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Chapter 1
Fossil Energy, Introduction

Ripudaman Malhotra

To many in the sustainability community, fossil energy is an anathema. Continued
use of fossil resources — oil, coal, and natural gas — poses threats to the environment
through the emission of pollutants and greenhouse gases. The fact that they are
a limited or exhaustible resource means that in the future we could either run out of
them or their extraction will get progressively harder to a point that it takes more
energy to extract them than would be derived from their use. Using fossil energy is
clearly not sustainable, and the world has to look to renewable resources for long-
term survival.

This is an encyclopedia about the science and technology of sustainability. The
word, sustainability shares its root with sustenance. Any discussion of
sustainability must therefore include discussions of sustenance, and in the context
of modern society, sustenance stems from the use of energy. We derive energy from
a number of different sources. Annual global consumption of energy is currently on
the order of 500 exajoules (EJ), about 85% of which comes from fossil resources.
From 500 El/year, the global energy demand is expected to rise to somewhere
between 1,000 and 1,500 EJ/year by the middle of this century. The drivers for this
increased demand are already in place. Large segments of China, India, and Brazil
are poised to increase their standard of living — and the concomitant energy demand
— substantially. If the average energy consumption in the Asia-Pacific region were
to reach the current global average, which is about half of what is consumed in
Europe and Japan, the demand would increase by an amount equal to the total
energy consumption in the North America region. The challenge of achieving
a sustainable future is in being able to balance the energy requirements for the

This chapter was originally published as part of the Encyclopedia of Sustainability Science
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2 R. Malhotra

billions of people so they can lead healthy and productive lives against the need
to preserve the environment by not running into its limits in its ability to
supply the resources or act as a sink for the waste [1]. The entries in this section
examine the current status, assess the resource potential of the various fossil fuels,
examine the technologies for using them, and review the environmental impact of
their use.

Petroleum and natural gas have similar origin and often occur together in
geologic formations, and their global distribution and production is discussed
together in the entry by McCabe (>Oil and Natural Gas: Global Resources). This
entry makes clear the distinction between reserves and resources. Reserves repre-
sent only that fraction of the resource base that can be economically recovered
using current technology. These are not fixed quantities as both technology and
economics change over time. Global annual production (and consumption) of oil in
2010 was 31 billion barrels and of natural gas was around 120 trillion cubic feet. In
energy units, they correspond to 180 EJ of oil and 120 EJ of natural gas [2]. The
current reserves are estimated at 1,236 billion barrels of conventional oil (7,500 EJ)
and 6,545 tcf of natural gas (6,500 EJ). The current reserves to production ratio
(R/P) is about 40 for oil and about 55 for natural gas. The R/P ratio has often been
mistakenly taken as the time to exhaustion, but new discoveries as well as advances
in technology add to the reserves. In the case of oil, for example, the R/P ratio has
stayed around 40-50 years for more than 60 years even with the steadily increasing
oil consumption. In addition, there are also unconventional accumulations of these
hydrocarbon resources and extracting them requires development of new
technologies. In the case of oil, the unconventional resources are oil sands, oil
shale, and heavy oil. Unconventional resources of natural gas are coal bed methane,
tight gas, shale gas, and gas hydrates. These unconventional resources are vast and
have the potential of more than doubling our resource endowment.

Exploration and production of oil from sedimentary deposits and oil sands is the
subject of an entry by Speight (Petroleum and Oil Sands Exploration and Produc-
tion). The processes for recovering oil could be a simple matter of drilling into the
formation with the oil flowing to the surface under its own pressure, or it may
require injection of gases, fluids, and surfactants to coax it to flow. In extreme cases,
it may even require underground combustion of a portion of the resource to release
the oil. Speight describes the chemical and physical factors that govern the flow of
oil and the technology options currently available. In a different entry, Speight
(»Petroleum Refining and Environmental Control and Environmental Effects)
provides and account of the different processes such as distillation, catalytic cracking,
hydrotreating, reforming, and deasphalting used in the refining of crude oil. This entry
also deals with environmental effects of the gaseous, liquid, and solid effluents from
these processes. Production of oil from shale is principally achieved by retorting of
shale, or other thermal processes including in situ pyrolysis. Oja and Suuberg
(Oil Shale Processing, Chemistry and Technology) detail the chemistry and technol-
ogy of these processes in the entry.

Gas hydrates represent a particularly noteworthy resource and are reviewed in the
entry by Patil (Alaska Gas Hydrate Research and Field Studies). They are naturally
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occurring ice-like substances in which methane or other light gases are trapped in the
cage structures formed by water molecules. They are stable under certain conditions of
temperature and pressure, and can be found at many places around the world at depths
of several hundred meters below the seabed and in the permafrost in the polar region.
Global estimates of gas hydrates are on the order of 500,000 tcf, about a hundred times
the proved reserves of natural gas. Apart from being a potentially very important
source for energy in the future, the gas hydrates are also important from the perspective
of climate change. A general warming could release substantial amounts of methane,
which — being a potent greenhouse gas — would reinforce any global warming.

Oil remains the prized fuel. It has a high energy density and as a liquid it is well
suited for transportation. The transportation sector relies on oil for over 90% of its
energy needs (the remainder being mostly furnished by coal — via electricity) [3].
Given the importance of liquid fuels, there is considerable interest in converting
coal and natural gas, the other hydrocarbon resources, into oil. In a pair of entries,
Araso and Smith (Gas to Liquid Technologies and Coal to Liquids Technologies)
provide an overview of the various processes for converting natural gas and coal to
liquids. These reviews cover the basic chemistry and catalytic technologies behind
the different approaches. The entry on Gas to Liquid Technologies deals with steam
reforming of methane, autothermal reforming, and partial oxidation approaches for
producing syngas, including strategies for managing the heat and mass transfer
through the use of different reactor technologies. The entry next covers the
conversion of syngas into liquids by Fischer-Tropsch (FT) synthesis. The entry
on Coal to Liquids Technologies reviews the different approaches like pyrolysis,
direct liquefaction, coprocessing with petroleum, and indirect liquefaction that first
converts coal into syngas and then uses FT or other conversion processes to make
liquid fuels.

The internal combustion engines that power these vehicles covert only about
20-30% of the energy in the fuel to motive power. Increasing the efficiency of the
engines used in transportation represents a significant opportunity to reduce future
demand for oil, as well as reduce the carbon footprint of the cars, trucks, and planes.
Jacobs (Internal Combustion Engines, Developments in) provides a detailed
account of the thermodynamics of the different kinds of engines and of the various
technologies under development for improving the efficiency of the internal com-
bustion engines. These include strategies such as engine downsizing,
turbocharging, better controls, variable geometry engines, variable valve timing,
homogeneous charge compression engines, and waste heat recovery.

Ho6k (Coal and Peat: Global Resources and Future Supply) reviews the global
coal and peat resources, which are substantially larger than conventional oil and gas
resources. Peat and coal are also distributed more evenly around the globe. The
proved reserves of coal are estimated at between 800 billion and a trillion metric
tons, representing roughly 20,000 EJ. Most coal is derived from trees and ferns
that grew some 250—300 million years ago during the carboniferous period. Aerobic
bacteria generally decompose most plant matter into CO,, but when a tree fell into
a swamp and was buried with limited exposure to oxygen, it could be partially
preserved. That phenomenon occurs even today and is evidenced in the formation
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of peat (very young coal) in bogs. Unlike coal, peat has a low calorific content and
its commercial use as an energy resource is limited. However, peat is important
from global carbon cycle. Peat bogs store vast amounts of carbon, but the product
of anaerobic decomposition, methane, contributes to greenhouse gases in the
atmosphere such that under steady state conditions they comprise only a slight
sink of carbon. The situation changes with fires as peat bogs become major source
of carbon in the atmosphere. Human activities, such as drainage of the area for
agriculture, exacerbate the situation, as more peat gets exposed and the swamp is
not wet-enough to squelch the fire. Estimates of the amounts of carbon released
from peat are on the order of several billion tons, the same order of magnitude as
from fuels used in transportation or power production.

As coal resources are vast, they are likely to continue to contribute substantially to
global energy mix. However, their use also presents a number of challenges, begin-
ning with mining, and through coal preparation and use. Mining operations result in
excavation of billions of tons of earth, and depending on the nature of the waste rock
and how it is handled it can lead to contamination of air, water, and soils systems.
The wide-ranging nature of environmental impact necessitates a commensurately
broad portfolio of technologies for the remediation, restoration and reclamation.
Chattopadhyay and Chattopadhyay (Mining Industries and Their Sustainable
Management) provide an overview of the environmental impact of coal mining,
and mining processes in general, as well as review the range of the chemical and
biochemical strategies to mitigate the impact.

The run-of-mine coal is often laden with noncombustible minerals such as shale
and clays that reduce its heating value. Cleaning and washing of coals removes
many of these impurities and upgrades the coal into a marketable resource, improve
the performance of power plants, and also reduce potential of harmful emissions
and dust. Luttrell and Honaker (Coal Preparation) review these cleaning and
preparation operations, and point out the importance of cheap preparation in
extending the resource base.

Electricity is one of the most useful forms of energy; its importance to the way
we live cannot be over emphasized. It can be used to perform all kinds of useful
functions and services that people desire, and at the point of use it produces no
pollution. Electricity is a secondary source of energy, as it must be produced from
primary sources such as coal, natural gas, oil, nuclear, hydro and, of late, increas-
ingly from wind and solar. In 2010, the global production of energy was 21,325
trillion kWh, which is equivalent to 77 EJ. However, since 68% of electricity is
derived from burning fossil fuels at an average efficiency of 38%), the total primary
energy the world consumed as electricity amounts to 135 EJ, or roughly 27% of the
total energy consumed. Electricity demand in the world is projected to rise at a rate
greater than for total energy, and meeting that need for additional sources for
producing electricity is critical human welfare.

Several entries in this section are devoted to the production of electrical power.
As the fuel with the lowest levelized cost of electricity, coal remains the dominant
fuel for producing electricity, and furnishes over half of the electricity. It results
in the emission of about 900 g CO, per kWh, highest of any fossil resource.
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The development of coal power in future is going to be constrained by the concerns
of CO, emissions, and Beer (CO, Reduction and Coal-Based Electricity Generation)
discusses the different technology options for increasing the efficiency of coal-fired
power plants and reducing the CO, emissions. Ultra supercritical steam cycles
and combined heat and power applications are relatively straightforward to apply,
and have the potential to reduce the largest tonnage of emissions.

Of course, there are other pollutants also that are emitted when coal is used
for power productions. Chief among them are oxides of sulfur and nitrogen and
toxic metals such as mercury, selenium, and arsenic, as well as carcinogenic PAH-
containing soot aerosols. Moyeda (Pulverized Coal-Fired Boilers and Pollution
Control) reviews the technologies for scrubbing the stack gas emissions. The
deployment of scrubbers for the nitrogen and sulfur oxides following the Clean
Air and Water Act in the 1980s greatly improved the quality of air and water
systems.

Natural gas is the other major fuel for producing electric power. When used in
a gas-fired combined-cycle mode, it produces only 380 g CO,/kWh. Smith and
Giilen (Natural Gas Power) review the technology for power generation from
natural gas. They discuss the different sources of natural gas, provide a brief history
followed by detailed thermodynamics of gas turbines, and modern power plants
designs that incorporate combined cycle for maximum overall efficiency. They also
review emissions from NGCC plants, notably NOy, and strategies for minimizing
them. The entry concludes with a discussion of power plant economics.

Carbon capture and sequestration (CCS) as a strategy for stabilizing atmospheric
CO, levels is receiving considerable attention. Friedman (CO, Capture and Seques-
tration) provides an overview of the state of technology and the different
embodiments of CCS. These cover various strategies for first capturing the CO,,
which may be performed pre- or post-combustion, or from the atmosphere. He
discusses the energy requirements under these different scenarios. The entry also
reviews the geochemistry of various options for sequestering the captured CO,,
either in deep saline aquifers or in other geological formations.
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Chapter 2

Oil and Natural Gas: Global Resources

Peter J. McCabe

Glossary

Coal bed methane
(CBM)
Conventional oil
and gas

Gas hydrates

Oil sands

Oil shale

Reserves

Resources

Natural gas (methane) that can be extracted from coal beds.
Synonymous with coal bed gas and coal seam gas (CSG).
Oil and natural gas that occur in the subsurface and that can be
produced using conventional methods of well drilling.
Accumulations of natural gas that are trapped in ice-like
crystalline solids consisting of gas molecules surrounded by
cages of water molecules. Hydrates are stable at certain
temperatures and pressures within some sea-floor sediments
and within permafrost in polar regions. Synonymous with gas
clathrates.

Sandstones that are naturally impregnated with bitumen,
a highly viscous form of petroleum. Synonymous with bitu-
minous sands and tar sands.

A rock that contains significant amounts of solid organic
chemical compounds (kerogen) that can generate oil when
heated.

The discovered, but not yet produced, amounts of oil or gas
that could be extracted profitably with existing technology
under present economic conditions.

The amounts of oil and gas that have been discovered plus the
estimated amount that remains to be discovered.

This chapter was originally published as part of the Encyclopedia of Sustainability Science
and Technology edited by Robert A. Meyers. DOI:10.1007/978-1-4419-0851-3
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Shale gas Natural gas that is produced from shale.

Tight gas Natural gas that is extracted from rocks with very low porosity
and permeability and which is, therefore, relatively difficult to
produce.

Unconventional Oil and natural gas accumulations that require extraction

oil and gas techniques that allow easier flow of oil and gas to a well

(for example, hydraulic fracturing to open pathways or in
situ heating to reduce viscosity) or by processing after mining.

Definition of the Subject

Crude oil and natural gas (mostly methane but including some longer-chain
hydrocarbons) have been used by humans for thousands of years for a variety of
purposes including lighting, heating, and medicinal uses. However, use was limited by
access to natural seeps of oil and gas and the available technologies to extract and store
the products. The earliest known oil wells were drilled in China in the fourth century
using bamboo. It was not, however, until the mid-nineteenth century that large-scale
production began, when metal piping allowed deeper drilling into hard rock. Early
commercial production began in Poland and Romania and this was followed rapidly
by drilling successes in the Russian Empire, in what is now Azerbaijan, and in the
United States. Development of the process of fractional distillation at this time fuelled
the demand for crude oil, which could now be economically refined into kerosene for
use in oil lamps. The development of the internal combustion engine also created
ademand for oil and this greatly expanded with Karl Benz’s invention of the gasoline-
powered automobile, patented in 1886. The transport sector became the dominant user
of oil and currently accounts for 61.4% of oil consumption [1]. Other major uses
include lubrication, chemical feedstock, and domestic heating. Production has risen
dramatically over the last century (Fig. 2.1) and production of crude oil today is
approximately 73 million barrels per day (a “barrel” is 42 US gallons).

