monobasic carboxylic acids in petroleum, but a variety of organic acids are now known to be present. These include fatty acids as low in molecular weight as formic and acetic acids, as well as saturated and unsaturated acids based on single and multiple five and six-membered rings. The general chemical formula of naphthenic acids is R(CH2)nCOOH, where R is one or more cyclopentane ring and n is typically greater than 12. Although the naphthenic acid fraction is now known to have complex compositional heterogeneity (Zhang et al., 2004) and range of molecular weight (Baugh et al., 2005). The amounts of naphthenic acids present varies from one crude to another, as do the molecular weight, boiling point, and ring structure. This can influence both their fraction characteristics and chemical reactivity. 

     1.2.2.a. Properties and Characteristics of Naphthenic Acids

In the original definition, a naphthenic acid has a monobasic carboxyl group attached to a saturated cycloaliphatic structure; but in the oil industry all organic acids in crude oil are conventionally called naphthenic acids.

Naphthenic acids can be very water-soluble and/or oil-soluble depending on their molecular weight, process temperatures, salinity of waters, and fluid pressures. In the aqueous phase, naphthenic acids can exist in stable reverse emulsions, oil droplets in a continuous water phase. In the oil phase with residual water, these acids have the potential to react with a host of minerals, which are capable of neutralizing the acids. In practice, the main reaction product found is the calcium naphthenate soap, the calcium salt of naphthenic acids.

The alkali metals soaps/salts, sodium and potassium naphthenates, are water-soluble and water-dispersible, giving tight emulsions and poor oil-in-water qualities. Naphthenic acid soaps of the alkaline earth metals are insoluble in normal oilfield brines, with a pH greater than seven at normal upstream process temperatures.

Normally, the low molecular weight acidic species are treated in the overheads in refineries. A combined approach to front end treating at crude inlet to heaters and preheat exchangers should be considered. It is commonly assumed that acidity in crude oils is related to carboxylic acid species, i.e., components containing a -COOH functional group. While it is clear that carboxylic acid functionality is an important feature (60% of the ions have two or more oxygen atoms), a major portion (40%) of the acids are not carboxylic acids. In fact, naphthenic acids are a mixture of different compounds which may be polycyclic and may have unsaturated bonds, aromatic rings, and hydroxyl groups (Rikka, 2007). Even the carboxylic acids are more diverse than expected, with approximately 85% containing more heteroatoms than the two oxygen atoms needed for the carboxylic acid groups.

The total acid matrix is therefore complex and it is unlikely that a simple titration; such as the traditional methods for measurement of the total acid number, can give meaningful results to use in prediction of problems. A better alternative way of defining the relative organic acid fraction of crude oils is a real need in the oil industry, both upstream and downstream.


     1.2.2.b. Naphthenic Acid Chemistry

Naphthenic acids in crude oil cause corrosion that often occurs in the same places as high temperature sulfur attack – such as heater tube outlets, transfer lines, column flash zones, and pumps (Shalaby 2005 and references cited therein). Furthermore, naphthenic acids, alone or in combination with other organic acids, can cause corrosion at temperatures between 65 and 420°C (150 and 790°F) (Gorbaty et al., 2001 and Kittrell, 2006). Crude oils with a total acid number higher than 0.5 and crude oil fractions with a total acid number higher than 1.5 are considered to be potentially corrosive between 230 and 400°C (450 to 750°F).

Corrosion by naphthenic acids typically has a localized pattern, occurring particularly at areas of high process velocity. In some cases, corrosion can happen when condensation of concentrated acid vapors occurs in crude distillation units.  The attack also is described as lacking corrosion products. Damage is in the form of unexpectedly high corrosion rates on alloys that would normally be expected to resist sulfidic corrosion (particularly steels with more than 9% Cr). In some cases, even very highly alloyed materials (i.e., 12% Cr, type 316 stainless steel (SS), type 317 SS, and in severe cases even 6% Mo stainless steel) have been found to exhibit sensitivity to corrosion under these conditions.

The corrosion reaction processes involve the formation of iron naphthenates:[image: B9780815520412100013/si1.gif is missing]
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The iron naphthenates are soluble in oil and the surface is relatively film free. In the presence of hydrogen sulfide, a sulfide film is formed and can offer some protection depending on the acid concentration. If the sulfur-containing compounds are reduced to hydrogen sulfide, the formation of a potentially protective layer of iron sulfide occurs on the unit walls and corrosion is reduced (Kane and Cayard, 2002 and Yépez, 2005). When the reduction product is water, coming from the reduction of sulfoxides, the naphthenic acid corrosion is enhanced (Yépez, 2005).

Thermal decarboxylation can occur during the distillation process, during which the temperature of the crude oil in the distillation column can be as high as 400°C:[image: B9780815520412100013/si3.gif is missing]




However, not all acidic species in petroleum are derivatives of carboxylic acids and some of the acidic species are resistant to high temperatures. Acidic species appear in the vacuum residue after having been subjected to the inlet temperatures of an atmospheric distillation tower and a vacuum distillation tower (Speight and Francisco, 1990). In addition, the volatile acidic species are most active at their boiling point; and the most severe corrosion generally occurs on condensation from the vapor phase back to the liquid phase.


     1.2.2.c. Total Acid Number and Laboratory Testing

The most common current measures of the corrosive potential of a crude oil are the neutralization number or total acid number. These are total acidity measurements determined by base titration. The naphthenic acids content in crude oils is expressed as the total acid number (TAN), which is measured in units of milligrams of potassium hydroxide required to neutralize a gram of oil. Commercial experience reveals that while such tests may be sufficient for providing an indication of whether any given crude may be corrosive, they are poor quantitative indicators of its severity.

Current methods for the determination of the acid content of hydrocarbon mixtures are well established (ASTM D664), and include potentiometric titration in non-aqueous conditions to clearly defined end points (as detected by changes in millivolts readings versus volume of titrant used). A colorimetric indicator method (ASTM D974) is also available. 

Potentiometric titration:

In this method (ASTM D664), the sample is normally dissolved in toluene, propanol, and a little water. It is then titrated with alcoholic potassium hydroxide (if the sample is acidic). Glass and reference electrodes are immersed in the sample and connected to a voltmeter/potentiometer. The meter reading, which is measured in millivolts, is plotted against the volume of titrant. The end point is taken at the distinct inflection of the resulting titration curve corresponding to the basic buffer solution.

Color indicating titration:

In this test method (ASTM D947), an appropriate pH color indicator (such as phenolphthalein) is used. The titrant is added to the sample by means of a burette and the volume of titrant used to cause a permanent color change in the sample. The color change is recorded, from which the total acid number is calculated. It can be difficult to observe color changes in crude oil solutions. It is also possible that the results from the color indicator method may or may not be the same as the potentiometric results.

Test method ASTM D1534 is similar to ASTM D974 in that they both use a color change to indicate the end point. ASTM D1534 is designed for electrical insulating oils, or transformer oils, where the viscosity will not exceed 24 cSt at 40°C. The standard range of applications is for oils with an acid number between 0.05 mg KOH/g and 0.50 mg KOH/g, which is typical of transformer oils.

Test method ASTM D3339 is also similar to ASTM D974, but is designed for use on smaller oil samples. ASTM D974 and D664 roughly use a 20 g sample; ASTM D3339 uses a 2.0 g sample.

In terms of repeatability, which is the difference between successive test results obtained by the same operator with the same apparatus under constant operating conditions on identical test material; data acquired using D664 was found to be within +/− 7% of the mean for 95% of cases for fresh oils using the inflection point method, or +/− 12% of the mean for used oils with the buffer end point method. On the other hand, when using ASTM D974, a sample with an acid number of 0.15 could vary from 0.10 to 0.20 and, when using ASTM D664, the acid number could vary from 0.17 to 0.13.

In terms of reproducibility, which is the difference between two single independent results obtained by different operators working in different laboratories on identical test material; 95% of tests using ASTM D664 gave results within +/− 20% of the mean for fresh oils using the inflection point method, or +/− 44 % of the mean for used oil using the buffer end point method. For example, if a mean acid number was 0.10 the results could be expected to vary from 0.14 to 0.06, 95% of the time. When using ASTM D974, the analyses (on the same oil) from multiple laboratories could vary from 0.09 to 0.01. Furthermore, according to ASTM, the acid number obtained by this standard (D664) may or may not be numerically the same as that obtained in accordance with test methods D974 and D3339.

In addition, the total acid number (TAN) values as obtained from standard test methods (ASTM D664) do not correlate at all with the risk of naphthenates or other soaps forming during production in oilfields. The total acid number of oil has frequently been used to quantify the presence of naphthenic acids, as the carboxylic acid components of oils are believed to be largely responsible for oil acidity.  However, more recent research has begun to highlight deficiencies in this method for such a direct correlation, and the total acid number is no longer considered to be a reliable indicator (Rikka, 2007).

Furthermore, ASTM D947 is an older method and used for distillates, whilst ASTM D664 is more accurate, but measures acid gases and hydrolyzable salts in addition to organic acids. These differences are important for crude oils but less significant in distillates and the Nalco NAT testing is more precise for quantifying the naphthenic acid content (Haynes, 2006).

Inorganic acids, esters, phenolic compounds, sulfur compounds, lactones, resins, salts, and additives such as inhibitors and detergents interfere with both testing methods. In addition, the ASTM methods do not differentiate between naphthenic acids, phenols, carbon dioxide, hydrogen sulfide, mercaptans, and other acidic compounds present in the oil.



     1.2.3. Opportunity Crudes

The main characteristics of opportunity crudes include:1. High total acid number (TAN >1.0 mg KOH/g sample).

2. High sulfur content (>1%).

3. Low API gravity (<26° API or >0.9 g/mL).




They may also present processing challenges due to high levels of water, salt, metals, solids, asphaltene incompatibility, high pour point or high conductivity. These characteristics will impact multiple units in the refinery.

Opportunity crudes are generally sold at a discount (relative to benchmark crude oil) to compensate for their increased processing costs or risks. Because of the economic advantages, many refiners are looking at processing higher levels of opportunity crude oils in their crude slates. There are many potential problems associated with processing opportunity crudes, and to properly manage the potential risks, the refiner should consider the impact that crude will have due to:1. Corrosion from naphthenic acid in the high temperature regions.

2. Desalter upsets.

3. Increased fouling.

4. Diesel cetane reduction.

5. Corrosion in the overhead regions from increased light organic acids.

6. Product stability problems.




Although these crudes can cause corrosion and fouling problems in a downstream facility, they offer attractive discounts in price. Effective methods and technologies to upgrade and process opportunity crudes can resolve their processing problems and provide attractive margins for the refiner.

Defining crude characteristics and understanding how unit operations might be impacted by them will help the refiner explore various control strategies and profit from processing these challenging crudes.

In the next 3–5 years, the total percentage of crude meeting the opportunity crude classification is forecast to double from 5% to 11% of the average global crude slate.  As more of these crude oils are blended with standard crude slates, the classic opportunity crude definition will broaden.

The economics of purchasing opportunity crudes is so attractive that more and more refineries are updating their strategy for processing them. The experience gained from treating over 50 high acid crude units over the last 20 years is used to manage the risks of processing new opportunity crudes as they appear on the market. Developing a successful strategy involves considering their total impact on the refinery – both positive and negative – and each opportunity crude should be analyzed for its individual potential negative impacts. Risk management techniques can be applied to corrosivity, desalter emulsion stability, fouling, and stability issues. Laboratory and field evaluations utilizing on-line monitoring systems, corrosion probes, and corrosion coupons can be included. Proper monitoring strategy is critical to successfully managing the risk of processing opportunity crudes.

Some problems can be predicted, whereas others are too dependent on unit operations to predict, but can be controlled. To manage the risks caused by these problems, a thorough risk assessment on the unit expected to run the opportunity crude is performed. This should:• Identify the metallurgy in all areas that would be susceptible to corrosion at higher naphthenic acid concentrations.

• Test the corrosivity of the new crude and the potential new side streams with and without corrosion inhibitor.

• Test the effect of the crude on the desalter.

• Test the stability of the new crude blend versus the current crude slate.

• Test the fouling potential of the new crude slate versus the current crude slate.




For a refiner, a successful strategy for processing opportunity crudes involves identifying their processing issues and assessing the inherent risks associated with running a particular crude or crude blend. With this knowledge, the refiner can anticipate the possible processing problems and implement cost effective mitigation measures.


     1.2.4. Heavy Oil

There are also other types of petroleum that differ from conventional petroleum insofar as they are much more difficult to recover from the subsurface reservoir. These materials have a much higher viscosity and lower API gravity than conventional petroleum, and their primary recovery usually requires thermal stimulation of the reservoir.

When petroleum occurs in a reservoir as a free-flowing dark to light colored liquid that can be recovered by pumping operations, it is often referred to as conventional petroleum. Heavy oils are more difficult to recover from the subsurface reservoir than light oils. The definition of heavy oils is usually based on their API gravity or viscosity and density, and can be quite arbitrary, although there have been some attempts to rationalize it.

For many years, petroleums and heavy oils were defined in terms of their physical properties. Heavy oils were considered to be those crude oils that had a specific gravity somewhat less than 20° API – generally in the range of 10 to 15° API. For example, Cold Lake heavy crude oil has an API gravity equal to 12°. Extra heavy oils, such as tar sand bitumen, usually have an API gravity in the range 5 to 10° (Athabasca bitumen = 8° API). Residua would vary depending upon the temperature at which distillation was terminated but usually vacuum residua are in the range 2 to 8° API (Speight, 2000 and references cited therein; Speight and Ozum, 2002 and references cited therein).

Thus, the generic term heavy oil is often applied inconsistently to petroleum that has an API gravity of less than 20°. Other definitions identify heavy oil as having an API gravity less than 22° API, or less than 25° API and usually, but not always, a sulfur content higher than 2% by weight (Ancheyta and Speight, 2007). Furthermore, heavy oils are darker in color than conventional crude oils and may even be black.


     1.2.5. Tar Sand Bitumen

Bitumen is a naturally-occurring material that is found in deposits where the permeability is low and passage of fluids through the deposit can only be achieved by prior application of fracturing techniques. Tar sand bitumen is a high-boiling material with little, if any material boiling below 350°C (660°F). Its boiling range approximates that of an atmospheric residuum.

Tar sands have been defined in the United States (FE–76–4) as:…the several rock types that contain an extremely viscous hydrocarbon which is not recoverable in its natural state by conventional oil well production methods including currently used enhanced recovery techniques. The hydrocarbon-bearing rocks are variously known as bitumen-rocks oil, impregnated rocks, oil sands, and rock asphalt.



The recovery of bitumen depends to a large degree on the composition and construction of the sand. Generally, the bitumen found in tar sand deposits is an extremely viscous material that is immobile under reservoir conditions, and cannot be recovered even by the application of secondary or enhanced recovery techniques.

The expression tar sand is commonly used in the petroleum industry to describe sandstone reservoirs that are impregnated with a heavy, viscous black crude oil that cannot be retrieved by conventional techniques (FE–76–4, above). However, the term is actually a misnomer; more correctly, the name tar is usually applied to the heavy product remaining after the destructive distillation of coal or other organic matter (Speight, 1994).

The bitumen in tar sand formations requires a high degree of thermal stimulation for recovery; to the extent that some thermal decomposition may have to be induced. Currently, recovery of bitumen in tar sand formations uses mining techniques.

It is incorrect to refer to naturally occuring bituminous materials as tar or pitch. Although the word “tar” is descriptive of the material, it is best to avoid its use with respect to natural materials, and to restrict it to the volatile or near-volatile products produced in the destructive distillation of such organic substances as coal (Speight, 1994) . In the simplest sense, pitch is the distillation residue of various types of tar. Thus, alternative names, such as bituminous sand or oil sand, are more appropriate, with the former being more technically correct. The term oil sand is used synonymously with tar sand, and these terms are used interchangeably throughout this text.

No single physical parameter, such as viscosity, is sufficient to differentiate bitumen, heavy oil, and conventional petroleum. Properties such as API gravity, elemental analysis, and composition fall short of giving an adequate definition; use of properties of the bulk deposit and, most of all, the necessary recovery methods gives a better basis for the definition of these materials. Only then is it possible to classify petroleum, heavy oil, and tar sand bitumen.

It is worth noting here the occurrence and potential supply of these materials. Internationally, the bitumen in tar sand deposits represents a potentially large supply of energy. However, many of the reserves are available only with some difficulty. Improved refinery scenarios will be necessary for conversion of these materials to liquid products because they are so very different from conventional petroleum (Table 1.1).

     Table 1.1 Comparison of the Properties of Tar Sand Bitumen (Athabasca) with the Properties of Conventional Crude Oil.
	Property	Bitumen (Athabasca)	Crude oil
	Specific gravity	1.01-1.03	0.85-0.90
	API gravity	5.8-8.6	25-35
	Viscosity, cp		
	38oC/100oF	750,000	<200
	100oC/212oF	11,300	
	Pour point, oF	>50	ca. -20
	Elemental analysis (wt.%):		
	Carbon	83.0	86.0
	Hydrogen	10.6	13.5
	Nitrogen	0.5	0.2
	Oxygen	0.9	<0.5
	Sulfur	4.9	<2.0
	Ash	0.8	0.0
	Nickel (ppm)	250	<10.0
	Vanadium (ppm)	100	<10.0
	Composition (wt. %):		
	Asphaltenes (pentane)	17.0	<10.0
	Resins	34.0	<20.0
	Aromatics	34.0	>30.0
	Saturates	15.0	>30.0
	Carbon residue (wt. %):		
	Conradson	14.0	<10.0



Because of the diversity of available information and the continuing attempts to delineate the various world tar sand deposits, it is virtually impossible to quantify the extent of these reserves in terms of the barrel unit. Indeed, investigations into the extent of many of the world’s deposits are continuing at such a rate that the numbers change considerably from one year to the next. Accordingly, the data quoted must be recognized as approximate. As technology changes so rapidly in this field; it is possible that this data may be out dated by the time this book goes to press.


     1.2.6. Biomass

Biomass is carbon based, and is composed of a mixture of organic compounds; which may contain hydrogen, oxygen, often nitrogen and also small quantities of other atoms, including alkali metals, alkaline earth metals, and heavy metals. These metals are often found in functional molecules such as the porphyrins (including chlorophyll, which contains magnesium). Other biomass compounds, which are generally present in minor amounts, include triglycerides, sterols, alkaloids, resins, terpenes, terpenoids, and waxes.