The United States dominated world oil production for the first half of the
twentieth century, accounting for over 50% of the world’s annual production
until 1960. After World War II demand for oil increased at a rapid rate and
production increased fivefold between 1950 and 1972. As the world economy
rapidly grew, international trade in oil was facilitated by the development of
supertankers. The dominance of the United States decreased as several other
regions increased their share of production, particularly the Middle East and the
Soviet Union. The Organization of the Petroleum Exporting Countries (OPEC) was
formed in 1960 and by 1972 was responsible for over 50% of the world’s
oil production. The cartel restricted the supply of oil during the 1970s, resulting
in a fivefold increase in prices. The resulting fall in demand and oversupply led to
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Fig. 2.1 World production of crude oil and natural gas since World War II expressed in units of
energy for comparative purposes. Based on EIA data [2]

Table 2.1 Major producers of crude oil. From [1]

Country % of world total
Russia 12.9
Saudi Arabia 11.8
USA 8.3
Iran 5.4
China 5.0
Canada 4.0
Mexico 3.8
Venezuela 3.3
Kuwait 3.2
U.AE. 3.1
Rest of world 39.2

a price collapse in the early 1980s. OPEC has subsequently never exceeded 42% of
world production [2] but the rapid economic expansion of many countries in the
first decade of the twenty-first century resulted in relatively high prices again as
demand increased substantially. Today 60% of the world’s oil production is from
six countries, of which five belong to OPEC (Table 2.1).

Although natural gas had long been used in limited amounts for illumination,
much of the natural gas that was originally discovered in association with oil
was vented or flared because there was no way of commercializing the gas. Reliable
pipelines to transport gas were not developed until after World War II. Natural gas
is now used primarily for electrical generation in power plants, domestic heating,
manufacturing fertilizers, and for other industrial purposes. World production of
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Table 2.2 Major producers of natural gas. From [1]

Country % of world total
USA 19.2
Russia 19.0
Canada 5.1
Iran 4.6
Norway 34
China 2.9
Qatar 2.9
Algeria 2.6
Netherlands 2.5
Indonesia 2.5
Rest of world 353

natural gas grew steadily in the 30 years after World War II, though at a slower rate
than oil production. Production was dominated by the United States, which pro-
duced over 50% of the world’s annual production until 1973. Since the early 1970s
world gas production has risen at a similar rate to oil production (Fig. 2.1). While
the market for natural gas was once limited to the reach of pipelines, natural gas can
now be transported globally using liquefied natural gas (LNG) tankers. This
requires removal of impurities and cooling of the gas to approximately —160°C.
LNG now accounts for 6% of the global market. Today ten countries produce 65%
of the world’s natural gas (Table 2.2).

Together oil and natural gas currently comprise 54.3% of the world’s total
annual consumption of energy and, as such, are a major foundation of the global
economy. In particular, the transportation of food, raw materials, and goods to
market, as well as public and private transport systems, are all heavily dependent on
oil and natural gas: they fuel over 96% of the transport sector. On the negative side
they are a major source of CO, emissions, though cleaner than coal per unit of
power generated. The successful development of cleaner and economically viable
alternative fuels is essential in the long run but the world’s economy today is
heavily dependent on the supply of oil and natural gas. This raises the question as
to how much oil and natural gas remain in the ground. How long will oil and gas
resources be available for mankind?

Introduction

Predictions of future shortages of oil began shortly after commercial production
started in the late nineteenth century. In the first half of the twentieth century,
there was national concern about imminent and irreversible shortages of oil on at
least six occasions [3]. In the 1950s M. King Hubbert, a geophysicist at Shell
Development Company in Houston, developed a model of a cycle of production of
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finite nonrenewable resources that aimed to predict future production from analysis
of production-to-date and estimates of the amount of remaining resource in the
ground [4, 5]. In a series of publications Hubbert predicted that US oil production
would peak by 1975 at the latest: actual peak production was in 1970. The peak in US
production gave credence to Hubbert’s methodology, which is now commonly
referred to as the “Hubbert curve” [6].

Fears arose of global depletion of fossil energy resources. In 1972 a report for the
Club of Rome, a global think tank, examined known reserves of oil and gas and
predicted the time of total depletion under various scenarios [7]. Assuming expo-
nential growth in consumption, the report predicted depletion of known reserves of
oil by 1992 and natural gas by 1994. Even under what was considered an optimistic
scenario wherein reserves could be increased fivefold by new exploration, oil was
predicted to be totally depleted by 2022 and gas by 2021. These predictions, though
influential at the time, proved unfounded largely because consumption did not
increase at an exponential rate.

In 1962 Hubbert predicted that world oil production would peak in 2000 and,
again, in 1969 predicted the peak would be between 1990 and 2000 [5]. As the
turning point of the millennium approached predictions of “peak oil” increased.
Most of the predictions suggested a peak in the first years of the twenty-first
century. For example, in 1988 Campbell, using the Hubbert curve analysis,
predicted a peak between 2000 and 2005 [8]. Actual production between 2006
and 2010 has been 4.7% higher than in the previous 5 years (Fig. 2.1). However,
predictions of imminent “peak oil” persist and proponents point out that production
has been relatively level for the last 6 years (to 2010). Others point to global
political and economic reasons for the recent relatively flat production rate.

The basic problem with the Hubbert curve analysis is that estimates of remaining
resources change through time. The amount of oil and gas on the planet is undoubt-
edly finite. The amount is large but much of it would be prohibitively expensive to
produce using present-day technologies. Resource estimates therefore tend to focus
on oil and gas accumulations that are anticipated to be economically viable for
production, either at present or within the foreseeable future. Advances in technol-
ogy, however, may make accumulations technically accessible at lower costs over
time, thus increasing the size of estimated remaining resources. In addition,
advances in geologic concepts and subsurface imaging through geophysical
techniques have shown oil and gas resources to be substantially more extensive
than was at one time thought. As a result, many predictions using the Hubbert curve
analysis have been far less successful than Hubbert’s prediction of US peak
production. Hubbert [5] in 1962, for example, predicted US natural gas production
would peak in 1975 but production in 2010 was at an all time high.
Another example is Campbell’s 1988 prediction [8] that underestimated US oil
production in 2010 by 70%.

The following sections describe the various types of geologic occurrence of oil
and gas and how scientific and technological advances have changed the perception
of the size and economic viability of the resources over the last few decades. Oil
and gas resources are often divided into conventional or unconventional resources.
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The definition of what is conventional varies between authors but generally refers
to those resources that can be produced using long-established methods of well-
drilling where the oil and gas can be brought to the surface under its own pressure or
by pumping without significant stimulation such as in situ fracturing of the host
rock. Unconventional resources, by contrast, require more complex methods of
extraction of the resource from the host rock. They include tight gas, oil sands, coal
bed methane (CBM), shale gas, shale oil, and gas hydrates.

QOil and Gas in Conventional Fields

Oil and gas is generated from organic-rich rocks by thermogenic or biogenic
processes. When such “source rocks” are exposed over periods of geologic time to
high temperatures the organic material breaks down releasing oil and gas that then
migrate toward the surface due to buoyancy. The temperature required for thermal
maturation of a source rock varies depending on the type of organic material but the
minimum temperature for oil generation is approximately 50°C and for gas genera-
tion is 100°C. Most thermogenic oil and gas are generated at depths of 2—-6 km.
Methane may also be produced from source rocks by the biogenic breakdown of
organic material in source rocks. Such biogenic gas is produced at
lower temperatures and at shallower depths. Whether of thermogenic or biogenic
origin, oil and gas can be trapped by buoyancy in “reservoirs” in porous rocks
beneath an impermeable layer of rock typically at depths of over 1 km. The
permeable nature of the host rock, high pressures related to depth of burial, and
the concentration of oil and gas in discrete reservoirs allow relatively easy extraction
of oil and gas by drilling wells. Until the 1990s almost all the world’s oil and gas
production was produced from such “conventional” fields. Natural gas in conven-
tional fields may occur with (“associated gas”) or without (“nonassociated gas”) oil.
In either case the gas may contain compounds that can be separated at the surface as
liquids. Natural gas liquids (NGLs) such as propane, butane, and pentane are
sometimes included in reporting oil production but are not insignificant: they
comprise, for example, 3.5% of the total energy production of the United States.

Estimates of the world’s original endowment of conventional oil and gas
resources have tended to increase because of the advances in technology over
time [9]. Advances in geologic concepts, drilling technologies, seismic imaging, and
computer modeling using large datasets have progressively revolutionized the search
for oil and gas over the last century. Likewise, advances in production technologies,
pipeline construction, and tankers have all made resources available that at one time
would have been considered economically unviable. Advances in science and
technology allow more oil and gas to be found in old fields, within existing petroleum
provinces, and in new frontier regions.

Existing oil and gas fields that have already been in production for years may,
at first blush, seem unusual sites to look for further reserves. However, the
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US Geological Survey (USGS) in 2000 estimated that 48% of the oil and 41% of the
natural gas that remains to be added to reserves in the future lie within existing
fields [10]. Increases in successive estimates of the estimated recoverable oil and
gas are known as “reserve growth.” On average, only 22% of the oil is currently
recovered from fields worldwide [11]. There are many reasons for such a low
percentage. Much of the oil within a reservoir rock will not easily move
toward wells. Enhanced recovery methods such as gas reinjection, water-flooding,
and flushing with polymers and surfactants can free up more of the oil. While such
secondary and tertiary recovery methods are commonly used in mature oil fields in
developed countries, they are not yet widely used in many other regions. Another
reason for reserve growth is that there is rarely a single reservoir within an oil or gas
field as most are split into numerous compartments, each containing amounts of oil/
gas in varying amounts. Advances in seismic imaging over the last 20 years have
allowed not only good visualization of these compartments but also the fluids
within the compartments. At the same time, technological advances allow drilling
with much greater precision permitting access to much smaller subsurface targets
over time. While it will never be possible to economically drain all the oil and
gas out of a field, recovery rates of over 70% may eventually be feasible in many
areas [12].

Much oil and natural gas also remains to be found in undiscovered fields within
existing petroleum provinces. The largest fields tend to be discovered early in the
exploration history of a basin and progressively smaller ones are found over time.
The infrastructure that is built to develop the larger fields allows fields to be
developed that would otherwise be too small to justify the construction of pipelines,
platforms, ports, and processing facilities. By analogy estimates can be made of the
number and size of remaining undiscovered fields from the discovery history of
a petroleum province. This methodology may underestimate the total resource if
more than one type of oil and gas accumulation is present. For example, the
discovery of giant oil and gas fields in the subsalt regions in offshore regions of
the Gulf of Mexico added a new “play” in what was thought to be a mature oil
province.

There is a strong possibility that further major accumulations of conventional oil
and gas will also be found in frontier basins where little or no exploration has taken
place. Most of the potential areas are in regions of deepwater or harsh climates.
Over time technological advances have made exploration feasible in areas once
thought inaccessible. This has been particularly true in the ability to drill to deeper
depths. In 1960 any drilling in water depths over 20 m was regarded as “deepwater”
but by 1980 oil fields had been found in over 300 m water depth, by 1990 in over
850 m water depth, and by 2010 in over 2,400 m water depth [13]. Total drilling
depths also increased dramatically with a record set in 2009 with the discovery of
the giant Tiber oil field in the Gulf of Mexico which is at 1,200 m water depth, with
a total drilling depth of 10,680 m. In the last decade giant oil fields have been found
in ultra-deepwater areas not only in the Gulf of Mexico but also offshore West
Africa and Brazil. The giant Brazilian Tupi field lies not only in deepwater
(>2,000 m) but also below a 2,000 m thick layer of salt. It is only recently that
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seismic technology has allowed an understanding of the structures below thick salts
and drilling technologies have permitted drilling through such strata.

As in the past, technological advances will permit exploration for oil and gas in
frontier regions currently regarded as inaccessible. Future exploration in deepwater
will likely lead to more significant discoveries. Outside the Atlantic realm other
regions with potential for deepwater exploration include offshore East Africa, the
Great Australian Bight, and offshore New Zealand. There is a growing interest in
the potential of the Arctic region where geologists believe there are substantial oil
and gas resources but where the severe climate, ice floes, and icebergs all make
exploration and development hazardous and in many areas either prohibitively
expensive or impossible using currently available technologies [14].

Tight Gas

In conventional fields gas moves easily through the permeable host rock and
naturally moves toward wells and up to the surface because of pressure
differences. By contrast, sandstones that have very low permeability require con-
siderably more effort to produce the gas. These sandstones are generally thinner
than those in conventional fields and have been buried to great depth. The pores in
the sandstone, in which the gas is trapped, have been reduced in size by compaction
and cementation during burial. These “tight sands” typically occur near the center
of sedimentary basins and are sometimes referred to as “basin-centered gas”
accumulations. Production of gas from tight sands requires extensive and complex
drilling. Because each well produces relatively small volumes of natural gas, many
wells must be drilled. Hydraulic fracturing of the host rock can increase the rate of
flow of gas to a well.

Although basin-centered gas accumulations can occur over very wide geo-
graphic areas, production is generally from limited regions of a basin. The geologic
nature of these so-called “sweet spots” is debated as to whether they are regions
with enhanced permeability created by natural fractures in the rock or are buoyancy
traps similar to conventional gas fields [15]. Resource estimates of basin-centered
gas are typically very large but in some cases may be reevaluated as geologists
develop a better understanding of the nature of sweet spots. Nevertheless, tight gas
is undoubtedly a major resource and, historically, it has been the most important
component of unconventional gas production in North America but relatively few
tight gas fields have yet been developed outside of North America. Production has
risen from 10% of total natural gas production in the United States in 1990 to 28%
in 2009 [2, 16]. Given the magnitude and widespread nature of these accumulations
in North America it seems likely that tight gas resources occur in many sedimentary
basins worldwide. Exploration and development of such resources must compete
with conventional gas resources that are much cheaper to produce, and which in
many cases may lie at shallower depths within the same sedimentary basin.
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However, it is probably only a matter of time before tight gas resources are
developed in many regions of the world.

Oil Sands

Oil sands are rocks that consist predominantly of sandstones which contain bitumen
within the pore spaces that has been produced by the biodegradation of oils in the
subsurface. Most oil reservoirs are sufficiently hot that biogenic activity is curtailed
or absent. However, oil that migrates into shallow reservoir rocks may be altered
completely to bitumen that is very viscous. Although found close to the surface,
production of oil from oil sands is expensive. The bitumen must be heated before
it will flow and commercial extraction requires large amounts of energy.
Once extracted the bitumen must also be upgraded by purification and
hydrogenation before it can be refined like conventional crude oil.