Reducing the dependence of any country on imported crude oil is of critical importance for its long-term security and continued economic growth. Supplementing petroleum consumption with renewable biomass resources is a possible first step towards this goal. The realignment of the chemical industry from petrochemical refining to a bio-refinery concept is feasible, and has become a national goal of many oil-importing countries. However, clearly defined goals are necessary for increasing the use of biomass-derived feedstocks in industrial chemical production. In this context, the increased use of biofuels should be viewed as one of a range of possible measures for achieving self-sufficiency in energy, rather than a complete solution (Crocker and Crofcheck, 2006Speight, 2008 and Langeveld et al., 2010), and there are arguments against rushing to large-scale production of biofuels (Giampietro and Mayumi, 2009).

Biomass is a renewable energy source, unlike resources such as petroleum, natural gas, tar sand, coal, and oil shale. As a result, it can potentially play a role in the future production of liquid fuels, and could possibly be a feedstock to a refinery.

Generally, there are four distinct sources of biomass that can be converted to energy:1. Agricultural crops.

2. Wood.

3. Municipal and industrial wastes.

4. Landfill waste which produced landfill gas (Speight, 2008).




Biomass is also classified on the basis of its source, as primary, secondary or tertiary.

Primary biomass is produced directly by photosynthesis, and includes all terrestrial plants now used for food, feed, fiber, and wood fuel. All plants in natural and conservation areas (as well as algae and other aquatic plants growing in ponds, lakes, oceans, or artificial ponds and bioreactors) are considered as primary biomass. However, only a small portion of the primary biomass produced will ever be harvested as feedstock material for the production of bioenergy and its byproducts. 

Pimary biomass feedstocks that are currently being used for bioenergy include grains and oilseed crops used for transportation fuel production, crop residues, such as orchard trimmings and nut hulls and some residues from logging and forest operations that are currently used for heat and power production. In the future it is anticipated that a larger proportion of the residues inherently generated from food crop harvesting, as well as a larger proportion of the residues generated from ongoing logging and forest operations, will be used for bioenergy (Smith, 2006).

Secondary biomass feedstocks are a by-product of processing of the primary feedstocks. By processing it is meant that there is substantial physical or chemical breakdown of the primary biomass and production of by-products; processors may be factories or animals. Field processes, such as harvesting, bundling, chipping or pressing does not re-classify a biomass resource that was produced by photosynthesis (e.g., tree tops and limbs) as secondary biomass.

Specific examples of secondary biomass are sawdust from sawmills, black liquor (which is a byproduct of paper making), and cheese whey (which is a by-product of cheese making processes). Manures from concentrated animal feeding operations are collectable secondary biomass resources. Vegetable oils used for biodiesel that are derived directly from the processing of oilseeds are also a secondary biomass resource.

Tertiary biomass feedstock include post consumer residues and wastes, such as fats, greases, oils, construction and demolition wood debris, other waste wood from the urban environments, as well as packaging wastes, municipal solid wastes, and landfill gases. The category other wood waste from the urban environment includes trimmings from urban trees, which technically fits the definition of primary biomass. However, because this material is normally handled as a waste stream along with other post-consumer wastes from urban environments (and included in those statistics), it makes the most sense to consider it to be part of the tertiary biomass stream.

The proper categorization of fats and greases may be debatable since they are by-products of the reduction of animal biomass into their component parts. However, most fats, greases, and some oils, are not available for bioenergy use until they become a post-consumer waste stream, so it seems appropriate for them to be included in the tertiary biomass category. Vegetable oils derived from the processing of plant components and used directly for bioenergy (e.g., soybean oil used in biodiesel) would be a secondary biomass resource, though amounts being used for bioenergy are most likely to be tracked together with fats, greases, and waste oils.

As expected from the above descriptions, biomass feedstocks exhibit a wide range of physical, chemical, and agricultural/process engineering properties. Despite their wide range of possible sources, biomass feedstocks are remarkably uniform in many of their fuel properties, compared with competing feedstocks such as coal or petroleum. About 6% of contiguous United States land area put into cultivation for biomass could supply all current demands for oil and gas. This production would not add any net carbon dioxide to the atmosphere.

Dried biomass has a heating value of 5000–8000 Btu/lb. with virtually no ash or sulfur produced during combustion (Manahan, 1984). However, nearly all kinds of biomass feedstocks destined for combustion fall in the range 6,450 to 8,200 Btu/lb. For most agricultural residues, the heating values are even more uniform – approximately 6,450 to 7,300 Btu/lb, with the values for most woody materials being 7,750–8,200 Btu/lb. Moisture content is probably the most important determinant of the heating value. Air-dried biomass typically contains about 15–20% moisture, whereas the moisture content for oven-dried biomass is around 0%. The bulk density, and hence energy density, of most biomass feedstocks is generally low, even after densification; about 10 to 40% of the bulk density of most fossil fuels, but liquid biofuels have comparable bulk densities to fossil fuels. Finally, many types of biomass contain high amounts of mineral matter (translated as mineral ash during analysis); the amount can vary from a fraction of 1% w/w to as much as 30% w/w. As is well known in the petroleum refining industry, mineral matter can be a catalyst killer in catalyst-based processes.

To prepare biomass for many refining processes, pretreatment would be necessary to produce a feedstock that was process-friendly.

Biofuel is derived from biomass (Speight, 2008) and has the potential to produce fuels that are more environmentally benign than petroleum-based fuels (Speight, 2008). Biofuel is a renewable energy source, unlike other natural resources, such as petroleum, and, like petroleum, biomass is a form of stored energy.

The production of biofuels to replace oil and natural gas is in active development, focusing on the use of cheap organic matter, usually cellulose, agricultural and sewage waste, for the efficient production of liquid and gas biofuels to yield high net energy gain. One advantage of biofuel over other types is that it is biodegradable, and so relatively harmless to the environment if spilled.

Direct biofuels are those that can be used in existing, unmodified, petroleum engines. Because engine technology changes all the time, direct biofuel can be hard to define, since a fuel that works well in one unmodified engine may not work in another. In general, newer engines are more sensitive to fuel variations than older ones, but new engines are also likely to be designed with biofuel use in mind.

Straight vegetable oil can be used in older diesel engines that are equipped with indirect injection system, but only in the warmest climates. Usually it is converted into biodiesel. Currently, engine manufacturers do not explicitly allow use of vegetable oil in their engines.

In reality, small amounts of biofuel are often blended with traditional fuels. The biofuel portion of these fuels is a direct replacement for the fuel they offset, but the total offset is small. For biodiesel, levels of 5% or 20% are commonly approved by various engine manufacturers.

Using waste biomass to produce energy can reduce the use of fossil fuels, reduce greenhouse gas emissions and pollution, and waste management problems. A recent publication by the European Union highlighted the potential for waste-derived bioenergy to contribute to the reduction in global warming. The report concluded that 19 million tons of oil equivalent could be available from biomass by 2020, 46% of which could be sourced from from bio-wastes: municipal solid waste (MSW), agricultural residues, farm waste, and other biodegradable waste streams (European Environment Agency, 2006; Marshall, 2007). 



     1.3. Occurrence and Reserves

     1.3.1. Origins of Petroleum

Petroleum has been used as an energy resource for more than 6,000 years and it is by far the most common source of energy, particularly of liquid fuel. Use of petroleum is projected to continue at current levels for at least two decades (BP, 2010)

Fossil fuels namely coal, petroleum (including heavy oil and bitumen), natural gas, and oil shale that are produced by the decay of plant remains over geological time (Speight, 1990 and Speight, 2008). Resources such as heavy oil and bitumen in tar sand formations are also discussed in this text. They represent an unrealized potential, with liquid fuels from petroleum being only a fraction of those that could ultimately be produced from heavy oil and tar sand bitumen.

Petroleum is scattered throughout the earth’s crust, and is divided into groups or strata, and is categorized in order of their antiquity (Table 1.2). These divisions are characterized by the distinctive types of organic debris, as well as fossils, minerals, and other characteristics, present in them; and form a chronological progression indicating the relative ages of the earth’s strata. Carbonaceous materials such as petroleum occur in all geological strata from the Precambrian to the most recent. The origin of petroleum within these formations is a question that remains open to conjecture and the basis for further investigation.

     Table 1.2 The Geologic Timescale.
	Era	Period	Epoch	Approximate duration (millions of years)	Approximate number of years ago (millions of years)
	Cenozoic	Quaternary	Holocene	10,000 years ago to the present	
	Pleistocene	2	.01
	Tertiary	Pliocene	11	2
	Miocene	12	13
	Oligocene	11	25
	Eocene	22	36
	Paleocene	71	58
	Mesozoic	Cretaceous		71	65
	Jurassic		54	136
	Triassic		35	190
	Paleozoic	Permian		55	225
	Carboniferous		65	280
	Devonian		60	345
	Silurian		20	405
	Ordovician		75	425
	Cambrian		100	500
	Precambrian			3,380	600



Petroleum occurs underground, at pressures that depend on its depth. This pressure means that considerable quantities of natural gas remain in solution within it. Petroleum is much more fluid underground than it is on the surface, and is generally mobile under reservoir conditions due to the elevated temperatures, also known as the geothermal gradient, present in subterranean formations. Although the geothermal
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	Figure 1.1. 
	Distribution of World Energy Resources, Millions of Tons Oil Equivalent (Mtoe)



      gradient varies from place to place, it is generally on the order of 25 to 30°C/km (15°F/1000 ft or 120°C/1000 ft, i.e. 0.015°C per foot of depth or 0.012°C per foot of depth).

Petroleum is derived from aquatic plants and animals that lived and died hundreds of millions of years ago. Their remains mixed with mud and sand in layered deposits that, over millennia, were geologically transformed into sedimentary rock. Gradually, the organic matter decomposed and eventually formed petroleum, or a related precursor. It then migrated from the original source beds to more porous and permeable rocks, such as sandstone and siltstone, where it finally became entrapped. Such entrapped accumulations of petroleum are called reservoirs. A series of reservoirs within a common rock structure or a series of reservoirs in separate but neighboring formations is commonly referred to as an oil field. A group of fields is often found in a single geologic environment known as a sedimentary basin or province.

The major components of petroleum are hydrocarbons; which are compounds of hydrogen and carbon that display great variation in their molecular structure. The simplest are a large group of chain-shaped molecules known as paraffins. This broad series extends from methane, which forms natural gas, through liquids that are refined into gasoline, to crystalline waxes. A series of ring-shaped hydrocarbons, known as the naphthenes, ranges from volatile liquids such as naphtha to high molecular weight substances isolated as the asphaltene fraction. Another group of ring-shaped hydrocarbons is known as the aromatics; the chief compound in this series is benzene, a popular raw material for making petrochemicals. 

Non-hydrocarbon constituents of petroleum include organic derivatives of nitrogen, oxygen, sulfur, and the metals nickel and vanadium. Most of these impurities are removed during refining.

Geological techniques can determine only the existence of rock formations that are favorable for oil deposits, not whether any oil is actually there. Drilling is the only sure way to ascertain the presence of oil. With modern rotary equipment, wells can be drilled to depths of more than 30,000 feet (9,000 m). Once oil is found, it may be recovered (brought to the surface) by the pressure created by natural gas or water within the reservoir. Recovery can also be achieved by injecting water or steam into the reservoir to raise the pressure artificially, or by injecting such substances as carbon dioxide, polymers, and solvents to reduce the viscosity of the crude oil. Thermal recovery methods are frequently used to enhance the production of heavy crudes, whose extraction is impeded by viscous resistance to flow at reservoir temperatures.

Crude oil is transported to refineries by pipelines, which can often carry more than 500,000 barrels per day, or by ocean-going tankers. The basic refinery process is distillation, which separates the crude oil into fractions of differing volatility. After distillation, other physical methods are employed to separate the mixtures, including absorption, adsorption, solvent extraction, and crystallization. After physical separation into such constituents as light and heavy naphtha, kerosene, and light and heavy gas oils, selected petroleum fractions may be subjected to conversion processes, such as thermal cracking (i.e., coking; Chapter 5) and catalytic cracking (Chapter 6). In the most general terms, cracking breaks the large molecules of heavier gas oils into the smaller molecules that form the lighter, more valuable naphtha fractions.

Reforming (Chapter 2) changes the structure of straight-chain paraffin molecules into branched-chain iso-paraffins and ring-shaped aromatics. The process is widely used to raise the octane number of gasoline obtained by distillation of paraffin-base crude oil (Speight, 2007a).


     1.3.2. Usage Trends

At present, the majority of the energy consumed by human society is produced from fossil fuels (petroleum: ca. 38 to 40%, coal: ca. 31 to 35%, natural gas: ca. 20 to 25%) with the remainder coming from nuclear and hydroelectric sources. As a result, fossil fuels (in varying amounts depending upon the source of information) are projected to be the major sources of energy for the next fifty years.

Proved oil reserves at the end of 2009 are estimated to have been 1,258.0 billion barrels (1,258.0 × 109 barrels) (BP, 2010). Global oil production fell by 2 million barrels per day in 2009, or 2.6% – the largest decline since 1982. OPEC production fell by 2.5 million barrels per day; Saudi Arabian output fell by 1.1 million barrels per day – the largest volumetric decline of all the world’s oil producers. Production in the United States rose by 460,000 barrels per day – the largest increase in the world and the strongest United States growth since 1970. The Organization for Economic Co-Operation and Development or OECD consumption fell by 2 million barrels per day, a fourth consecutive annual decline. Consumption outside the OECD increased by 860,000 barrels per day. Consumption declined in North America, South and Central America and Europe and Eurasia, outweighing modest increases in the Middle East, Africa and Asia-Pacific regions (BP, 2010).

Global refining capacity in 2009 grew by 2.2%, or 2 million barrels per day, the largest increase since 1999,and non-OECD capacity surpassed OECD capacity for the first time. The Asia-Pacific region accounted for more than 80% of the global growth, largely due to increases in India (+19.5%, or 580,000 barrels per day) and China (+10.5%, or 820,000 barrels per day). Global crude runs fell along with oil consumption, declining by 1.5 million barrels per day, or 2%. Throughput declines were concentrated in the EU (−6.4%, or 870,000 barrels per day) and other OECD countries. Throughput outside the OECD increased by 0.9% or 310,000 barrels per day, as strong growth in China and other Asia-Pacific countries more than offset declining throughput in South and Central America (–11.4%, or 610,000 barrels per day). Higher refining capacity and declining consumption pushed global refinery utilization to 81.1%, the lowest rate since 1994.

Global oil trade fell by 3.1% or 1.7 million b/d, a second consecutive annual decline and the largest since 1987. The United States accounted for 84% of the net decline in imports, driven by declining consumption and rising domestic production. Among exporters, the Middle East – with falling production and rising domestic consumption – accounted for virtually the entire decline.

Oil prices fell in 2009, with the price of Brent crude oil averaging $61.67 for the year – a decline of 37%, the largest decline (in percentage terms) since 1986. Other benchmark crudes registered similar declines. Prices began the year below $40 and rose steadily throughout the year, reaching a peak of more than $78 in mid-November (BP, 2010).

The United States now imports approximately 65% of its crude oil (and crude oil product) requirements. As recent events have shown, there seems to be little direction in terms of stability of supply or any way of ensuring self-sufficiency in liquid fuels precursors. This is particularly important for the United States refineries since a disruption in supply could cause major shortfalls in feedstock availability.

In addition, and in keeping with the preferential use of lighter crude oil as well as maturation effect in the reservoir, the crude oil currently available to the refinery is somewhat different in composition and properties to those available approximately 50 years ago (Swain, 1991Swain, 1993Swain, 1997 and Swain, 2000). The current crude oils are somewhat heavier, insofar as they have higher proportions of non-volatile (asphaltic) constituents. By the standards of yesteryear, many of the crude oils currently in use would previously have been classified as heavy feedstocks, but would not approach the definitions now used for heavy crude oil. Changes in feedstock character, such as this tendency towards heavier materials, require adjustments in refinery operations to reduce the amount of coke formed during processing, and to balance the overall product slate.

In recent years, the average quality of crude oil has deteriorated and contains less prime hydrocarbon products than it did several decades ago. This is reflected in a progressive decrease in API gravity (i.e., increase in density) and a rise in sulfur content (Swain, 1991Swain, 1993Swain, 1997 and Swain, 2000). However, it is believed that there has been a recent tendency for the quality of crude oil feedstocks to stabilize. Be that as it may, refineries have had to adapt to the changing nature of petroleum feedstocks to produce the needed liquid fuels. Furthermore, the declining reserves of light crude oil have resulted in an increasing need to develop ways of upgrading the abundant known heavy oil reserves. There is also considerable focus on adapting recovery techniques for the production of heavy oil and tar sand bitumen (Speight, 2007aSpeight, 2008 and Speight, 2009).


     1.3.3. Heavy Oil

The Western Hemisphere has 69% of the world’s technically recoverable heavy oil and 82% of the technically recoverable natural bitumen (Meyer and Attanasi, 2003). In contrast, the Eastern Hemisphere has about 85% of the world’s light oil reserves.

The U.S. heavy oil resource approaches 100 billion barrels of original oil in-place (OOIP). The resource is concentrated in 248 large reservoirs, holding 80 billion barrels of OOIP primarily located in California, Alaska, and Wyoming. Numerous other states, such as Arkansas, Louisiana, Mississippi, and Texas, contain significant volumes of heavy oil. Some undeveloped heavy oil resources underlie public lands, including much of the heavy oil deposits in Alaska. Much of the potential exists in already producing basins (http://www.fossil.energy.gov/programs/reserves/npr/Heavy_Oil_Fact_Sheet.pdf).

The largest heavy oil accumulation is the Venezuelan Orinoco heavy-oil belt, which contains 90% of the world’s heavy oil when measured on an in-place basis. In addition to extra-heavy Orinoco oil, South America has an estimated 40 billion barrels of technically recoverable heavy oil, so that, in total, 61% of the known technically recoverable heavy oil is in South America. Of the 35 billion barrels of heavy oil estimated to be technically recoverable in North America, about 7.7 billion barrels are assigned to known producing accumulations in the lower 48 States, and 7 billion barrels are assigned to the North Slope of Alaska.

Current production of heavy oil is difficult to assess because of the loose definitions that are employed. Nevertheless using API gravity as the guide, production of heavy oil in various countries has been calculated (Table 1.3).