Although oil sands have long been recognized and used in limited ways, it is
only within the last 40 years that commercial production has grown. Canadian oil
sands production began in 1967 and production has grown steadily. By 2009
production from oil sands was equivalent to over 550 million barrels of oil,
accounting for 49% of Canada’s oil production in 2009 [17]. Though production
was initially subsidized, production costs have fallen with technological advances
and is now economically viable at $50/barrel and production is forecast to more
than triple by 2025 [18]. Venezuela also has substantial oil sand deposits [19] and
smaller accumulations are known in Russia and the Middle East.

Coal Bed Methane

The presence of methane in coal beds had long been a hazard for underground coal
mining and it is only recently that this gas has been seen as an economic resource.
Modern mining techniques aimed at mitigating the potential for lethal build-up of
methane in mines extracts the gas during or before mining as coal mine methane
(CMM), which in some cases is used for power generation. More significant from
an energy resource perspective is the natural gas extracted from coal beds by wells
in regions where no mining is planned: this is known as coal bed methane (CBM) or
coal seam gas (CSG).

Commercial production of CBM began in the United States in 1989 and annual
production had grown to almost 2 trillion cubic feet (TCF) in 2009, which was 8%
of total US gas production [2]. Early production was predominantly from bitumi-
nous coals in the San Juan and Raton Basins of New Mexico and Colorado.
Production from these areas still accounts for almost 50% of US production.
In 2000 production began from the lower-rank subbituminous and lignite coals of



16 P.J. McCabe

the Powder River Basin in Wyoming which by 2010 comprised 28% of US CBM
production. Over the last decade, the technology and knowhow for CBM extraction
has spread from the United States to other major coal-bearing regions, particularly
Canada, Australia, China, and parts of Europe. Australia plans to export CBM gas
as LNG [20].

CBM occurs at much shallower depths than most conventional gas fields:
generally less than 900 m. Extraction of CBM, however, requires many closely
spaced wells: over 20,000 wells had been drilled in the Powder River Basin [21] and
over 17,000 in Alberta [22]. The gas is adsorbed onto the pore space in coals and
must be released by depressurization, allowing the gas to flow toward the well along
natural fractures known as “cleats” or by pathways produced by artificial hydraulic
fracturing.

Oil Shale and Shale Oil

Oil can be produced from some organic-rich fine-grained rocks that are normally
referred to as “shales” even if the host rock is not strictly a shale by a geologic
definition. Production from such sources has a long history. Production of oil from
shales for illumination preceded the discovery of conventional petroleum resources
in the mid-nineteenth century but for most of the twentieth century production of
such oil was a very minor component of global petroleum production. However, in
the first decade of the twenty-first century there has been a resurgence of interest in
these resources because of advances in technology and rising energy prices.

“Qil shales” are rocks that contain significant amounts of solid organic chemical
compounds (kerogen) that have not been buried deeply enough to allow for oil
maturation. Production is generally done by mining the rock and heating it in
a retort in a processing plant close to the mine where the oil and associated gases
can be captured. The oil may also be extracted using in situ methods which require
heating the subsurface rock by injection of hot fluids, gases, or steam, or by the use
of heating elements. As the oil is expelled from the kerogen it can then be induced
to flow toward conventional oil wells for extraction.

The leading producer of oil shale in the world is Estonia, where 90% of the
power is generated from that source. By far the largest accumulations of oil shale,
however, are in the United States, particularly in the Green River Formation of
Colorado, Utah, and Wyoming, that were deposited within ancient saline lake
systems some 40-50 million years ago. There are also major accumulations in
Devonian—Mississippian black shales in the eastern United States that were depos-
ited in marine environments over 350 million years ago. With the high oil prices of
the late 1970s a number of pilot projects produced oil from the Green River
Formation in Colorado but plans for major commercial exploitation were aban-
doned when prices fell in the early 1980s. Interest in the potential for production has
been rekindled with the high oil prices in recent years. Other countries with
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significant oil shale accumulations include Australia, Brazil, the Democratic
Republic of the Congo, and Russia [23].

“Shale 0il” is oil that is trapped within a fine-grained rock. Extraction of the oil
does not require heating but the low permeability of the rocks requires that the rock
be artificially fractured in situ to allow flow toward a well. Once regarded only of
scientific interest, recent advances in hydraulic fracturing have made shale oil
economically viable in some areas. The best known shale oil accumulation is the
Bakken Formation of the Williston Basin of Montana and North Dakota and
adjoining parts of Canada [24]. From a geologic perspective, the Bakken is a
petroleum source rock that reached maturation but, unlike most mature source
rocks, the oil was never expelled to migrate to conventional traps.

Shale Gas

Natural gas is present in some organic-rich mudrocks. Shale gas has been produced
in small quantities for well over a century but recent advances in technology
allow much higher rates of production. Shale beds are relatively thin and vertical
wells provide access to a very limited volume of rock. It is now possible to
drill at any angle and to deviate wells at depth to follow individual shale beds
over great distances, allowing access to large volumes of gas-bearing shale.
While production used to be primarily from naturally fractured shales, much recent
production from shales is aided by hydraulic fracturing technologies. The fractures
provide avenues for gas migration toward the wells.

The new technologies for shale gas production have revolutionized US gas
production. Shale gas production was approximately 1% of total US production
in 2000 but had risen to 14% of total production in 2009 and is forecast to be 45% of
production by 2035 [2]. The potential of shale gas has been questioned by some
[25]. Like tight gas, production is from sweet spots whose nature and lateral extent
remains to be better defined. The dramatic rise in US production has, however,
spurred interest in shale gas in many other parts of the world, especially in Canada,
Central Europe, China, India, and Australia.

Gas Hydrates

Gas hydrates (also called clathrates) are solid ice-like substances consisting of rigid
cages of water molecules that enclose molecules of gas — mainly methane. Hydrates
are stable in a restricted range of temperatures and pressures and occur in two
regions: in polar regions, where they are associated with permafrost, and at shallow
depths in sediment on the outer continental shelves, in water depths over 300 m
[26]. Hydrates can pose an environmental problem because natural breakdown of
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accumulations can result in slumping of the seabed and outgassing of methane to
the atmosphere. On the other hand, if appropriate technologies are developed,
hydrates may be a future source of natural gas. Current technologies allow
production only at costs substantially above the market prices that have prevailed
over the last decade [27]. Production would require depressurization, thermal
stimulation, or injection of inhibitors to destabilize the hydrate lattices, releasing
the methane to flow toward wells.

Estimated Volumes of Remaining Oil and Gas Resources

Proved reserves are the volume of known oil and gas accumulations that can be
produced at a profit under existing economic and operating conditions. Estimates of
world-proved reserves of oil and gas are compiled using best available information
by several organizations including the International Energy Agency, IHS Energy,
and BP. Proved reserves of oil and gas are not routinely reported in many countries.
In fact, some of the largest producers consider reserves as state secrets. This lack of
transparent reporting has led some to question the size of global reserves giving
credence to predictions of imminent production declines [28]. However, though
differing in detail the reserves estimated by different agencies are similar
in estimated overall size. As of the end of 2009, BP [29] estimated globally proved
reserves of 1,333 billion barrels of oil (BBO), equivalent to over 45 years of
production at 2009 rates. With the exception of 237 billion barrels of oil in the
Canadian oil sands, these reserves are entirely of conventional oil. BP also
estimated globally proved reserves of natural gas at 6,621 trillion cubic feet
(TCF), equivalent to 63 years of production. These reserves are predominantly
conventional gas.

In addition to proved reserves, there are undiscovered resources and “contingent
resources” that are currently noncommercial but could probably be produced under
different economic conditions. The most recent comprehensive global estimate of
undiscovered oil and gas resources was published by the USGS in 2000 [10].
This was a geologically based study of 128 geologic provinces that included the
producing basins that accounted for more than 95% of the world’s known oil and
gas outside of the United States. The study also examined the discovery history of
each province up to 1996. The report included probabilistic estimates of the
volumes of conventional oil, gas, and natural gas liquids that might be added to
proved reserves from new field discoveries in the studied provinces from the 1996
baseline. The assessment estimated that there was a 95% chance of discovering
another 334 BBO of conventional oil and a 5% chance of discovering 1,107 BBO.
The median estimate, the 50% chance, was that 607 BBO of oil might yet be found
in the studied provinces. For conventional natural gas, the assessment estimated
that there was a 95% chance of discovering another 2,299 TCF and a 5% chance of
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Table 2.3 Estimate of remaining oil resources including NGL (billion barrels). Sources and
rationale for estimates are given in text. For comparison, annual production of oil was approxi-
mately 29.2 billion barrels in 2009

Conventional

Proved reserves 1,236
Reserve growth 600
Undiscovered fields 600
Total conventional 2,436
Unconventional

Oil sands proved reserves 237
Oil sands resources (incl. reserves) 820
Oil shale resources 2,826
Total unconventional 3,141

discovering 8,174 TCF. The median estimate was that 4,333 of natural gas might be
found in the studied provinces.

More recent estimates by the USGS that have concentrated on specific regions of
the world suggest that on balance their 2000 estimates are probably reasonable
estimates of the global picture though there is need for revision in some areas.
A 2010 study [30] estimates 17% less undiscovered oil and 20% less undiscovered
natural gas than in the 2000 assessment in eight basins in Southeast Asia; however,
there had been at least 10 years of discoveries between the two assessments.
Furthermore, the 2010 assessment examined a number of additional basins in
Southeast Asia resulting in an overall increase in estimated undiscovered oil of
71% and natural gas by 66%. The 2008 USGS assessment of the Arctic revised
down the estimate of undiscovered oil by 48%, largely because of a reappraisal of
the West Siberian Basin, but increased the estimate of natural gas by 21% by
including a number of basins not in the 2000 assessment [14].

The USGS 2000 assessment [10] also estimated the amount of reserve growth
that could be anticipated to 2025 for fields that had been discovered prior to 1996.
The median estimate for reserve growth for conventional oil was 612 BBO and for
conventional natural gas 3,305 trillion cubic feet. At the time of writing, the
midpoint of the time interval has been reached over which reserve growth was
predicted and a substantial amount of the predicted reserve growth has already
occurred [31]. It seems unreasonable, however, to assume that reserve growth will
cease in 2025 and interestingly King [32], using a different methodology and
separate data from that used by the USGS, estimated future reserve growth of oil
at between 200 to 1,000 BBO — almost exactly the same range that the USGS
predicted would occur from 1996.

Table 2.3 provides an estimate of remaining oil resources at the end of 2007. The
proved reserve numbers are from BP [29] and are slightly lower than those of EIA
[2]. The estimated volume of oil in undiscovered fields is revised down from the
median estimate in the USGS 2000 assessment because 16.5% of that volume had
been discovered by 2007 [31]. However, it should be noted that this may be
conservative as the 2000 assessment did not include the United States and many
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geologic basins that have relatively small volumes of discovered oil or where there
has been little or no exploration. The reserve growth numbers are based on King
[31] for crude oil, as discussed above, and 50% of the USGS 2000 estimated median
reserve growth for NGL that was predicted to occur between 1996 and 2025. The oil
sand reserve and resource estimates are for Canada [33] and Venezuela [19] only
though there are smaller oil sand accumulations in several other countries. The
shale oil estimate is from Dyni [23]. The estimated remaining conventional oil is
equivalent to 79 years of annual production at 2009 rates. The estimated unconven-
tional oil adds up to the equivalent of 125 years of annual production.

Global reserves of natural gas in 2010 were estimated at a little over 6,600 TCF
by BP [29] and EIA [2]. Taking into account discoveries since 1996 [31] and
revising down the median estimate of gas in undiscovered fields from the USGS
2000 assessment, and also assuming 50% of the estimated reserve growth has taken
place, the remaining conventional natural gas resources are estimated at approxi-
mately 11,850 TCF, equivalent to about 87 years of annual production at 2009 rates.
Estimating global abundance of unconventional gas resources is difficult because
development of these resources is largely in its infancy, especially outside of North
America. Recently published estimates of recoverable shale gas resources in the
United States and Canada vary between 50 and 1,000 TCF [34]. Estimates for the
rest of the world would likely have an even larger range. It is particularly important
to discriminate between “in-place resources” and those that are economically
recoverable. The USGS [35] estimated that the United States has 700 TCF of
CBM gas in place but only 100 TCF that would be economically recoverable.
As 20.5 TCF was produced over the following 13 years under a major drilling
effort, 100 TCF may be an optimistic estimate of ultimate recovery. The USGS [35]
also suggested that global in-place CBM gas resources may be as high as 7,500 TCF
but recoverable resources may well be an order of magnitude lower. Australia, for
example, has 9% of the world’s coal resources [2] and an estimated 153 TCF of
recoverable CBM gas, of which 90% is currently sub-economic or not yet proven
by drilling [20]. While extraordinarily large estimates of unconventional gas
resources (particularly for hydrates) should be regarded with some scepticism
from an economic perspective, there is ample evidence that unconventional gas
resources are abundant. In the United States, which has a wide variety of geologic
basins, 50% of the gas produced in 2010 was unconventional and it is not unrea-
sonable to suppose that globally the abundance of unconventional gas resources is
of a similar scale to conventional gas resources.

Future Directions

A strong case could be made that the estimates of remaining oil and gas presented
above are on the low side because, as in the past, unanticipated technological
advances may make additional oil and gas accumulations economically viable.
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Forty years ago large-scale economic extraction of oil from oil sands, gas from gas
shales, gas from coal beds, and gas from tight sandstones all seemed improbable,
but all are now a significant part of world production. However, even if the
estimates are somewhat optimistic, it is clear that there is a large volume of
remaining recoverable oil and gas resources. How much of that resource will
eventually be extracted remains to be seen.

There are clearly environmental costs to oil and gas extraction. Pursuing hard-to-
get resources raises the risk of disasters such as the BP Deepwater Horizon spill in
2010 [13] that can profoundly influence public opinion. Ecosystems are impacted
by large-scale mining of oil sands and oil shales and some in situ extraction of
unconventional oil and gas has the potential to influence groundwater supplies.
Large volumes of water can be produced during CBM development. The biggest
concern, however, is in the consumption of oil and gas with associated rising levels
of greenhouse gases in the atmosphere and predictions of global climate change. On
the other hand, substitution of natural gas for coal in power plants, more efficient
vehicles, and carbon capture and storage could also make substantial reductions in
global greenhouse gas emissions.

How much of the remaining oil and gas resources will be produced will depend
on competition over time from other energy sources, especially renewables and
nuclear. It is sometimes assumed that the depletion of global oil resources will
inevitably lead to high oil prices that will allow more expensive energy sources to
become competitive. However, historically substitution of one energy source by
another has taken place primarily by reduction in costs of the substituting energy
source [9]. Rather than a result of long-term depletion of the resource, the high oil
prices of the first decade of the twenty-first century arguably reflect more
restrictions of supply related to conflicts and political problems coinciding with
a rapid rise in demand, especially from developing countries. Oil and natural gas
may lose global market share in the future either because technological advances
permit cheaper production of alternate energy sources or because of political
influence on the market, including restrictions on supplies of oil and natural gas
or incentives against their consumption, such as carbon taxes. Nevertheless, given
the rising global demand for energy, it seems likely that oil and gas will be
a major part of the energy mix for most, if not all, of the twenty-first century.
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Chapter 3
Petroleum and Oil Sands Exploration
and Production

James G. Speight

Glossary

Bitumen A semisolid to solid hydrocarbonaceous material found filling
pores and crevices of sandstone, limestone, or argillaceous
sediments such as tar sand.

Exploration The search for petroleum using a variety of physical and
spectrographic methods.

Hot-water process The recovery of bitumen from tar sand by use of hot water
whereby the bitumen floats and the sand sinks.

In situ conversion  Partial or complete conversion of heavy oil or tar sand
bitumen in the reservoir or deposit as part of the recovery
process.

Oil mining The recovery of petroleum using a mining method whereby an
underground chamber is produced by mining and the oil is
allowed or encouraged to drain into the chamber.

Recovery Recovery of petroleum at the surface using primary, second-
ary, and tertiary recovery methods.

Tar sand mining Recovery of tar sand by mining (digging) tar sand from the
formations at or close to the surface.
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Definition of the Subject

Exploration for petroleum is an essential part of petroleum technology. Depletion of
reserves is continuing at a noticeable rate and other sources of hydrocarbons are
required — these include heavy oil (a type of petroleum) and tar sand bitumen.

Introduction

Petroleum occurs in the microscopic pores of sedimentary rocks that form
a reservoir — typically, reservoir rock consists of sand, sandstone, limestone, or
dolomite. However, not all of the pores in a rock will contain petroleum — some will
be filled with water or brine that is saturated with minerals.

Both oil and gas have a low specific gravity relative to water and will thus float
through the more porous sections of reservoir rock from their source area to the
surface unless restrained by a trap. A trap is a reservoir that is overlain and
underlain by dense impermeable cap rock or a zone of very low or no porosity
that restrains migrating hydrocarbon. Reservoirs vary from being quite small to
covering several thousands of acres, and range in thickness from a few inches to
hundreds of feet or more.

In general, petroleum is extracted by drilling wells from an appropriate surface
configuration into the hydrocarbon-bearing reservoir or reservoirs. Wells are
designed to contain and control all fluid flow at all times throughout drilling and
producing operations. The number of wells required is dependent on a combination
of technical and economic factors used to determine the most likely range of
recoverable reserves relative to a range of potential investment alternatives.

There are three phases for recovering oil from reservoirs (Fig. 3.1):

1. Primary recovery occurs as wells produce because of natural energy from
expansion of gas and water within the producing formation, pushing fluids into
the well bore and lifting the fluids to the surface.

2. Secondary recovery requires energy to be applied to lift fluids to surface — this
may be accomplished by injecting gas down a hole to lift fluids to the surface,
installation of a subsurface pump, or injecting gas or water into the formation
itself.

3. Tertiary recovery occurs when a means is required to increase fluid mobility
within the reservoir — this may be accomplished by introducing additional heat
into the formation to lower the viscosity (thin the oil) and improve its ability to
flow to the well bore. Heat may be introduced by either (1) injecting chemicals
with water (chemical flood, surfactant flood), (2) injecting steam (steam flood),
or (3) injecting oxygen to enable the ignition and combustion of oil within the
reservoir (fire flood).
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Production rates from reservoirs depend on a number of factors, such as
reservoir geometry (primarily formation thickness and reservoir continuity), reser-
voir pressure, reservoir depth, rock type and permeability, fluid saturations and
properties, extent of fracturing, number of wells and their locations, and the ratio of
the permeability of the formation to the viscosity of the oil [1, 2].

The geological variability of reservoirs means that production profiles differ
from field to field. Heavy oil reservoirs can be developed to significant levels of
production and maintained for a period of time by supplementing natural drive
force, while gas reservoirs normally decline more rapidly.

Petroleum Exploration and Production

Exploration

Exploration for petroleum originated in the latter part of the nineteenth century
when geologists began to map land features that were favorable for the collection of
oil in a reservoir. Of particular interest to geologists were outcrops that provided
evidence of alternating layers of porous and impermeable rock. The porous rock
(typically a sandstone, limestone, or dolomite) provides the reservoir for the
petroleum while the impermeable rock (typically clay or shale) prevents migration
of the petroleum from the reservoir.

By the early part of the twentieth century, most of the areas where surface
structural characteristics offered the promise of oil had been investigated and the
era of subsurface exploration for oil began in the early 1920s. New geological and



28 J.G. Speight

geophysical techniques were developed for areas where the strata were not
sufficiently exposed to permit surface mapping of the subsurface characteristics.
In the 1960s, the development of geophysics provided methods for exploring below
the surface of the earth.

The principles used are basically magnetism (magnetometer), gravity
(gravimeter), and sound waves (seismograph). These techniques are based on the
physical properties of materials that can be utilized for measurements and include
those that are responsive to the methods of applied geophysics. Furthermore, the
methods can be subdivided into those that focus on gravitational properties,
magnetic properties, seismic properties, electrical properties, electromagnetic
properties, properties, and radioactive properties. These geophysical methods
can be subdivided into two principal groups: (1) those methods without depth
control and (2) those methods having depth control.

In the first group of the measurements (those without depth control), the methods
incorporate effects from both local and distant sources. For example, gravity
measurements are affected by the variation in the radius of the earth with latitude.
They are also affected by the elevation of the site relative to sea level, the thickness
of the earth’s crust, and the configuration and density of the underlying rocks, as
well as by any abnormal mass variation that might be associated with a mineral
deposit.

In the second group of measurements (those with depth control), seismic or
electric energy is introduced into the ground and variations in transmissibility with
distance are observed and interpreted in terms of geological quantities. Depths to
geological horizons having marked differences in transmissibility can be computed
on a quantitative basis and the physical nature of these horizons deduced.

However, geophysical exploration techniques cannot be applied indiscrimi-
nately. Knowledge of the geological parameters likely to be associated with the
mineral or subsurface condition being studied is essential both in choosing the
method to be applied and in interpreting the results obtained. Furthermore, not all
the techniques described here may be suitable for petroleum exploration.

In petroleum exploration, terms as geophysical borehole logging can imply the
use of one or more of the geophysical exploration techniques. This procedure
involves drilling a well and using instruments to log or make measurements at
various levels in the hole by such means as gravity (density), electrical resistivity,
or radioactivity.

A basic rule of thumb in the upstream (or producing) sector of the oil and gas
industry has been (and maybe still is in some circles of exploration technology) that
the best place to find new crude oil or natural gas is near formations where it has
already been found. The financial risk of doing so is far lower than that associated
with drilling a rank wildcat hole in a prospective, but previously unproductive, area.
On the other hand, there is a definite tradeoff between rewards for risk. The returns
on drilling investment become ever leaner as more wells are drilled in a particular
area because the natural distribution of oil and gas field volumes tends to be
approximately log-geometric — there are only a few large fields, whereas there are
a great many small ones [3].
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Drilling does not end when production commences and continues after a field
enters production. Extension wells must be drilled to define the boundaries of the
crude oil pool. In-field wells are necessary to increase recovery rates, and service
wells are used to reopen wells that have become clogged. Additionally, wells are
often drilled at the same location but to different depths, to test other geological
structures for the presence of crude oil.

Finally, the drilling job is complete when the drill bit penetrates the reservoir and
the reservoir is evaluated to see whether the well represents the discovery of
a prospect or whether it is a dry hole. If the hole is dry, it is plugged and abandoned.

At the stage when the prospect has been identified, reservoir evaluation is
usually initiated by examining the cuttings from the well bore for evidence of
hydrocarbons while the drill bit passes through a reservoir trap. The evaluation of
these cuttings helps pinpoint the possible producing intervals in the well bore.
At this time, a wire-line is lowered into the hole and an electric log is run to help
define possible producing intervals, presence of hydrocarbons, and detailed infor-
mation about the different formations throughout the well bore. Further tests
(such as pressure tests, formation fluid recovery, and sidewall core analysis) can
also be run on individual formations within the well bore.

If hydrocarbons are detected, the prospect becomes a live prospect and once
the final depth has been reached, the well is completed to allow oil to flow into the
casing in a controlled manner. First, a perforating gun is lowered into the well to the
production depth. The gun has explosive charges to create holes in the casing
through which oil can flow. After the casing has been perforated, a small-diameter
pipe (tubing) is run into the hole as a conduit for oil and gas to flow up the well and
a packer is run down the outside of the tubing. When the packer is set at the
production level, it is expanded to form a seal around the outside of the tubing.
Finally, a multivalve structure (the Christmas tree; Fig. 3.2) is installed at the top of
the tubing and cemented to the top of the casing. The Christmas tree allows them to
control the flow of oil from the well.

Finally, the development of an onshore shallow gas reservoir located among
other established fields may be expected to incur relatively high cost and be
nominally complex. A deep oil or gas reservoir located in more than 1 mile of
water depth located miles away from other existing producing fields will push the
limits of emerging technology at extreme costs.

Onshore developments may permit the phasing of facility investments as wells
are drilled and production established to minimize economic risk. However, off-
shore projects may require 65% or more of the total planned investments to be made
before production start-up, and impose significant economic risk.

As might be expected, the type of exploration technique employed depends upon
the nature of the site. In other words, and as for many environmental operations,
the recovery techniques applied to a specific site are dictated by the nature of the
site and are, in fact, site specific. For example, in areas where little is known about
the subsurface, preliminary reconnaissance techniques are necessary to identify
potential reservoir systems that warrant further investigation. Techniques for recon-
naissance that have been employed to make inferences about the subsurface
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structure include satellite and high-altitude imagery and magnetic and gravity
surveys.

Production

Recovery, as applied in the petroleum industry, is the production of oil from
a reservoir. There are several methods by which this can be achieved that range
from recovery due to reservoir energy (i.e., the oil flows from the well hole without
assistance) to enhanced recovery methods in which considerable energy must be
added to the reservoir to produce the oil. However, the effect of the method on the
oil and on the reservoir must be considered before application.

Generally, crude oil reservoirs sometimes exist with an overlying gas cap, in
communication with aquifers, or both. The oil resides together with water and free
gas in very small holes (pore spaces) and fractures. The size, shape, and degree of
interconnection of the pores vary considerably from place to place in an individual
reservoir. Below the oil layer, the sandstone is usually saturated with salt water.
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The oil is released from this formation by drilling a well and puncturing the
limestone layer on either side of the limestone dome or fold. If the peak of the
formation is tapped, only the gas is obtained. If the penetration is made too far from
the center, only salt water is obtained.

Therefore, in designing a recovery project, it is a general practice to locate
injection and producing wells in a regular geometric pattern so that a symmetrical
and interconnected network is formed and production can be maximized. However,
the relative location of injectors and producers depends on: (1) reservoir geometry,
(2) lithology, (3) reservoir depth, (4) porosity, (5) permeability, (6) continuity of
reservoir rock properties, (7) magnitude and distribution of fluid saturations,
and last, but certainly not least (8) fluid, i.e., oil, properties. Overall, the goal is to
increase the mobility of the oil.

Once production begins, the performance of each well and reservoir is moni-
tored and a variety of engineering techniques are used to progressively refine
reserve recovery estimates over the producing life of the field. The total recoverable
reserves are not known with complete certainty until the field has produced to
depletion or its economic limit and abandonment.

Generally, the first stage in the extraction of crude oil is to drill a well into the
underground reservoir. Often many wells (multilateral wells) will be drilled into the
same reservoir, to ensure that the extraction rate will be economically viable. Also,
some wells (secondary wells) may be used to pump water, steam, acids, or various
gas mixtures into the reservoir to raise or maintain the reservoir pressure, and so
maintain an economic extraction rate.

Directional drilling is also used to reach formations and targets not directly
below the penetration point or drilling from shore to locations under water [4].
A controlled deviation may also be used from a selected depth in an existing hole to
attain economy in drilling costs. Various types of tools are used in directional
drilling along with instruments to help orient their position and measure the degree
and direction of deviation; two such tools are the whipstock and the knuckle joint.
The whipstock is a gradually tapered wedge with a chisel-shaped base that prevents
rotation after it has been forced into the bottom of an open hole. As the bit moves
down, it is deflected by the taper about 5° from the alignment of the existing hole.

If the underground pressure in the oil reservoir is sufficient, the oil will be forced
to the surface under this pressure (primary recovery). Natural gas (associated
natural gas) is often present, which also supplies needed underground pressure
(primary recovery). In this situation, it is sufficient to place an arrangement of
valves (the Christmas tree ; Fig. 3.2) on the well head to connect the well to
a pipeline network for storage and processing.

For limestone reservoir rock, acid is pumped down the well and out the
perforations. The acid dissolves channels in the limestone that lead oil into the
well. For sandstone reservoir rock, a specially blended fluid containing proppants
(sand, walnut shells, aluminum pellets) is pumped down the well and out the
perforations. The pressure from this fluid makes small fractures in the sandstone
that allow oil to flow into the well, while the proppants hold these fractures open.
Once the oil is flowing, production equipment is set up to extract the oil from the
well.
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A well is always carefully controlled in its flush stage of production to prevent
the potentially dangerous and wasteful gusher. This is actually dangerous condi-
tion, and is (hopefully) prevented by the blowout preventer and the pressure of the
drilling mud. In most wells, acidizing or fracturing the well starts the oil flow.

Whatever the nature of the reservoir rock (sandstone or limestone), over the
lifetime of the well the pressure will fall, and at some point, there will be insuffi-
cient underground pressure to force the oil to the surface. Secondary oil recovery
uses various techniques to aid in recovering oil from depleted or low-pressure
reservoirs. Sometimes pumps, such as beam pumps (horsehead pumps) and electri-
cal submersible pumps, are used to bring the oil to the surface. Other secondary
recovery techniques increase the reservoir’s pressure by water injection, natural gas
reinjection, and gas lift, which injects air, carbon dioxide, or some other gas into the
Ieservoir.

Reservoir heterogeneity, such as fractures and faults, can cause reservoirs to
drain inefficiently by conventional methods. Also, highly cemented or shale zones
can produce barriers to the flow of fluids in reservoirs and lead to high residual oil
saturation. Reservoirs containing crude oils with low API gravity often cannot be
produced efficiently without application of enhanced oil recovery (EOR) methods
because of the high viscosity of the crude oil.