     Table 1.3 Production of Heavy Oil by Country.
Source: http://www.heavyoilinfo.com/blog-posts/world-wide-heavy-oil-production/view	∗Includes tar sand bitumen

		API range	bbls/day × 1000
	Brazil	11-20	250
	Canada	8-18	400∗
	China	12-20	1802
	Colombia	12-20	80
	Ecuador	14-20	25
	Egypt	12-20	55
	India	15-17	30
	Indonesia	15-20	35
	Iraq	18	65
	Mexico	12-20	340
	Oman	15-20	35
	Trinidad	15-20	55
	UK	11-20	200
	USA	9-19	320
	Venezuela	17-20	629
	Yemen	19-20	15




     1.3.4. Tar Sand Bitumen

The bitumen in tar sand deposits is estimated to be at least 1.7 trillion barrels (1.7×1012 bbl) in the Canadian Athabasca tar sand deposits and 1.8 trillion barrels (1.8×1012 bbl) in the Venezuelan Orinoco tar sand deposits, compared to 1,258.0 billion barrels (1,258.0 × 109 barrels) of conventional oil worldwide, most of it in Saudi Arabia and other Middle Eastern countries (BP, 2010). 81% of the world’s known recoverable bitumen is in the Alberta, Canada.

In spite of the high estimations of the reserves of bitumen, the two conditions of vital concern for the economic development of tar sand deposits are the concentration of the resource, or the percent bitumen saturation, and its accessibility, usually measured by the overburden thickness. Recovery methods are based either on mining combined with some further processing, or operation on the oil sands in situ. Mining methods are applicable to shallow deposits, characterized by the overburden ratio (i.e., overburden depth to thickness of tar sand deposit). For example, indications are that for the Athabasca deposit, no more than 15% of the in-place deposit is available within current limitations of the economics and technology of open-pit mining; this portion may be considered as the proven reserves of bitumen in the deposit.


     1.3.5. Biomass

The term biomass (as a source of energy) covers several distinct types of materials:1. Plants – such as crops and grasses – excluding wood.

2. Wood.

3. Garbage.

4. Landfill waste.




All of these can be converted into usable forms of energy such as methane, or transportation fuels such as ethanol and biodiesel (Speight, 2008).

The reserves of biomass are unlimited. They are unlike non-renewable resources (such as the fossil fuels) which will eventually become depleted (Speight, 2008). Whilst forests and grasslands could become depleted, if they are managed properly they do represent a continuous supply of energy. 

The numbers illustrating the amount of available biomass are, at best, estimates and do not give any indications of the true, almost inexhaustible, amounts of material available. However, the production of biomass and biofuels brings up the food crops vs. fuel crops concept and there must be plans to ensure that local, regional, and national food needs will be met before shifting crop acreage into bioenergy feedstocks. This can place limitations on the amount of land available to produce energy crops but does leave the door open to use as much waste as possible for energy production.



     1.4. Ultimate (Elemental) Composition

With few exceptions, the proportions of the elements (carbon, hydrogen, nitrogen, oxygen, sulfur, and metals) in petroleum (whatever and wherever the source) vary over fairly narrow limits, which are: Carbon, 83.0 to 87.0%

 Hydrogen, 10.0 to 14.0%

 Nitrogen, 0.1 to 2.0%

 Oxygen, 0.05 to 1.5%

 Sulfur, 0.05 to 6.0%

 Metals (Ni and V), <1000 ppm




The narrowness of this range is quite surprising when the variation in the precursors is considered (Speight, 2007a), and even more surprising when one considers the wide variation in physical properties of the lighter, more mobile crude oils at one extreme to the heavier asphaltic crude oils at the other (Charbonnier et al., 1969 and Draper et al., 1977). In addition, when the many localized or regional variations in maturation conditions are assessed, it is indeed surprising that the ultimate compositions are so similar. Perhaps this observation is indicative of the similarity in nature of the precursors from one site to another.

The elemental analysis of tar sand bitumen has also been widely reported (Camp, 1976 and Meyer and Steele, 1981), but the data suffer from the disadvantage that identification of the source is too general and is often not specific to any site within the tar sand area. In addition, the analysis is quoted for separated bitumen, which may have been obtained by any one of several procedures and may therefore not be representative of the total bitumen in the sand. However, recent efforts have focused on a program to produce sound, reproducible data from samples for which the origin is carefully identified (Wallace et al., 1988). It is to be hoped that this program continues as it will provide a valuable data base for tar sand and bitumen characterization.

Like conventional petroleum, the available data for the elemental composition of tar sand bitumen is generally consistent and, like the data for petroleum, falls into a narrow range (Speight, 1990 and references cited therein): Carbon: 83.4 ± 0.5%

 Hydrogen: 10.4 ± 0.2%

 Nitrogen: 0.4 ± 0.2%

 Oxygen: 1.0 ± 0.2%

 Sulfur: 5.0 ± 0.5%

 Metals (Ni and V): >1000 ppm




The major exception to these narrow limits is the oxygen content, which can vary from 0.2% to 4.5%. This is not surprising, since oxygen is estimated by difference, so the analysis is subject to the accumulation of all of the errors in the other elemental data. In addition, bitumen is susceptible to aerial oxygen and the oxygen content is very dependent upon the sample history.

Furthermore, the ultimate composition of the Alberta bitumen does not appear to be influenced by the proportion of bitumen in the oil sand or by the particle size of the tar sand minerals.

Bitumen from U.S. tar sand has an ultimate composition similar to that of Athabasca bitumen (Speight, 1990 and references cited therein). As already noted, when the many localized or regional variations in maturation conditions are assessed it is perhaps surprising that the ultimate compositions are so similar.


     1.5. Chemical Composition

     1.5.1. Petroleum

Petroleum contains a vast range of organic functionality and molecular size. The variety is so great that it is unlikely that a complete compound-by-compound description for even a single crude oil would be possible. As already noted, the composition of petroleum can vary with the location and age of the field, in addition to any variations that occur with the depth of the individual well. Two adjacent wells are more than likely to produce petroleum with very different characteristics.

The molecular composition of petroleum can be described in terms of three classes of compounds: saturates, aromatics, and compounds bearing heteroatoms (sulfur, oxygen, or nitrogen). Within each class, there are several families of related compounds, hence:1. Saturated constituents include normal alkanes, branched alkanes and cycloalkanes (paraffins, iso-paraffins, and naphthenes, in petroleum terms).

2. Alkene constituents (olefins) are rare to the extent of being considered an oddity.

3. Mono-aromatic constituents range from benzene to multiple fused ring analogs (naphthalene, phenanthrene, etc.).

4. Thiol (mercaptan) constituents contain sulfur as do thioethers and thiophenes.

5. Nitrogen and oxygen-containing constituents are more likely to be found as polar forms (pyridines, pyrroles, phenols, carboxylic acids, amides, etc.) than in non-polar forms (such as ethers).




The distribution and characteristics of these types of compound account for the rich variety of crude oils.

The hydrocarbon content of petroleum may be as high as 97% by weight (for example in the lighter paraffinic crude oils) or as low as 50% by weight in the heavy asphaltic crude oils. Crude oils with as little as 50% hydrocarbon components are still assumed to retain most of the essential characteristics of the hydrocarbons, but it is the non-hydrocarbon (sulfur, oxygen, nitrogen, and metal) constituents that play a large part in determining their processability (Rossini et al., 1953; Lochte and Littmann, 1955; Schwartz and Brasseaux, 1958Brandenburg and Latham, 1968 and Rall et al., 1972). The concentration of these non-hydrocarbon constituents (i.e., those organic compounds containing one or more sulfur, oxygen, or nitrogen atoms) in certain fractions is quite small, and they tend to concentrate in the higher boiling fractions of petroleum. Their influence on the processability of the petroleum is important regardless of their molecular size and the fraction in which they occur.

The presence of these traces of non-hydrocarbon compounds can impart objectionable characteristics to finished products, leading to discoloration and/or lack of stability during storage; whilst during refining catalyst poisoning and corrosion are the most noticeable effects of these compounds. It is not surprising that considerable attention must be given to the non-hydrocarbon constituents of petroleum as the trend in the refining industry has been to process more heavy crude oil as well as residua that contain substantial proportions of these non-hydrocarbon materials.


     1.5.2. Biomass

Biomass is a very heterogeneous and chemically complex renewable resource, and an understanding of its natural variability and range of chemical compositions is essential for developing energy technologies to use it.

The biomass available for energy on a sustainable basis includes herbaceous and woody energy crops, agricultural food and feed crops, agricultural crop wastes and residues, wood wastes and residues, aquatic plants, and other waste materials including some municipal wastes.

Biomass, unlike petroleum, has widely varying composition. In addition, the specific components of plants such as carbohydrates, vegetable oils, plant fiber, and complex organic, molecules known as primary and secondary metabolites; can be utilized to produce a range of valuable monomers, chemical intermediates, pharmaceuticals and materials:1. Carbohydrates (starch, cellulose, sugars): starch is readily obtained from wheat and potato, whilst cellulose is obtained from wood pulp. Polysaccharides can be hydrolyzed, catalytically or enzymatically to produce sugars, a valuable fermentation feedstock for the production of ethanol, citric acid, lactic acid, and dibasic acids such as succinic acid.