Conventional primary and secondary recovery processes are ultimately expected
to produce about one third of the original oil-in-place (OOIP), although recoveries
from individual reservoirs can range from less than 5% to as high as 80% v/v of the
original oil-in-place. This broad range of recovery efficiency is a result of variations
in the properties of the specific rock and fluids involved from reservoir to reservoir
as well as the kind and level of energy that drives the oil to producing wells, where
it is captured.

Conventional oil production methods may be unsuccessful because the manage-
ment of the reservoir was poor or because reservoir heterogeneity has prevented the
recovery of crude oil in an economical manner. In some cases, the reservoir
pressure may have been depleted prematurely by poor reservoir management
practices to create reservoirs with low energy and high oil saturation.

Crude oil is also produced from offshore fields, usually from steel drilling
platforms set on the ocean floor. In shallow, calm waters, these may be little
more than a wellhead and workspace but the larger ocean rigs include the well
equipment and processing equipment as well as crew quarters. Such platforms
include the floating tension leg platform that is secured to the sea floor by giant
cables and drill ships. Such platforms can hold a steady position above a sea floor
well using constant, computer-controlled adjustments. In Arctic areas, islands may
be built from dredged gravel and sand to provide platforms capable of resisting
drifting ice fields.

Primary Recovery Methods

Petroleum recovery usually starts with a formation pressure high enough to force
crude oil into the well and sometimes to the surface through the tubing [5]. In this
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situation, it is sufficient to place the Christmas tree (Fig. 3.2) on the wellhead to
connect the well to a pipeline network for storage and processing.

For a newly opened formation and under ideal conditions, the proportions of gas
may be so high that the oil is, in fact, a solution of liquid in gas that leaves the reservoir
rock so efficiently that a core sample will not show any obvious oil content. A general
rough indication of this situation is a high ratio of gas to oil produced. This ratio may be
zero for fields in which the rock pressure has been dissipated. The oil must be pumped
out to as much as 50,000 ft* or more of gas per barrel of oil in the so-called condensate
reservoirs, in which a very light crude oil (0.80 specific gravity or lighter) exists as
vapor at high pressure and elevated temperature.

Crude oil moves out of the reservoir into the well by one or more of three
processes. These processes are: dissolved gas drive, gas cap drive, and water drive.
Early recognition of the type of drive involved is essential to the efficient develop-
ment of an oil field.

In dissolved gas drive (solution gas drive) [2, 4], the propulsive force is the gas
in solution in the oil, which tends to come out of solution because of the pressure
release at the point of penetration of a well. Dissolved gas drive is the least efficient
type of natural drive as it is difficult to control the gas-oil ratio and the bottom-hole
pressure drops rapidly.

If gas overlies the oil beneath the top of the trap, it is compressed and can be
utilized (gas cap drive) to drive the oil into wells situated at the bottom of the oil-
bearing zone [2, 4]. By producing oil only from below the gas cap, it is possible to
maintain a high gas-oil ratio in the reservoir until almost the very end of the life of
the pool. If, however, the oil deposit is not systematically developed so that
bypassing of the gas occurs, an undue proportion of oil is left behind.

Usually the gas in a gas cap (associated natural gas) contains methane and other
hydrocarbons that may be separated out by compressing the gas. A well-known
example is natural gasoline that was formerly referred to as casinghead gasoline or
natural gas gasoline. However at high pressures, such as those existing in the
deeper fields, the density of the gas increases and the density of the oil decreases
until they form a single phase in the reservoir. These are the so-called retrograde
condensate pools because a decrease (instead of an increase) in pressure brings
about condensation of the liquid hydrocarbons. When this reservoir fluid is brought
to the surface and the condensate is removed, a large volume of residual gas
remains. In many cases, this gas is recycled by compression and injection back
into the reservoir, thus maintaining adequate pressure within the gas cap, and
condensation in the reservoir is prevented.

The most efficient propulsive force in driving oil into a well is natural water
drive, in which the pressure of the water forces the lighter recoverable oil out of the
reservoir into the producing wells [2, 4]. In anticlinal accumulations, the structur-
ally lowest wells around the flanks of the dome are the first to come into water.
Then the oil-water contact plane moves upward until only the wells at the top of the
anticline are still producing oil; eventually these also must be abandoned as the
water displaces the oil. The force behind the water drive may be hydrostatic
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pressure, the expansion of the reservoir water, or a combination of both. Water
drive is also used in certain submarine fields.

Gravity drive is an important factor when oil columns of several thousands of
feet exist. Furthermore, the last bit of recoverable oil is produced in many pools by
gravity drainage of the reservoir. Another source of energy during the early stages
of withdrawal from a reservoir containing undersaturated oil is the expansion of that
oil as the pressure reduction brings the oil to the bubble point (the pressure and
temperature at which the gas starts to come out of solution).

The recovery efficiency for primary production is generally low when liquid
expansion and solution gas evolution are the driving mechanisms. Much higher
recoveries are associated with reservoirs with water and gas cap drives and with
reservoirs in which gravity effectively promotes drainage of the oil from the rock
pores. The overall recovery efficiency is related to how the reservoir is delineated
by production wells.

For primary recovery operations, no pumping equipment is required. If the
reservoir energy is not sufficient to force the oil to the surface, then the well must
be pumped. In either case, nothing is added to the reservoir to increase or maintain
the reservoir energy or to sweep the oil toward the well. The rate of production from
a flowing well tends to decline as the natural reservoir energy is expended. When
a flowing well is no longer producing at an efficient rate, a pump is installed.

Two processes used to improve formation characteristics are acidizing and
fracturing. Acidizing involves injecting an acid into a soluble formation, such as
a carbonate, where it dissolves rock. This process enlarges the existing voids and
increases permeability. Hydraulic fracturing (fracking) involves injecting a fluid
into the formation under significant pressure that makes existing small fractures
larger and creates new fractures.

Heavy oil and Tar sands (oil sands) have a shorter history of production and
generally heavy oil reservoirs and tar sand deposits have only been subject to only
one recovery technology. In the case of tar sands, primary and secondary recovery
technologies, as defined for conventional oil, are not applicable because tar sand
bitumen is not mobile at reservoir conditions [2, 4]. Therefore, tar sands
developments generally start with a thermal recovery technology which would be
considered a tertiary method or enhanced recovery method for conventional oil.
However, as the development of heavy oil and tar sand technology matures, the
concept of applying more than one recovery technology in a specific order is likely
to also be applied to heavy oil reservoirs and tar sand deposits. In particular, in the
Lloydminster area (Alberta, Canada), producers have already been investigating for
several years the concept of follow-up recovery technologies once primary produc-
tion is no longer economic.

Secondary Recovery

Petroleum production is invariably accompanied by a decline in reservoir pressure
and primary recovery comes to an end as the reservoir energy is reduced. At this
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stage, secondary recovery methods are applied to replace produce reservoir fluids
and maintain (or increase) reservoir pressure.

Secondary oil recovery methods use various techniques to aid in recovering oil
from depleted or low-pressure reservoirs. Sometimes pumps on the surface or
submerged (electrical submersible pumps, ESPs) are used to bring the oil to the
surface. Other secondary recovery techniques increase the reservoir’s pressure by
water injection and gas injection, which injects air or some other gas into the
reservoir. In fact, the first method recommended for improving the recovery of oil
was a pressure maintenance project which involved the reinjection of natural gas,
and there are indications that gas injection was utilized for this purpose before 1900
[6, 7].

The most common follow-up, or secondary recovery, operations usually involve
the application of pumping operations or of injection of materials into a well to
encourage movement and recovery of the remaining petroleum. The pump, gener-
ally known as the horsehead pump (pump jack, nodding donkey, or sucker rod
pump), provides mechanical lift to the fluids in the reservoir.

The up-and-down movement of the sucker rods forces the oil up the tubing to the
surface. A walking beam powered by a nearby engine may supply this vertical
movement, or it may be brought about through the use of a pump jack, which is
connected to a central power source by means of pull rods. Depending on the size of
the pump, it generally produces up to one third of a barrel of an oil-water emulsion
at each stroke. The size of the pump is also determined by the depth and weight of
the oil to be removed, with deeper extraction requiring more power to move the
heavier lengths of polish rod.

There are also secondary oil recovery operations that involve the injection of
water or gas into the reservoir. When water is used, the process is called
a waterflood; when gas is used, it is called a gas flood. Separate wells are usually
used for injection and production. The injected fluids maintain reservoir pressure or
re-pressure the reservoir after primary depletion and displace a portion of the
remaining crude oil to production wells.

During the withdrawal of fluids from a well, it is usual practice to maintain
pressures in the reservoir at or near the original levels by pumping either gas or
water into the reservoir as the hydrocarbons are withdrawn. This practice has the
advantage of retarding the decline in the production of individual wells and
considerably increasing the ultimate yield. It also may bring about the conservation
of gas that otherwise would be wasted, and the disposal of brines that otherwise
might pollute surface and near-surface potable waters.

In the waterflooding process, water is injected into a reservoir to obtain addi-
tional oil recovery through movement of reservoir oil to a producing well. Gener-
ally, the selection of an appropriate flooding pattern for the reservoir depends on the
quantity and location of accessible wells. Frequently, producing wells can be
converted to injection wells whereas in other circumstances, it may be necessary
or advantageous to drill new injection wells.

The mobility of oil is the effective permeability of the rock to the oil divided by
the viscosity of the oil.
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Table 3.1 The ratio of injectors to producers for various well patterns

Ratio of producing wells

Pattern to injection wells Drilling pattern required

Four spot 2 Equilateral triangle

Five spot 1 Square

Seven spot 1/2 Equilateral triangle

Inverted seven spot 2 Equilateral triangle

Nine spot 1/3 Square

Inverted nine spot 3 Square

Direct line drive 1 Rectangle

Staggered line drive 1 Offset lines of wells
A=k/u

where / is the mobility, mD/cP, £ is the effective permeability of reservoir rock to
a given fluid, mD, and u is the fluid viscosity, cP. Thus, the mobility ratio (M) is the
mobility of the water divided by the mobility of oil:

M= Krw,uo/Kro,uw

where K., is the relative permeability to water, K, is the relative permeability to
oil, u, is the viscosity of the oil, and u,, is the viscosity of water.

The mobility ratio (M) refers that K, is the mobility of oil ahead of the front
(measured at S,,.) while K, is the mobility of water at average water saturation in
the water-contacted portion of the reservoir.

The mobility ratio of a waterflood will remain constant before breakthrough, but
will increase after water breakthrough corresponding to the increase in water
saturation and relative permeability to water in the water-contacted portion of the
reservoir. Furthermore, the mobility ratio at water breakthrough is the term that is of
significance in describing relative mobility ratio, i.e., M < 1 indicates a favorable
displacement as oil moves faster than water and M = 1 indicates a favorable
displacement as both oil and water move at equal speed whereas M > 1 indicates
an unfavorable displacement as water moves faster than oil.

Generally, the choice of pattern (Table 3.1) for waterflooding must be consistent
with the existing wells. The objective is to select the proper pattern that will provide
the injection fluid with the maximum possible contact with the crude oil to
minimize bypassing by the water.

In a four-spot pattern, the distance between all like wells is constant. Any three
injection wells form an equilateral triangle with a production well at the center. The
four spot may be used when the injectivity is high or the heterogeneity is minimal.

In a five-spot pattern, the distance between all like wells is constant. Four
injection wells form a square with a production well at the center. If existing
wells were drilled on square patterns, five-spot patterns (as well as nine-spot
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patterns) are most commonly used since they allow easy conversion to a five-spot
waterflood.

In the seven-spot pattern, the injection wells are located at the corner of
a hexagon with a production well at its center. If the reservoir characteristics
yield lower than preferred injection rates, either a seven-spot (or a nine-spot)
pattern should be considered because there are more injection wells per pattern
than producing wells.

In the nine-spot pattern, the arrangement is similar to that of the five spot but
with an extra injection well drilled at the middle of each side of the square. The
pattern essentially contains eight injectors surrounding one producer. If existing
wells were drilled on square patterns, nine-spot patterns (as well as five-spot
patterns) are most commonly used. If the reservoir characteristics yield lower
injection rates than those desired, one should consider using either a nine-spot
pattern (or a seven-spot pattern) where there are more injection wells per pattern
than producing wells.

In the inverted seven-spot pattern, the arrangement is similar to the normal
seven-spot pattern except where the position of the producer well was in the normal
seven-spot pattern there is now an injector well. Likewise where the injector wells
were in the normal seven-spot pattern, there are now producer wells. The inverted
seven-spot pattern may be used when the injectivity is high or the heterogeneity is
minimal.

In the inverted nine-spot pattern, the arrangement of the wells is similar to the
normal nine-spot pattern except the position of the producer well in the normal
nine-spot pattern is occupied by an injector well. Likewise where the positions of
the injector wells were in the normal nine-spot, there are now producer wells. If the
reservoir is fairly homogenous and the mobility ratio is unfavorable, the inverted
nine-spot pattern may be promising.

In the direct line-drive pattern, the lines of injection and production are directly
opposite to each other. If the injectivity is low or the heterogeneity is large, direct
line drive is a good option. Anisotropic permeability, permeability trends, or
oriented fracture systems favor line drive patterns.

In the staggered line-drive pattern, the wells are in lines as in the direct line, but
the injectors and producers are no longer directly opposed but laterally displaced by
a distance by a specified that is dependent upon the distance between wells of the
same type and the distance between the lines of injector wells and producer wells.
The staggered line-drive pattern is also effective for reservoirs there is anisotropic
permeability or where permeability trends or oriented fracture systems.

Reservoir uniformities (and heterogeneity) also dictate the choice of pattern and
mobility ratio has an important influence on pattern selection. If the ratio is
unfavorable, the injectivity of an injector will exceed the productivity of
a producer and water injection will supersede oil production. Hence, to balance
the production with the water injection, more producers than injectors are required.
On the other hand, if the mobility ratio is favorable, the injectivity is impaired, and
the pattern should have more injectors than producers.
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Enhanced Oil Recovery

Traditional primary and secondary recovery methods typically recover less than
half (sometimes less than one third) of the oil only one third of the original oil-in-
place. It is at some point before secondary recovery ceases to remain feasible that
enhanced oil recovery methods must be applied if further oil is to be recovered.

Enhanced oil recovery (tertiary oil recovery) is the incremental ultimate oil that
can be recovered from a petroleum reservoir over oil that can be obtained by
primary and secondary recovery methods [2, 4, 8, 9]. Enhanced oil recovery
methods offer prospects for ultimately producing 30-60%, or more, of the
reservoir’s original oil-in-place.

Enhanced oil recovery processes use thermal, chemical, or fluid phase behavior
effects to reduce or eliminate the capillary forces that trap oil within pores, to thin
the oil or otherwise improve its mobility or to alter the mobility of the displacing
fluids. In some cases, the effects of gravity forces, which ordinarily cause vertical
segregation of fluids of different densities, can be minimized or even used to
advantage. The various processes differ considerably in complexity, the physical
mechanisms responsible for oil recovery, and the amount of experience that has
been derived from field application. The degree to which the enhanced oil recovery
methods are applicable in the future will depend on development of improved
process technology. It will also depend on improved understanding of fluid chem-
istry, phase behavior, and physical properties, and also on the accuracy of geology
and reservoir engineering in characterizing the physical nature of individual
reservoirs [10].

For taxation purposes, the Internal Revenue Service of the United States has
listed the projects that qualify as enhanced oil recovery projects [11] and are
therefore available for a tax credit and these projects are:

1. Thermal recovery methods:
Thermal methods of recovery reduce the viscosity of the crude oil by heat so that
it flows more easily into the production well.

(a) Steam drive injection — the continuous injection of steam into one set of
wells (injection wells) or other injection source to effect oil displacement
toward and production from a second set of wells (production wells).

(b) Cyclic steam injection — the alternating injection of steam and production of
oil with condensed steam from the same well or wells.

(¢) In situ combustion — the combustion of oil or fuel in the reservoir sustained
by injection of air, oxygen-enriched air, oxygen, or supplemental fuel
supplied from the surface to displace unburned oil toward producing wells.
This process may include the concurrent, alternating, or subsequent injection
of water.

Steam-based methods are the most advanced of all enhanced oil recovery
methods in terms of field experience and thus have the least uncertainty in
estimating performance, provided that a good reservoir description is available.
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Steam processes are most often applied in reservoirs containing heavy crude oil,

usually in place of rather than following secondary or primary methods. Com-

mercial application of steam processes has been underway since the early 1960s.
2. Gas flood recovery methods:

(a) Miscible fluid displacement — the injection of gas (e.g., natural gas, enriched
natural gas, a liquefied petroleum slug driven by natural gas, carbon dioxide,
nitrogen, or flue gas) or alcohol into the reservoir at pressure levels such that
the gas or alcohol and reservoir oil are miscible.

(b) Carbon dioxide—augmented waterflooding — the injection of carbonated
water, or water and carbon dioxide, to increase waterflood efficiency.

(c) Immiscible carbon dioxide displacement — the injection of carbon dioxide
into an oil reservoir to effect oil displacement under conditions in which
miscibility with reservoir oil is not obtained; this process may include the
concurrent, alternating, or subsequent injection of water.

(d) Immiscible nonhydrocarbon gas displacement — the injection of
nonhydrocarbon gas (e.g., nitrogen) into an oil reservoir, under conditions
in which miscibility with reservoir oil is not obtained, to obtain a chemical or
physical reaction (other than pressure) between the oil and the injected gas
or between the oil and other reservoir fluids; this process may include the
concurrent, alternating, or subsequent injection of water.

3. Chemical flood recovery methods:

Three enhanced oil recovery processes involve the use of chemicals — surfactant/
polymer, polymer, and alkaline flooding [12]. However, each reservoir has
unique fluid and rock properties, and specific chemical systems must be designed
for each individual application. The chemicals used, their concentrations in the
slugs, and the slug sizes depend upon the specific properties of the fluids and the
rocks involved and upon economic considerations.

(a) Surfactant flooding is a multiple-slug process involving the addition of
surface-active chemicals to water [13]. These chemicals reduce the capillary
forces that trap the oil in the pores of the rock. The surfactant slug displaces
the majority of the oil from the reservoir volume contacted, forming
a flowing oil-water bank that is propagated ahead of the surfactant slug.
The principal factors that influence the surfactant slug design are interfacial
properties, slug mobility in relation to the mobility of the oil-water bank, the
persistence of acceptable slug properties and slug integrity in the reservoir,
and cost.

(b) Microemulsion flooding also known as surfactant-polymer flooding involves
injection of a surfactant system (e.g., a surfactant, hydrocarbon, cosurfactant,
electrolyte, and water) to enhance the displacement of oil toward producing
wells; and [2] caustic flooding — the injection of water that has been made
chemically basic by the addition of alkali metal hydroxides, silicates, or other
chemicals.

(c) Polymer-augmented waterflooding — the injection of polymeric additives
with water to improve the areal and vertical sweep efficiency of the reservoir
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by increasing the viscosity and decreasing the mobility of the water injected;
polymer-augmented waterflooding does not include the injection of
polymers for the purpose of modifying the injection profile of the wellbore
or the relative permeability of various layers of the reservoir, rather than
modifying the water-oil mobility ratio.

Certain types of reservoirs, such as those with very viscous crude oils and some
low-permeability carbonate (limestone, dolomite, or chert) reservoirs, respond
poorly to conventional secondary recovery techniques. The viscosity (or the API
gravity) of petroleum is an important factor that must be taken into account when
heavy oil is recovered from a reservoir.

In these reservoirs, it is desirable to initiate enhanced oil recovery operations as
early as possible. This may mean considerably abbreviating conventional second-
ary recovery operations or bypassing them altogether.

Thermal methods for oil recovery have found most use when the oil in the
reservoir has a high viscosity. For example, heavy oil is usually highly viscous
(hence the use of the adjective heavy), with a viscosity ranging from approximately
100 cP to several million centipoises at the reservoir conditions. In addition,
oil viscosity is also a function of temperature and API gravity [2, 14]. Thus,
for heavy crude oil samples with API gravity ranging from 4 to 21°API
(1.04-0.928 kg/m>):

log log(uo + o) = A — Blog(T + 460)

In this equation, uo is oil viscosity in cP, T is temperature in °F, A and B are
constants, and o is an empirical factor used to achieve a straight-line correlation at
low viscosity. This equation is usually used to correlate kinematic viscosity in
centistokes, in which case an o of 0.6-0.8 is suggested (dynamic viscosity in cP
equals kinematic viscosity in ¢St times density in g/mL).

An alternative equation for correlating viscosity data (where a and b are
constants, and T * is the absolute temperature) is:

= aeh”

Thermal-enhanced oil recovery processes add heat to the reservoir to reduce oil
viscosity and/or to vaporize the oil. In both instances, the oil is made more mobile
so that it can be more effectively driven to producing wells. In addition to adding
heat, these processes provide a driving force (pressure) to move oil to producing
wells.

Steam drive injection (steam injection) has been commercially applied since the
early 1960s. The process occurs in two steps: (1) steam stimulation of production

wells, that is, direct steam stimulation and (2) steam drive by steam injection to
increase production from other wells (indirect steam stimulation).
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When there is some natural reservoir energy, steam stimulation normally
precedes steam drive. In steam stimulation, heat is applied to the reservoir by the
injection of high-quality steam into the production well. This cyclic process, also
called huff and puff or steam soak, uses the same well for both injection and
production. The period of steam injection is followed by production of reduced
viscosity oil and condensed steam (water). One mechanism that aids production of
the oil is the flashing of hot water (originally condensed from steam injected under
high pressure) back to steam as pressure is lowered when a well is put back on
production.

Cyclic steam injection is the alternating injection of steam and production of oil
with condensed steam from the same well or wells. Thus, steam generated at
surface is injected in a well and the same well is subsequently put back on
production.

A cyclic steam injection process includes three stages. The first stage is injec-
tion, during which a measured amount of steam is introduced into the reservoir.
The second stage (the soak period) requires that the well be shut in for a period of
time (usually several days) to allow uniform heat distribution to reduce the viscosity
of the oil (alternatively, to raise the reservoir temperature above the pour point of
the oil). Finally, during the third stage, the now-mobile oil is produced through the
same well. The cycle is repeated until the flow of oil diminishes to a point of no
returns.

The high gas mobility may limit recovery through its adverse effect on the sweep
efficiency of the burning front. Because of the density contrast between air and
reservoir liquids, the burning front tends to override the reservoir liquids. To date,
combustion has been most effective for the recovery of viscous oils in moderately
thick reservoirs in which reservoir dip and continuity provide effective gravity
drainage or operational factors permit close well spacing.

Using combustion to stimulate oil production is regarded as attractive for deep
reservoirs [15] and, in contrast to steam injection, usually involves no loss of heat.
The duration of the combustion may be short (<30 days) or more prolonged
(approximately 90 days), depending upon requirements. In addition, backflow of
the oil through the hot zone must be prevented or coking occurs.

Both forward and reverse combustion methods have been used with some degree
of success when applied to tar sand deposits. The forward-combustion process has
been applied to the Orinoco deposits [16] and in the Kentucky sands [15].
The reverse combustion process has been applied to the Orinoco deposit [17] and
the Athabasca [2, 4]. In tests such as these, it is essential to control the airflow and to
mitigate the potential for spontaneous ignition [17]. A modified combustion
approach has been applied to the Athabasca deposit [2, 4]. The technique involved
a heat-up phase and a production (or blowdown phase) followed by a displacement
phase using a fireflood-waterflood (COFCAW) process.
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Heavy oil and bitumen (the component of interest in tar sand) are often defined
(loosely and incorrectly) in terms of API gravity. A more appropriate definition of
bitumen, which sets it aside from heavy oil and conventional petroleum, is based on
the definition offered by the US government as the extremely viscous hydrocarbon
which is not recoverable in its natural state by conventional oil well production
methods including currently used enhanced recovery techniques [2, 4].

By inference, conventional petroleum and heavy oil (recoverable by conven-
tional oil well production methods including currently used enhanced recovery
techniques) are different to tar sand bitumen. Be that as it may, in some stage of
production, conventional petroleum (in the later stages of recovery) and heavy oil
(in the earlier stages of recovery) may require the application of enhanced oil
recovery methods for recovery.

Oil Mining

Oil mining includes recovery of oil and/or heavy oil by drainage from reservoir
beds to mine shafts or other openings driven into the rock or by drainage from the
reservoir rock into mine openings driven outside the reservoir but connected with it
by boreholes or mine wells.

Oil mining methods should be applied in reservoirs that have significant residual
oil saturation and have reservoir or fluid properties that make production by
conventional methods inefficient or impossible. The high well density in improved
oil mining usually compensates for the inefficient production caused by reservoir
heterogeneity.

However, close well spacing can also magnify the deleterious effects of reser-
voir heterogeneity. If a high-permeability streak exists with a lateral extent that is
less than the inter-well spacing of conventional wells but is comparable to that of
improved oil mining, the channeling is more unfavorable for the improved oil
mining method.

Tar Sand Mining

The bitumen occurring in tar sand deposits poses a major recovery problem. The
material is notoriously immobile at formation temperatures and must therefore
require some stimulation (usually by thermal means) in order to ensure recovery.
Alternately, proposals have been noted which advocate bitumen recovery by
solvent flooding or by the use of emulsifiers. There is no doubt that with time,
one or more of these functions may come to fruition, but for the present, the two
commercial operations rely on the mining technique.
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The alternative to in situ processing is to mine tar sand, transport the mined
material to a processing plant, extract the bitumen, and dispose of the waste sand.
Such a procedure is often referred to as oil mining. This is the term applied to the
surface or subsurface excavation of petroleum-bearing formations for subsequent
removal of the heavy oil or bitumen by washing, flotation, or retorting treatments.

The tar sand mining method of recovery has received considerable attention
since it was chosen as the technique of preference for the only two commercial
bitumen recovery plants in operation in North America. In situ processes have been
tested many times in the United States, Canada, and other parts of the world and are
ready for commercialization. There are also conceptual schemes that are
a combination of both mining (aboveground recovery) and in situ (non-mining
recovery) methods.

Engineering a successful oil mining project must address a number of items
because there must be sufficient recoverable resources, the project must be
conducted safely, and the project should be engineered to maximize recovery
within economic limits. The use of a reliable screening technique is necessary to
locate viable candidates. Once the candidate is defined, this should be followed by
an exhaustive literature search covering the local geology, drilling, production,
completion, and secondary and tertiary recovery operations.

The reservoir properties, which can affect the efficiency of heavy oil or bitumen
production by mining technology, can be grouped into three classes:

1. Primary properties, i.e., those properties that have an influence on the fluid flow
and fluid storage properties and include rock and fluid properties, such as
porosity, permeability, wettability, crude oil viscosity, and pour point

2. Secondary properties, i.e., those properties that significantly influence the
primary properties, including pore size distribution, clay type, and content

3. Tertiary properties, i.e., those other properties that mainly influence oil produc-
tion operation (fracture breakdown pressure, hardness, and thermal properties)
and the mining operations (e.g., temperature, subsidence potential, and fault
distribution)

There are also important rock mechanical parameters of the formation in which
a tunnel is to be mined and from where all oil mining operations will be conducted.
These properties are mostly related to the mining aspects of the operations, and not
all are of equal importance in their influence on the mining technology. Their
relative importance also depends on the individual reservoir.

Surface mining is the mining method that is currently being used by Suncor
Energy and Syncrude Canada Limited to recover tar sand from the ground. Surface
mining can be used in mineable tar sand areas which lie under 250 ft or less of
overburden material. Less than 10% of the Athabasca Oil Sands deposit can be
mined using the surface mining technique, as the other 90% of the deposit has more
than 250 ft of overburden. This other 90% will have to be mined using different
mining techniques.

There are two methods of mining currently in use in the Athabasca Oil Sands.
Suncor Energy uses the truck and shovel method of mining whereas Syncrude uses
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the truck and shovel method of mining, as well as draglines and bucket-wheel
reclaimers. These enormous draglines and bucket-wheels are being phased out and
soon will be completely replaced with large trucks and shovels. The shovel scoops
up the tar sand and dumps it into a heavy hauler truck. The heavy hauler truck takes
the tar sand to a conveyor belt that transports the tar sand from the mine to the
extraction plant. Presently, there are extensive conveyor belt systems that transport
the mined tar sand from the recovery site to the extraction plant. With the develop-
ment of new technologies, these conveyors are being phased out and replaced with
hydrotransport technology.

Hydrotransport is a combination of ore transport and preliminary extraction.
After the bituminous sands have been recovered using the truck and shovel method,
it is mixed with water and caustic soda to form a slurry and is pumped along
a pipeline to the extraction plant. The extraction process thus begins with the
mixing of the water and agitation needed to initiate bitumen separation from the
sand and clay.

Mine spoils need to be disposed of in a manner that assures physical stabiliza-
tion. This means appropriate slope stability for the pile against not only gravity but
also earthquake forces. Since return of the spoils to the mine excavations is seldom
economical, the spoil pile must be designed as a permanent structure whose outline
blends into the landscape. Straight, even lines in the pile must be avoided.