2. Vegetable oils: vegetable oils are obtained from seed oil plants such as palm, sunflower and soya. The predominant source of vegetable oils in many countries is rapeseed oil.

3. Plant fibers: lignocellulosic fibers extracted from plants such as hemp and flax can replace cotton and polyester fibers in textile materials and glass fibers in insulation products.

4. Specialties: plants can synthesize highly complex bioactive molecules, often beyond the power of laboratories, and a wide range of chemicals is currently extracted, to serve a wide range of markets from crude herbal remedies through to very high value pharmaceutical intermediates.




More generally, biomass feedstocks types are recognized by their specific chemical content or the manner in which they are produced. However, the chemical composition of biomass varies considerably.

Predictably, the chemical and molecular composition of biomass impacts its subsequent decomposition. The rate of decomposition is a primary facet of the dynamic process for converting biomass. It is dependent on biomass quality (chemical composition and molecular composition) as well as other factors, such as process parameters.



     1.6. Fractional Composition

     1.6.1. Petroleum Distillates

Distillation is a means of separating chemical compounds, usually liquids, through differences in their respective vapor pressures. In a mixture, the components evaporate, and the vapor has a composition determined by the boiling points of these components. Distillation of a given component is possible if the vapor contains a higher proportion of that component than the liquid: i.e., if the given component has a higher vapor pressure and a lower boiling point than the others.

It is theoretically impossible to completely separate and purify the individual components of petroleum when the possible total number of isomers for all the individual carbon numbers that occur within the paraffin family is considered. When other types of compounds are included, such as the aromatic and heteroatom derivatives, even though the maturation process might limit the possible number of isomeric permutations (Tissot and Welte, 1978); the potential total number of compounds in petroleum is astronomical, so removing just one is not possible.

Petroleum can, however, be separated into a variety of fractions on the basis of the boiling points of its constituents. Such fractions are primarily identified by their respective boiling ranges and, to a lesser extent, by their chemical composition. However, it is often obvious that as the boiling ranges increase, the nature of the constituents remains closely similar and it is their number that caused the increase in boiling point.

     1.6.1.a. Gases and Naphtha

Methane is the main hydrocarbon component of petroleum gases, along with lower amounts of ethane, propane, butane, isobutane, and some C4+ hydrocarbons. Other gases, such as hydrogen, carbon dioxide, hydrogen sulfide, and carbonyl sulfide, are also present.

Saturated constituents, with lesser amounts of mono- and di-aromatics, dominate the naphtha fraction. While naphtha covers the boiling range of gasoline, most of the raw petroleum naphtha molecules have a low octane number. However, most raw naphtha is processed further and combined with other process naphtha and additives to formulate commercial gasoline. 

Every possible paraffin from methane (CH4) to n-decane (n-C10H22 – normal decane) is present in the saturated components of petroleum gases and naphtha. Depending upon the source, low boiling paraffins may be the single most abundant compound in a crude oil – reaching several percent. The iso-paraffins begin at C4 with iso-butane being the only possible non-linear isomer of butane. The number of possible isomers grows rapidly with carbon number and there may be increased difficulty in dealing with multiple isomers during analysis of paraffins of higher carbon number.

The saturated components include cycloalkanes (naphthenes) consisting predominantly of five or six-carbon rings. Methyl derivatives of cyclopentane and cyclohexane are commonly found in larger amounts than the parent unsubstituted structures (Tissot and Welte, 1978). Fused ring dicycloalkanes such as cis-decahydronaphthalene (cis-decalin) and trans-decahydronaphthalene (trans-decalin) and hexahydroindan are also common, but bicylic naphthenes separated by a single bond, such as cyclohexyl-cyclohexane, are not.

The numerous aromatic constituents in petroleum naphtha begin with benzene, but its C1 to C3 alkylated derivatives are also present (Tissot and Welte, 1978). Each of the alkyl benzene homologues through the twenty isomeric C4 alkyl benzenes have been isolated from crude oil along with various C5-derivatives (Mair, 1964). Benzene derivatives with fused cycloparaffin rings (naphtheno-aromatics) such as indane and tetralin have been isolated along with a number of their methyl derivatives. Naphthalene is included in this fraction, while the 1- and 2-methyl naphthalenes and higher homologues of fused two ring aromatics appear in the mid-distillate fraction.

Sulfur-containing compounds are the only heteroatomic compounds to be found in this fraction (Mair, 1964 and Rall et al., 1972). Usually, the total amount of sulfur in this fraction is less than 1% of the total. In naphtha from high-sulfur (sour) petroleum, 50 to 70% of the sulfur may be in the form of mercaptans (thiols). Over 40 individual thiols have been identified, including all the isomeric C1 to C6 compounds, some C7 and C8 isomers plus thiophenol (Rall et al., 1972). In naphtha from low-sulfur (sweet) crude oil, the sulfur is distributed between sulfides (thioethers) and thiophenes. In these cases the sulfides may be in the form of both linear (alkyl sulfides) and five- or six-ring cyclic (thiacyclane) structures. The sulfur structure distribution tends to follow the distribution of hydrocarbons present; i.e., naphthenic oils with a high cyclocyloalkane content tend also to have a high thiacyclane content. Typical alkyl thiophene derivatives in naphtha have multiple short side chains or exist as naphthenothiophenes (Rall et al., 1972). Methyl and ethyl disulfides have been confirmed to be present in some crude oils in analyses that minimized their possible formation by oxidative coupling of thiols (Aksenova and Kayanov, 1980; Freidlina and Skorova, 1980).


     1.6.1.b. Middle Distillates

Saturated species are the major component of the mid-distillate fraction of petroleum, but aromatics, including compounds with up to three aromatic rings and heterocyclic compounds, are present and represent a larger portion of the total. Kerosene, jet fuel,  and diesel fuel are all derived from raw middle distillate, which can also be obtained from cracked and hydroprocessed refinery streams.

Within the saturated constituents, the concentration of n-paraffins decreases regularly from C11 to C20. Two isoprenoid species (pristane = 2,6,10,14-tetramethylpentadecane and phytane = 2,6,10,14-tetramethylhexadecane) are generally present in crude oils in sufficient concentrations to be seen as irregular peaks alongside the n-C17 and n-C18 peaks in a gas chromatogram. These isoprene derivatives, believed to arise as fragments of ancient precursors, have relevance as simple biomarkers for the genesis of petroleum. The distribution of pristane and phytane relative to their neighboring n-C17 and n-C18 peaks has been used to aid in the identification of crude oils and to detect the onset of biodegradation. The ratio of pristane to phytane has also been used for assessment of the oxidative and reductive potential of the environment in which ancient organisms were converted into petroleum (Hunt, 1979).

Mono- and di-cycloparaffins with five or six carbons per ring constitute the bulk of the naphthenes in the middle distillate boiling range, decreasing in concentration as the carbon number increases (Tissot and Welte, 1978). The alkylated naphthenes may have a single long side chain as well as one or more methyl or ethyl groups (Hood et al., 1959). Similarly, substituted three-ring naphthenes have been detected by gas chromatography and adamantane has been found in crude oil (Lanka and Hala, 1958; Hunt, 1979; Lee et al., 1981 and Richardson and Miller, 1982).

The most abundant aromatics in the mid-distillate boiling fractions are the di- and tri-methyl naphthalenes. Other one and two ring aromatics are undoubtedly present in small quantities as either naphtheno- or alkyl homologues in the C11-C20 range. In addition to these homologues of alkylbenzenes, tetralin, and naphthalenes, the mid-distillate contains some fluorene and phenanthrene derivatives (Lee et al., 1990). The phenanthrene structure appears to be favored over that of anthracene (Tissot and Welte, 1978) and this appears to continue through the higher boiling fractions of petroleum (Speight, 1994 b).

The five-membered heterocyclic constituents in the mid-distillate range are primarily the thiacyclane, benzothiophene, and dibenzothiophene derivatives with lesser amounts dialkyl, diaryl and aryl-alkyl sulfides (Aksenova and Kayanov, 1980; Freidlina and Skorova, 1980). Alkylthiophenes are also present. As with the naphtha fractions, these sulfur species account for a minimal fraction of the total sulfur in the crude.

Although only trace amounts, usually ppm levels, of nitrogen are found in the middle distillate fractions, both neutral and basic nitrogen compounds have been isolated and identified in fractions boiling below 343°C (650°F) (Hirsch et al., 1974). Pyrrole and indole derivatives account for the about two thirds of the nitrogen, while the remainder is found in the basic alkylated pyridine and alkylated quinoline compounds.


     1.6.1.c. Vacuum gas oil

Saturated constituents contribute less to the vacuum gas oil, also known as VGO, than the aromatic constituents, but more than the polar compounds that are now present at percentage rather than trace levels. Vacuum gas oil is occasionally used as a heating oil, but is most commonly processed further; by catalytic cracking to produce naphtha, or by extraction to yield lubricating oil.

Within the saturates in the vacuum gas oil fraction, the distribution of paraffins, iso-paraffins, and naphthenes is highly dependent upon the petroleum source. Generally, the naphthene constituents account for approximately two-thirds (60%) of the saturate constituents, but the overall range of variation is from <20% to >80%. In most samples, n-paraffins from C20 – C44 are still present in sufficient quantity to be detected as distinct peaks in gas chromatographic analysis. Some crude oils show a preference for odd-numbered alkanes. Both the distribution and the selectivity toward odd-numbered hydrocarbons are considered to reflect differences in the petrogenesis of the crude oil.