Underground mining options have also been proposed but for the moment have
not been developed because of the fear of collapse of the formation onto any
operation/equipment. This particular option should not, however, be rejected out-
of-hand because a novel aspect or the requirements of the developer (which remove
the accompanying dangers) may make such an option acceptable.

The tar sand recovered by mining is sent to the processing plant for separation of
the bitumen from the sand prior to upgrading.

The Hot-Water Process

The hot-water process is, to date, the only successful commercial process to be
applied to bitumen recovery from mined tar sands in North America [18-22]. Many
process options have been tested with varying degrees of success, and one of these
options may even supersede the hot-water process.

The process utilizes (1) the film of water coats most of the mineral matter, which
permits extraction by the hot-water process, (2) the linear and the nonlinear
variation of bitumen density and water density, respectively, with temperature so
that the bitumen that is heavier than water at room temperature becomes lighter
than water at 80°C (180°F), and (3) natural surface-active materials (surfactants) in
the tar sand which also contribute to freeing the bitumen from the sand.

In the process, the tar sand is introduced into a conditioning drum where the sand
is heated and mixed with water to encourage agglomeration of the oil particles.
Conditioning is carried out in a slowly rotating drum that contains a steam-sparging
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system for temperature control as well as mixing devices to assist in lump size
reduction and a size ejector at the outlet end. The tar sand lumps are reduced in size
by ablation and mixing action. The conditioned pulp has the following
characteristics: (1) solids 60-85% and (2) pH 7.5-8.5.

Lumps of as-mined tar sand are reduced in size by ablation, and the conditioned
pulp is screened through a double-layer vibrating screen. Water is then added to the
screened material (to achieve more beneficial pumping conditions), and the pulp
enters the separation cell through a central feed well and distributor. The bulk of the
sand settles in the cell and is removed from the bottom as tailing, but the majority of
the bitumen floats to the surface and is removed as froth. A middlings stream
(mostly water with suspended fines and some bitumen) is withdrawn from approxi-
mately midway up the side of the cell wall. Part of the middlings is recycled to
dilute the conditioning-drum effluent for pumping. Clays do not settle readily and
generally accumulate in the middlings layer. High concentrations of clays increase
the viscosity and can prevent normal operation in the separation cell.

The separation cell acts like two settlers — one on top of the other — and in the
lower settler, the sand settles down, whereas in the upper settler, the bitumen floats.
The bulk of the sand in the feed is removed from the bottom of the separation cell as
tailings. A large portion of the feed bitumen floats to the surface of the separation
cell and is removed as bituminous froth. A middlings stream consists mostly of
water with some suspended fine minerals and bitumen particles, and a portion of the
middlings may be returned for mixing with the conditioning-drum effluent in order
to dilute the separation-cell feed for pumping. The remainder of the middlings is
withdrawn from the separation cell to be rejected after processing in the scavenger
cells.

The combined froth from the separation cell and scavenging operation contains an
average of about 10% by weight mineral material and up to 40% by weight water. The
dewatering and demineralizing is accomplished in two stages of centrifuging; in the
first stage, the coarser mineral material is removed but much of the water remains. The
feed then passes through a filter to remove any additional large-size mineral matter
that would plug up the nozzles of the second stage centrifuges.

In the scavenging cell, froth flotation with air is usually employed to recover
more bitumen. The scavenger froth is combined with the separation-cell froth to be
further treated and upgraded to synthetic crude oil. Tailings from the scavenger cell
join the separation-cell tailings stream and go to waste.

The bituminous froth from the hot-water process may be mixed with
a hydrocarbon diluent, e.g., coker naphtha, and centrifuged. The Suncor process
employs a two-stage centrifuging operation, and each stage consists of multiple
centrifuges of conventional design installed in parallel. The bitumen product
contains 1% by weight to 2% by weight mineral (dry bitumen basis) and 5% by
weight to 15% by weight water (wet diluted basis). Syncrude also utilizes
a centrifuge system with naphtha diluent.

One of the major problems that arises from the hot-water process is the disposal
and control of the tailings. The fact is that each ton of tar sand in place has a volume
of about 16 ft>, which will generate about 22 ft* of tailings giving a volume gain on
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the order of 40%. If the mine produces about 200,000 t of tar sand per day, the
volume expansion represents a considerable solids disposal problem. Tailings from
the process consist of about 49—50% by weight of sand, 1% by weight of bitumen,
and about 50% by weight of water. The average particle size of the sand is about
200 mm, and it is a suitable material for dike building. Accordingly, Suncor used
this material to build the sand dike, but for fine sand, the sand must be well
compacted.

Environmental regulations in Canada or the United States will not allow the
discharge of tailings streams into (1) the river; (2) on to the surface; or (3) on to any
area where contamination of groundwater domains or the river may be
contaminated. The tailings streams is essentially high in clays and contains some
bitumen, hence the current need for tailings ponds, where some settling of the clay
occurs. In addition, an approach to acceptable reclamation of the tailings ponds will
have to be accommodated at the time of site abandonment.

The structure of the dike may be stabilized on the upstream side by beaching.
This gives a shallow slope but consumes sand during the season when it is
impossible to build the dike. In remote areas such as the Fort McMurray (Alberta)
site, the dike can only be built in above-freezing weather because (1) frozen water
in the pores of the dike will create an unstable layer and (2) the vapor emanating
from the water creates a fog, which can create a work hazard. The slope of
the tailings dike is about 2.5:1 depending on the amount of fines in the material.
It may be possible to build with 2:1 slopes with coarser material, but steeper slopes
must be stabilized quickly by beaching. After discharge from the hot-water separa-
tion system, it is preferable that attempts be made to separate the sand, sludge, and
water, hence, the tailings pond. The sand is used to build dikes and the runoff that
contains the silt, clay, and water collects in the pond. Silt and some clay settle out to
form sludge, and some of the water is recycled to the plant.

In summary, the hot-water separation process involves extremely complicated
surface chemistry with interfaces among various combinations of solids (including
both silica sand and aluminosilicate clays), water, bitumen, and air. The control of
pH is critical with the preferred range being 8.0-8.5, which is achievable by use of
any of the monovalent bases. Polyvalent cations must be excluded because they
tend to flocculate the clays and thus raise the viscosity of the middlings in the
separation cell.

Other Processes

The issues arising from bitumen mining and bitumen recovery may be alleviated
somewhat by the development of process options that require considerably less
water in the sand/bitumen separation step. Such an option would allow a more
gradual removal of the tailings ponds.

A cold-water process for bitumen separation from mined tar sand has also been
recommended [23, 24]. The process uses a combination of cold water and solvent,
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and the first step usually involves disintegration of the tar sand charge that is mixed
with water, diluent, and reagents. The diluent may be a petroleum distillate fraction
such as aromatic naphtha or kerosene and is added in approximately a 1:1 weight
ratio to the bitumen in the feed. The pH is maintained at 9-9.5 by the addition of
wetting agents and approximately 0.77 kg of soda ash per ton of tar sand. The
effluent is mixed with more water, and in a raked classifier, the sand is settled from
the bulk of the remaining mixture. The water and oil overflow the classifier and are
passed to thickeners where the oil is concentrated. Clay in the tar sand feed has
a distinct effect on the process; it forms emulsions that are hard to break and are
wasted with the underflow from the thickeners.

The sand-reduction process is a cold-water process without solvent. In the first
step, the tar sand feedstock is mixed with water at approximately 20°C (68°F) in
a screw conveyor in a ratio of 0.75-3 t per ton of tar sand (the lower range is
preferred). The mixed pulp from the screw conveyor is discharged into a rotary-
drum screen, which is submerged in a water-filled settling vessel. The bitumen
forms agglomerates that are retained by an 840-pum (20-mesh) screen. These
agglomerates settle and are withdrawn as oil product. The sand readily passes
through the 840 um (20 mesh) screen and is withdrawn as waste stream. The
process is called sand reduction because its objective is the removal of sand from
the tar sand to provide a feed suitable for a fluid coking process; ca 80% of sand is
removed. Nominal composition of the oil product is 58% by weight (bitumen), 27%
by weight mineral matter, and 15% by weight water.

The spherical agglomeration process resembles the sand-reduction process.
Water is added to tar sands and the mixture is ball-milled. The bitumen forms
dense agglomerates of 75% by weight to 87% by weight bitumen, 12% by weight to
25% by weight sand, and 1% by weight to 5% by weight water.

An oleophilic sieve process [25, 26] offers the potential for reducing tailings
pond size because of a reduction in the water requirements. The process is based on
the concept that when a mixture of an oil phase and an aqueous phase is passed
through a sieve made from oleophilic materials, the aqueous phase and any hydro-
philic solids pass through the sieve but the oil adheres to the sieve surface on
contact. The sieve is in the form of a moving conveyor, the oil is captured in
a recovery zone, and recovery efficiency is high.

An anhydrous solvent extraction process for bitumen recovery has been
attempted and usually involves the use of a low-boiling hydrocarbon. The process
generally involves up to four steps. In the mixer step, fresh tar sand is mixed with
recycle solvent that contains some bitumen and small amounts of water and mineral
and the solvent-to-bitumen weight ratio is adjusted to approximately 0.5. The drain
step consists of a three-stage countercurrent wash. Settling and draining time is
approximately 30 min for each stage. After each extraction step, a bed of sand is
formed and the extract is drained through the bed until the interstitial pore volume
of the bed is emptied. The last two steps of the process are devoted to solvent
recovery solvent recovery from the bitumen and from the solids, which holds the
key to the economic success the process.
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Another aboveground method of separating bitumen from mined tar sand
involves direct heating of the tar sand without previous separation of the bitumen
[27]. Thus, the bitumen is not recovered as such but is an upgraded overhead
product. In the process, the sand is crushed and introduced into a vessel, where it
is contacted with either hot (spent) sand or with hot product gases that furnish part
of the heat required for cracking and volatilization. The volatile products are passed
out of the vessel and are separated into gases and (condensed) liquids. The coke that
is formed as a result of the thermal decomposition of the bitumen remains on the
sand, which is then transferred to a vessel for coke removal by burning in air.
The hot flue gases can be used either to heat incoming tar sand or as refinery fuel.
As expected, processes of this type yield an upgraded product but require various
arrangements of pneumatic and mechanical equipment for solids movement around
the refinery.

In improved mining, directional (horizontal or slant) wells are drilled into the
reservoir from a mine in an underlying formation to drain oil by pressured depletion
and gravity drainage. In the process of gravity drainage extraction of liquid crude
oil, the wells are completed so that only the forces acting within the reservoir are
used. A large number of closely spaced wells can be drilled into a reservoir from an
underlying tunnel more economically than the same number of wells from the
surface. In addition, only one pumping system is required in underground drainage,
whereas at the surface, each well must have a pumping system. The objective of
using a large number of wells is to produce each well slowly so that the gas—oil and
water—oil interfaces move toward each other efficiently. By maintaining the reser-
voir pressures because of forces acting on the reservoir, it is then assured that the oil
production is provided by the internal forces due to gravity (the buoyancy effect)
and capillary effects.

Large vertical shafts sunk from the surface are generally the means through
which underground openings can be excavated. These shafts are one means of
access to offer an outlet for removal of excavated rock, provide sufficient opening
for equipment, provide ventilation, and allow the removal of oil and gas products
during later production. These requirements plus geological conditions and oil
reservoir dimensions determine the shaft size. It is expected that an access shaft
will range from 8 to 20 ft in diameter.

Non-mining Methods

Whereas conventional crude oils may have a viscosity of several poise (at 40°C,
105°F), the tar sand bitumen has a viscosity of the order of 50,000-1,000,000 cP
or more at formation temperatures (approximately 0—10°C, 32-50°F depending
upon the season). This offers a formidable (but not insurmountable) obstacle to
bitumen recovery.
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In principle, the non-mining recovery of bitumen from tar sand deposits is an
enhanced recovery technique and requires the injection of a fluid into the formation
through an injection wall. This leads to the in situ displacement of the bitumen from
the sand followed by bitumen production at the surface through an egress well
(production well).

In tar sand deposits, it is often desirable to initiate enhanced oil recovery (EOR)
operations as early as possible, which mean considerably abbreviating conventional
secondary recovery operations or bypassing them altogether. Thermal floods using
steam and controlled in situ combustion methods are also used. Thermal methods of
recovery reduce the viscosity of the crude oil by heat so that it flows more easily
into the production well [28].

The technologies applied to oil recovery involve different concepts, some of
which can cause changes to the oil during production. Technologies such as alkaline
flooding, microemulsion (micellar/emulsion) flooding, polymer-augmented
waterflooding, and carbon dioxide miscible/immiscible flooding do not require or
cause any change to the oil. The steaming technologies may cause some steam
distillation that can augment the process when the steam-distilled material moves
with the steam front and acts as a solvent for oil ahead of the steam front. Again,
there is no change to the oil although there may be favorable compositional changes
to the oil insofar as lighter fractions are recovered and heavier materials remain in
the reservoir.

The technology where changes do occur involves combustion of the oil in situ.
The concept of any combustion technology requires that the oil be partially
combusted and that thermal decomposition occur to other parts of the oil. This is
sufficient to cause irreversible chemical and physical changes to the oil to the extent
that the product is markedly different to the oil-in-place, indicating upgrading of the
bitumen during the process. Recognition of this phenomenon is essential before
combustion technologies are applied to oil recovery.

Thermal recovery methods (Fig. 3.1) have found most use when heavy oil or
bitumen has an extremely high viscosity under reservoir conditions [2, 4].
For example, bitumen is highly viscous, with a viscosity ranging up to a million
centipoises or more at the reservoir conditions.

Thermal-enhanced oil recovery processes (i.e., cyclic steam injection, steam
flooding, and in situ combustion) add heat to the reservoir to reduce oil viscosity
and/or to vaporize the oil. In both instances, the oil is made more mobile so that it
can be more effectively driven to producing wells. In addition to adding heat, these
processes provide a driving force (pressure) to move oil to producing wells.

In the modified in situ extraction processes, combinations of in situ and mining
techniques are used to access the reservoir. A portion of the reservoir rock must be
removed to enable application of the in situ extraction technology. The most
common method is to enter the reservoir through a large-diameter vertical shaft,
excavate horizontal drifts from the bottom of the shaft, and drill injection and
production wells horizontally from the drifts. Thermal extraction processes are then
applied through the wells. When the horizontal wells are drilled at or near the base
of the tar sand reservoir, the injected heat rises from the injection wells through the
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reservoir, and drainage of produced fluids to the production wells is assisted by
gravity.