The bulk of the saturated constituents in vacuum gas oil consist of iso-paraffins and especially naphthene species, although isoprenoid compounds, such as squalane (C30) and lycopane (C40), have been detected. Analysis shows that the naphthenes contain from one to more than six fused-rings accompanied by alkyl substitution. For mono-and di-aromatics, the alkyl substitution typically involves several methyl and ethyl substituents. Hopanes and steranes have also been identified and are also used as internal markers for estimating biodegradation of crude oils during bioremediation processes (Prince et al., 1994).

The aromatics in vacuum gas oil can contain one to six fused aromatic rings which in turn may bear additional naphthene rings and alkyl substituents, although mono- and di-aromatics account for about 50% of the aromatics present. Analytical data show the presence of up to four fused naphthenic rings in some compounds. This is consistent with the suggestion that these species originate from the aromatization of steroids. Although present at lower concentration, alkyl benzenes and naphthalenes generally have one long side chain and multiple short side chains.

The fused-ring aromatic compounds (having three or more rings) present in petroleum include phenanthrene, chrysene, and picene as well as fluoranthene, pyrene, benzo(a)pyrene, and benzo(g,h,i)perylene.

The individual phenanthrene compounds reported as being the most abundant appear to be the 3-derivatives. Phenanthrene derivatives outnumber anthracene derivatives by as much as 100:1 and chrysene derivatives are favored over pyrene.

Heterocyclic constituents are significant contributors to the vacuum gas oil fraction. In terms of sulfur compounds, thiophene and thiacyclane sulfur predominate over sulfide sulfur. Some molecules may even contain more than one sulfur atom. The benzothiophenes and dibenzothiophenes are the most prevalent thiophene forms of sulfur.

In the vacuum gas oil range, the nitrogen-containing compounds include higher molecular weight pyridines, quinolines, benzoquinoline derivatives, amides, indoles, carbazole, and molecules with two nitrogen atoms (diaza compounds). Those with three and four aromatic rings are especially prevalent (Green et al., 1989). Typically, about one-third of the compounds are basic, i.e. pyridine and its benzologs, while the remainder is present as neutral species (amides and carbazoles). Although the benzo- and dibenzo-quinolines found in petroleum are rich in sterically-hindered structures, both hindered and unhindered structures have been found to be present at equivalent concentrations in the source rocks. This observation has been rationalized as “geo-chromatography” in which the less polar (hindered) structures have moved more readily to the reservoir over time (Yammer, 1992).

Oxygen levels in the vacuum gas oil parallel the nitrogen content. Thus, the most commonly identified oxygen compounds are the carboxylic acids and phenols, collectively called naphthenic acids (Seifert and Teeter, 1970).


     1.6.1.d. Vacuum Residua

This fraction, the vacuum bottoms (1050°F+) is the most complex fraction of petroleum. Vacuum residua contain the majority of the heteroatoms originally contained in the petroleum and have a molecular weight range, as near as can be determined subject to method dependence, of up to several thousand. This fraction is so complex that the characterization of individual species is virtually impossible, no matter what claims have been made or will be made. Separation of vacuum residua by group type becomes difficult and confused because of the multi-substitution of aromatic and naphthenic species, as well as by the presence of multiple functionalities in single molecules.

Classically, n-pentane or n-heptane precipitation is used as the initial step for the characterization of vacuum residua (Speight, 2007a; ASTM, 2009). The insoluble fraction, the pentane- or heptane-asphaltenes, may total as much as 50% by weight this. The pentane- or heptane-soluble portion (maltenes) is then fractionated chromatographically into several solubility or adsorption classes for final characterization. However, in spite of claims to the contrary, the method is not a separation by chemical type, but a separation by solubility and adsorption.

The separation of the asphaltene constituents does, however, provide a simple way to remove some of the highest molecular weight and most polar components. The resulting fraction is so complex that compositional detail based on average parameters is of questionable value. The use of ion exchange chromatography (McKay et al., 1976 and Green et al., 1989) has, however, offered some indications of chemical types that occur within these complex, high molecular weight fractions.

For the 565°C+ (1050°F+) fractions of petroleum, the levels of nitrogen and oxygen may begin to approach the concentration of sulfur. These elements consistently concentrate in the most polar fractions to the extent that every molecule in them contains more than one heteroatom. At this point, structural identification is somewhat fruitless, and characterization techniques are used to confirm the presence of the functionalities found in lower boiling fractions such as, for example, acids, phenols, non-basic (carbazole-type) nitrogen, and basic (quinoline-type) nitrogen.

Several models have been proposed based on the observed functionalities, apparent molecular weight, and elemental analysis of the fraction, but whether or not these models offer insights into the nature and behavior of the asphaltene constituents remains open to speculation and question (Speight, 1994 b). 

The nickel and vanadium that are concentrated into the vacuum residuum appear to occur as both porphyrin and non-porphyrin forms (Reynolds, 1998). The metalloporphyrins can provide insights into petroleum maturation processes, they have been studied extensively and several families of related structures have been identified. On the other hand, the non-porphyrin metals remain less clearly identified, although some studies suggest that some still exist in a tetrapyrrole (porphyrin-type) environment (Fish and Komlenic, 1984 and Pearson and Green, 1993).

It is more than likely that, in a specific residuum molecule, the heteroatoms are arranged in different functionalities, making an incredibly complex molecule. Considering how many different combinations are possible, the chances of determining every structure in a residuum are very low. Due to this seemingly insurmountable task, it may be better to determine ways of utilizing the residuum rather attempting to determine (at best questionably accurate) molecular structures.



     1.6.2. Biomass

In contrast to petroleum, the fractional composition of biomass has not been investigated by methods related to fractional composition. However, because of its heterogeneous nature, it is subdivided into various types such as woody biomass, grass biomass and the like. Each different type is then subdivided into the various chemical constituents that make up the biomass.

Lignocellulosic feedstocks are composed primarily of carbohydrate polymers (cellulose and hemicellulose) and phenolic polymers (lignin). Lower concentrations of various other compounds, such as proteins, acids, salts, and minerals, are also present. Cellulose and hemicellulose, which typically make up two-thirds of cell wall dry matter (the portion of biomass that is not water), are polysaccharides that can be hydrolyzed to sugars and then fermented to ethanol. Process performance, in this case the ethanol yield from biomass, is directly related to then cellulose, hemicellulose, and individual sugar concentration in the feedstock. Lignin cannot be used in fermentation processes, but it may be useful for other purposes.

Lignocellulose is the term used to describe the three-dimensional polymeric composites formed by plants as structural material. It consists of variable amounts of cellulose, hemicellulose, and lignin.

Cellulose (30 to 50% of total feedstock dry matter) is a glucose polymer linked by β-1,4 glycosidic bonds. The basic building block of this linear polymer is cellubiose, which is a glucose-glucose dimer (a dimer is two simpler molecules – monomers – that combine to form a polymer). Hydrolysis of cellulose produces its glucose monomers – this process is also known as saccharification.

Hemicellulose (20 to 40% of total feedstock dry matter) is a short, highly branched polymer of five (C5) and six-carbon (C6) sugars. Specifically, hemicellulose contains xylose and arabinose (C5 sugars) and galactose, glucose, and mannose (C6 sugars). Hemicellulose is more readily hydrolyzed than cellulose because of its branched, amorphous nature. A major product of hemicellulose hydrolysis is the C5 sugar xylose. 



     1.7. Petroleum Products

Petroleum products and fuels, in contrast to petrochemicals, are those bulk fractions that are derived from petroleum and have commercial value as a bulk product (Speight, 2007).

Petroleum fuels are also petroleum products and are the fuels by which industry is driven. A brief mention of the properties of these fuels is useful here as it helps focus on the future needs and direction of the petroleum industry. More detailed descriptions are available elsewhere (Speight, 2007a and references cited therein).

Natural gas, which is predominantly methane, occurs in underground reservoirs separately or in association with crude oil (Speight, 2007). The principal types of gaseous fuels that are produced from it are oil (distillation) gas, reformed natural gas, and reformed propane or liquefied petroleum gas (LPG).

Liquefied petroleum gas (LPG) is the term applied to certain specific hydrocarbons and their mixtures. They exist in the gaseous state under ambient atmospheric conditions, but can be converted to the liquid state by application of moderate pressure at ambient temperature. These are the light hydrocarbons fraction of the paraffin series, comprising propane [CH3CH2CH3], butane [CH3CH2CH2CH3], iso-butane [CH3CH(CH3)CH3], and to a lesser extent propylene [CH3CH=CH2], or butylene [CH3CH2CH=CH2]. They are derived from refinery processes, crude oil stabilization and natural gas processing plants.

Mixed gas is prepared by adding natural gas or liquefied petroleum gas to a manufactured gas, thus giving a product of better utility and higher heat content or Btu value.

The compositions of natural, manufactured, and mixed gases can vary so widely that no single set of specifications can describe them. The requirements are usually based on performances in burners and equipment, on minimum heat content, and on maximum sulfur content.

Synthesis gas (syngas) is the name given to a gas mixture that is generated by the gasification of a carbon containing fuel (e.g., petroleum coke) to produce a gaseous product that contains varying amounts of carbon monoxide and hydrogen. The name synthesis gas originates from their use as intermediates in creating synthetic natural gas (SNG), and for producing ammonia and/or methanol. Syngas is also used as an intermediate in producing synthetic fuels via the Fischer-Tropsch reaction. In the strictest sense, synthesis gas consists primarily of carbon monoxide and hydrogen, although carbon dioxide and nitrogen may also be present. The chemistry of synthesis gas production is relatively simple but the reactions are often much more complex that indicated by the overall chemical equations (Speight, 2008).

Gasoline is mixture of hydrocarbons that boil below 180°C (355°F) or, at most, below 200°C (390°F). It is manufactured to meet given specifications and regulations and not to achieve a specific class or size distribution of hydrocarbons. However, chemical composition often determines physical properties – for example, volatility is given by the individual hydrocarbon constituents and is usually dominated by that of the lowest boiling constituent(s). 

Automotive gasoline typically contains approximately two hundred or more hydrocarbon compounds, whose relative concentrations vary considerably depending on source, refinery process, and product specifications. Typical hydrocarbon chain lengths range from C4 through Cl2 with a general hydrocarbon distribution consisting of alkanes (4–8%), alkenes (2–5%), iso-alkanes 25–40%, cycloalkanes (3–7%), cycloalkenes (l–4%), and aromatics (20–50%). However, these proportions vary greatly. Thermal and catalytic cracking, once used to supplement the gasoline supplies produced by distillation, are now the major production processes used. In addition, other methods are now used to improve the quality of gasoline and increase its supply. This includes, polymerization, alkylation, isomerization and reforming.

Aviation gasoline is form of gasoline that has been especially prepared for use for aviation piston engines, and is composed of paraffins and iso-paraffins (50 to 60%), moderate amounts of naphthenes (20 to 30%), small amounts of aromatics (10%), and usually no olefins. By comparison, motor gasoline may contain up to 30% olefins and up to 40% aromatics. It has an octane number suited to the engine, a freezing point of −60°C (−76°F), and a distillation range usually between 30 to 180°C (86 to 356°F) compared to −1 to 200°C (30 to 390°F) for automotive gasoline.

Kerosene (kerosine), also called paraffin or paraffin oil, is a flammable, pale-yellow or colorless, oily liquid with a characteristic odor. It is obtained from petroleum and used for burning in lamps, domestic heaters or furnaces, as a fuel or fuel component for jet engines, and as a solvent for greases and insecticides. Kerosene is intermediate in volatility between gasoline and gas oil, distilling between 150 and 300°C (300 to 570°F). It has a flash point of about 25°C (77°F) and is suitable for use as an illuminant when burned in a wide lamp. The term kerosene is often incorrectly applied to various fuel oils, but a fuel oil is actually any liquid or liquid petroleum product that produces heat when burned in a suitable container or that produces power when burned in an engine.

Jet fuel is a light petroleum distillate available in several forms that are suitable for use in specific types of jet engines. The major types used by the military are JP-4, JP-5, JP-6, JP-7, and JP-8. Briefly, JP-4 is a wide-cut fuel developed for broad availability. JP-6 is a higher cut than JP-4 and is characterized by fewer impurities. JP-5 is specially blended kerosene, and JP-7 is high flash-point special kerosene used in advanced supersonic aircraft. JP-8 is kerosene modeled on Jet A-l fuel (used in civilian aircraft). From what data are available, typical hydrocarbon chain lengths in JP-4 range from C4 to C16. Aviation fuels consist primarily of straight and branched alkanes and cycloalkanes. Aromatic hydrocarbons are limited to 20–25% of the total mixture because they produce smoke when burned. A maximum of 5% alkenes is specified for JP-4. The approximate distribution by chemical class is: straight chain alkanes (32%), branched alkanes (31%), cycloalkanes (16%), and aromatic hydrocarbons (21%).

Fuel oil is classified in several ways but may generally be divided into two main types;distillate fuel oil and residual fuel oil. Distillate fuel oil is vaporized and condensed during a distillation process, and thus has a definite boiling range and does not contain high-boiling constituents. A fuel oil that contains any amount of the residue from crude distillation of thermal cracking is a residual fuel oil. The terms distillate fuel oil and residual fuel oil are losing their significance, since fuel oil is now made for specific uses and may be either distillates or residuals or mixtures of the two. The terms domestic fuel oil, diesel fuel oil, and heavy fuel oil are more indicative of the use of fuel oils.

Diesel fuel oil is also a distillate fuel oil, and distils between 180 to 380°C (356 to 716°F). Several grades are available depending on use: diesel oil for diesel compression ignition (cars, trucks, and marine engines) and light heating oil for industrial and commercial uses.

No. 1 fuel oil is a petroleum distillate that is one of the most widely used fuel oil types. It is used in atomizing burners that spray fuel into a combustion chamber where the tiny droplets bum while in suspension. It is also used as a carrier for pesticides, a weed killer, a mold release agent in the ceramic and pottery industry, and in the cleaning industry. It is found in asphalt coatings, enamels, paints, thinners, and varnishes. No. 1 fuel oil is a light petroleum distillate (straight-run kerosene) consisting primarily of hydrocarbons in the range C9–C16. It is very similar in composition to diesel fuel; the primary difference being in the additives present.

No. 2 fuel oil is a petroleum distillate that may be domestic or industrial. The domestic type is usually lower boiling and a straight-run product, it is used primarily for home heating. The industrial distillate is a cracked product or a blend, used in smelting furnaces, ceramic kilns, and packaged boilers. This oil is characterized by hydrocarbon chain lengths in the C11–C20 range, and a composition of aliphatic hydrocarbons, straight chain alkanes and cycloalkanes, (64%), unsaturated hydrocarbons, alkenes, (1 to 2%), and aromatic hydrocarbons, including alkyl benzenes and 2-ring, 3-ring aromatics, (35%) but contains only low amounts of the polycyclic aromatic hydrocarbons (<5%).

No. 6 fuel oil, also called Bunker C oil or residual fuel oil, is the residuum from crude oil after naphtha-gasoline, No. 1 fuel oil, and No. 2 fuel oil have been removed. It can be blended directly to heavy fuel oil or made into asphalt. Limited data are available on the composition of No. 6 fuel oil as it is more complex in composition and contains more impurities than distillate fuels, as well as polycyclic aromatic hydrocarbons which includes the alkylated derivatives, and metal-containing constituents.

Diesel fuel oil is essentially the same as furnace fuel oil, but the proportion of cracked gas oil is usually lower, since the high aromatic content of the latter reduces the cetane value of the fuel. Under the broad definition of diesel fuel, many possible combinations of characteristics, such as volatility, ignition quality, viscosity, gravity, stability, and other properties, exist. To characterize diesel fuels and thereby establish a framework of definition and reference, various classifications are used in different countries. An example is ASTM D975 in the United States, in which grades No. l-D and 2-D are distillate fuels, the types most commonly used in high speed engines of the mobile type, in medium speed stationary engines, and in railroad engines. Grade 4-D covers the class of more viscous distillates and, at times, blends of these distillates with residual fuel oils. No. 4-D fuels are applicable for use in low and medium speed engines employed in services involving sustained load and predominantly constant speed.

Coke (a solid fuel) is the residue left by the destructive distillation of petroleum residua. That which is formed in catalytic cracking operations is usually non-recoverable, as it is often employed as fuel for refinery processes. The composition of petroleum coke varies with the source of the crude oil, but in general, contains large amounts of high molecular-weight, complex hydrocarbons (rich in carbon but correspondingly poor in hydrogen). The solubility of petroleum coke in carbon disulfide has been reported to be as high as 50 to 80%, but this is in fact a misnomer, since the coke is the insoluble, honeycomb material that is the end product of thermal processes.


     1.8. Petrochemicals

A petrochemical is any chemical derived from petroleum and natural gas and used for a variety of commercial purposes as distinct from fuels that are burned to release energy (Speight, 2007a). The definition has been broadened to include the whole range of organic chemicals. In many instances, a specific petrochemical may also be obtained from other sources, such as coal, coke, or vegetable products; for example, materials such as benzene and naphthalene can be made from either petroleum or coal, while ethyl alcohol may be of petrochemical or vegetable origin.

For convenience, petrochemicals can be divided into two groups, namely primary petrochemicals and intermediates and derivatives.

Primary petrochemicals include olefins such as ethylene, propylene and butadiene, aromatics (benzene, toluene, and xylenes) and methanol. Petrochemical intermediates are generally produced by chemical conversion of primary petrochemicals to form more complex derivative products. Petrochemical derivative products can be made in a variety of ways: directly from primary petrochemicals; through intermediate products which still contain only carbon and hydrogen; and, through intermediates which incorporate chlorine, nitrogen or oxygen in the finished derivative. In some cases, they are finished products; in others, they are themselves intermediates in a multi-step process.

The chemical industry is in fact the chemical process industry which manufactures a variety of chemicals. It is sub-divided further into other categories:1. Chemicals and allied products; in which chemicals are manufactured from a variety of feedstocks which may then be put to further use.

2. Rubber and miscellaneous products; which focuses on the manufacture of rubber and plastics.

3. Petroleum refining and related industries which has been explained in this chapter.




Thus, the petrochemical industry falls under the sub-category of petroleum and related industries. 
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