There are, however, several serious constraints that are particularly important
and relate to bulk properties of the tar sand and the bitumen. In fact, both must be
considered in the context of bitumen recovery by non-mining techniques. For
example, the Canadian deposits are unconsolidated sands with a porosity ranging
up to about 45% whereas other deposits may range from predominantly low-
porosity, low-permeability consolidated sand to, in a few instances, unconsolidated
sands. In addition, the bitumen properties are not conducive to fluid flow under
deposit conditions. Nevertheless, where the general nature of the deposits prohibits
the application of a mining technique, a non-mining method may be the only
feasible bitumen recovery option.

Another general constraint to bitumen recovery by non-mining methods is the
relatively low injectivity of tar sand formations. Thus, it is usually necessary to
inject displacement or recovery finds at a pressure such that fracturing (parting) is
achieved. Such a technique therefore changes the reservoir profile and introduces
a series of channels through which fluids can flow from the injection well to the
production well. On the other hand, the technique may be disadvantageous insofar
as the fracture occurs along the path of least resistance, giving undesirable (i.e.,
inefficient) flow characteristics within the reservoir between the injection and
production wells, leaving a large part of the reservoir relatively untouched by the
displacement or recovery fluids.

Another general constraint to bitumen recovery by non-mining methods is the
relatively low injectivity of tar sand formations. It is usually necessary to inject
displacement/recovery fluids at a pressure such that fracturing (parting) is achieved.
Such a technique, therefore, changes the reservoir profile and introduces a series of
channels through which fluids can flow from the injection well to the production
well. On the other hand, the technique may be disadvantageous insofar as the
fracture occurs along the path of least resistance giving undesirable (i.e., inefficient)
flow characteristics within the reservoir between the injection and production wells
which leave a part of the reservoir relatively untouched by the displacement or
recovery fluids.

Steam-Based Processes

Steam-based processes are the most advanced of all enhanced oil recovery methods
in terms of field experience and thus have the least uncertainty in estimating
performance, provided that a good reservoir description is available. Steam pro-
cesses are most often applied in reservoirs containing heavy oil, which is mobile at
reservoir temperature. Commercial application of steam processes has been under-
way since the early 1960s.

Steam drive injection (steam injection) has been commercially applied since the
early 1960s. The process occurs in two steps: (1) steam stimulation of production
wells, that is, direct steam stimulation, and (2) steam drive by steam injection to
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increase production from other wells (i.e., indirect steam stimulation). Steam drive
requires sufficient effective permeability (with the immobile bitumen in place) to
allow injection of the steam at rates sufficient to raise the reservoir temperature to
mobilize the bitumen and drive it to the production well.

Cyclic steam injection (also called huff and puff or steam soak) is the alternating
injection of steam and production of oil with condensed steam from the same well
or wells. This process is predominantly a vertical well process, with each well
alternately injecting steam and producing heavy oil and steam condensate. In
practice, steam is injected into the formation at greater than fracturing pressure
followed by a soak period after which production is commenced. The heat injected
warms the heavy oil and lowers its viscosity. A heated zone is created through
which the warmed heavy oil can flow back into the well. This is a well-developed
process; the major limitation is that less than 30% (usually less than 20%) of the
initial oil-in-place can be recovered.

Combustion Processes

In situ combustion (fireflood) is normally applied to reservoirs containing low-
gravity oil but has been tested over perhaps the widest spectrum of conditions of
any enhanced oil recovery process. In the process, heat is generated within the
reservoir by injecting air and burning part of the crude oil. This reduces the oil
viscosity and partially vaporizes the oil-in-place, and the oil is driven out of the
reservoir by a combination of steam, hot water, and gas drive. Forward combustion
involves movement of the hot front in the same direction as the injected air; reverse
combustion involves movement of the hot front opposite to the direction of the
injected air.

During the process, energy is generated in the formation by igniting bitumen
in the formation and sustaining it in a state of combustion or partial combustion.
The high temperatures generated decrease the viscosity of the oil and make it more
mobile. Some cracking of the bitumen also occurs, and an upgraded product rather
than bitumen itself is the fluid recovered from the production wells.

The relatively small portion of the oil that remains after the displacement
mechanisms have acted becomes the fuel for the in situ combustion process.
Production is obtained from wells offsetting the injection locations. In some
applications, the efficiency of the total in situ combustion operation can be
improved by alternating water and air injection. The injected water tends to
improve the utilization of heat by transferring heat from the rock behind the
combustion zone to the rock immediately ahead of the combustion zone.

The use of combustion to stimulate oil production is regarded as attractive for
deep reservoirs. In contrast to steam injection, it usually involves no loss of
heat. The duration of the combustion may be less than 30 days or much as 90
days depending on requirements. In addition, backflow of the oil through the hot
zone must be prevented or coking will occur.
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Forward combustion involves movement of the hot front in the same direction as
the injected air while reverse combustion involves movement of the hot front
opposite to the direction of the injected air. In forward combustion, the hydrocarbon
products released from the zone of combustion move into a relatively cold portion
of the formation. Thus, there is a definite upper limit of the viscosity of the liquids
that can be recovered by a forward-combustion process. On the other hand, since
the air passes through the hot formation before reaching the combustion zone,
burning is complete; the formation is left completely cleaned of hydrocarbons.

Reverse combustion is particularly applicable to reservoirs with lower effective
permeability (in contrast with forward combustion). It is more effective because the
lower permeability would cause the reservoir to be plugged by the mobilized fluids
ahead of a forward-combustion front. In the reverse combustion process, the vaporized
and mobilized fluids move through the heated portion of the reservoir behind the
combustion front. The reverse combustion partially cracks the bitumen, consumes
a portion of the bitumen as fuel, and deposits residual coke on the sand grains. In the
process, part of the bitumen will be consumed as fuel and part will be deposited on the
sand grains as coke leaving 40-60% recoverable. This coke deposition serves as
a cementing material, reducing movement and production of sand.

The addition of water or steam to an in situ combustion process can result in
a significant increase in the overall efficiency of that process. Two major benefits
may be derived. Heat transfer in the reservoir is improved because the steam and
condensate have greater heat-carrying capacity than combustion gases and gaseous
hydrocarbons. Sweep efficiency may also be improved because of the more favor-
able mobility ratio of steam-bitumen compared with gas-bitumen.

Applying a preheating phase before the bitumen recovery phase may signifi-
cantly enhance the steam or combustion extraction processes. Preheating can be
particularly beneficial if the saturation of highly viscous bitumen is sufficiently
great as to lower the effective permeability to the point of production being
precluded by reservoir plugging. Preheating partially mobilizes the bitumen by
raising its temperature and lowering its viscosity. The result is a lower required
pressure to inject steam or air and move the bitumen.

In the fracture-assisted steam technology (FAST) process, steam is injected
rapidly into an induced horizontal fracture near the bottom of the reservoir to
preheat the reservoir. This process has been applied successfully in three pilot
projects in southwest Texas. Shell has accomplished the same preheating goal by
injecting steam into a high-permeability bottom water zone in the Peace River
(Alberta) field. Electrical heating of the reservoir by radio-frequency waves may
also be an effective method.

In situ combustion has been field tested under a wide variety of reservoir
conditions, but few projects have proven economical and advanced to commercial
scale and the concept has been abandoned by many recovery operators. However, in
situ combustion may make a comeback with a new concept. THAI (toe-to-heel air
injection) (Fig. 3.3) is based on the geometry of horizontal wells that may solve the
problems that have plagued conventional in situ combustion. The well geometry
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Fig. 3.3 The THAI process

enforces a short flow path so that any instability issues associated with conventional
combustion are reduced or even eliminated [2, 4].

In situ conversion, or underground refining, is a promising new technology to tap
the extensive reservoirs of heavy oil and deposits of bitumen. The new technology
[29, 30] features the injection of high-temperature, high-quality steam, and hot
hydrogen into a formation containing heavy hydrocarbons to initiate conversion of
the heavy hydrocarbons into lighter hydrocarbons. In effect, the heavy
hydrocarbons undergo partial underground refining that converts them into
a synthetic crude oil (or syncrude). The heavier portion of the syncrude is treated
to provide the fuel and hydrogen required by the process, and the lighter portion is
marketed as a conventional crude oil.

Thus, below ground, superheated steam and hot hydrogen are injected into
a heavy oil or bitumen formation, which simultaneously produces the heavy oil
or bitumen and converts it in situ (i.e., within the formation) into syncrude. Above
ground, the heavier fraction of the syncrude is separated and treated on-site to
produce the fuel and hydrogen required by the process, while the lighter fraction is
sent to a conventional refinery to be made into petroleum products (United States
Patent 6,016,867; United States Patent 6,016,868).

The potential advantages of an in situ process for bitumen and heavy oil include
(1) leaving the carbon-forming precursors in the ground, (2) leaving the heavy metals
in the ground, (3) reducing sand handling, and (4) bringing a partially upgraded
product to the surface. The extent of the upgrading can, hopefully, be adjusted by
adjusting the exposure of the bitumen of heavy oil to the underground thermal effects.

Finally, by all definitions, the quality of the bitumen from tar sand deposits is poor
when considered as a refinery feedstock. As in any field in which primary recovery
operations are followed by secondary or enhanced recovery operations and there is
a change in product quality, such is also the case for tar sand recovery operations.
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Fig. 3.4 The SAGD process

Thus, product oils recovered by the thermal stimulation of tar sand deposits show
some improvement in properties over those of the bitumen in-place.

In situ recovery processes (although less efficient in terms of bitumen recovery
relative to mining operations) may have the added benefit of /eaving some of the
more obnoxious constituents (from the processing objective) in the ground.

Other Processes

Many innovative concepts in heavy oil production have been developed in the last
10 years [2, 4]. However, there are varying degrees of success and all are dependent
on the properties of the deposit. There is no panacea for bitumen recovery that can
be applied on a worldwide basis.

Long horizontal wells with several multilateral branches have been used widely
in the development of the heavy oils of Venezuela, where production rates as high
as 2,000-2,500 bbl/day in some wells have been achieved through the use of
aggregate horizontal lengths as large as 10,000 m in oil of 1,200-5,000 cP viscosity.
Unfortunately, this technology can only achieve 8—15% v/v recovery of the oil and
only from the best high-permeability zones.

Inert gas injection (IGI) is a technology for conventional oils in reservoirs where
good vertical permeability exists, or where it can be created through propped
hydraulic fracturing. It is generally viewed as a top-down process with nitrogen
or methane injection through vertical wells at the top of the reservoirs, creating
a gas—oil interface that is slowly displaced toward long horizontal production wells
[2, 4]. As with all gravity drainage processes, it is essential to balance the injection
and production volumes precisely so that the system does not become pressure
driven, but remains in the gravity-dominated flow regime.

SAGD (steam-assisted gravity drainage) (Fig. 3.4) was developed first in Canada
for reservoirs where the immobile bitumen occurs [31]. This process uses paired
horizontal wells. Low-pressure steam continuously injected through the upper well
creates a steam chamber along the walls of which the heated bitumen flows and is
produced in the lower well.
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In the process, a pair of horizontal wells that are separated vertically by about
1520 ft are drilled at the bottom of a thick unconsolidated sandstone reservoir.
Steam, perhaps along with a mixture of hydrocarbons that dissolve into the oil and
help reduce its viscosity, is injected into the upper well. The heat reduces the oil
viscosity to values as low as 1-10 cP (depending on temperature and initial
conditions) and develops a steam chamber that grows vertically and laterally.
The steam and gases rise because of their low density, and the oil and condensed
water are removed through the lower well. The gases produced during SAGD tend
to be methane with some carbon dioxide and traces of hydrogen sulfide.

The SAGD process, as for all gravity-driven processes, is extremely stable
because the process zone grows only by gravity segregation, and there are no
pressure-driven instabilities such as channeling, coning, and fracturing. SAGD
seems to be relatively insensitive to shale streaks and similar horizontal barriers,
even up to several meters thick (3—6 ft), that otherwise would restrict vertical flow
rates. The combined processes of gravity segregation and shale thermal fracturing
make SAGD so efficient that recovery ratios of 60—70% are claimed. Nevertheless,
the process is not universally applicable to all reservoirs and deposits.

Cold heavy oil production with sand (CHOPS) is also used as a production
approach in unconsolidated sandstones. The process results in the development of
high-permeability channels (wormholes) in the adjacent low cohesive strength
sands, facilitating the flow of oil foam that is caused by solution gas drive. Instead
of blocking sand ingress by screens or gravel packs, sand is encouraged to enter the
wellbore by aggressive perforation and swabbing strategies. Vertical or slightly
inclined wells (vertical to 45°) are operated with rotary progressive cavity pumps
(rather than reciprocating pumps) and old fields are converting to higher-capacity
progressive cavity pumps, giving production boosts to old wells. Because massive
sand production creates a large disturbed zone, the reservoir may be positively
affected for later implementation of thermal processes.

Typically, a well placed on CHOPS production will initially produce a high
percentage of sand, greater than 20% by volume of liquids. However, this generally
drops after some weeks or months. The huge volumes of sand are disposed of by
slurry fracture injection or salt cavern placement or by sand placement in a landfill
in an environmentally acceptable manner. Obviously, the production of excessive
amounts of sand is a cause for mechanical and environmental concern.

Pressure pulsing technologies (PPT) involves a radically new aspect of porous
media mechanics discovered and developed into a production enhancement method
in the period 1997-2003. The mechanism by which PPT works is to generate
a porosity dilation wave (a fluid displacement wave similar to a tsunami); this
generates pore-scale dilation and contraction so that oil and water flow into and
out of pores, leading to periodic fluid accelerations in the pore throats. As the
porosity dilation wave moves through the porous medium at a velocity of about
50-100 ft/s (40-80 my/s), the small expansion and contraction of the pores with
the passage of each packet of wave energy helps unblock pore throats, increase the
velocity of liquid flow, overcome part of the effects of capillary blockage, and
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reduce some of the negative effects of instability due to viscous fingering, coning,
and permeability streak channeling.

PPT promises to be a major adjunct to a number of oil production processes,
particularly all pressure-driven processes, where it will both accelerate flow rates as
well as increasing oil recovery factors. It is also now used in environmental
applications to help purge shallow aquifers of nonmiscible phases such as oil.
The basis for its use in tar sand deposits is largely unknown and unproven.

Vapor-assisted petroleum extraction (VAPEX) is a new process in which the
physics of the process are essentially the same as for SAGD and the configuration of
wells is generally similar. The process involves the injection of vaporized solvents
such as ethane or propane to create a vapor-chamber through which the oil flows
due to gravity drainage [32-35]. The process can be applied in paired horizontal
wells, single horizontal wells, or a combination of vertical and horizontal wells. The
key benefits are significantly lower energy costs, potential for in situ upgrading, and
application to thin reservoirs, with bottom water or reactive mineralogy.

Because of the slow diffusion of gases and liquids into viscous oils, this
approach, used alone, perhaps will be suited only for less viscous oils although
preliminary tests indicate that there are micro-mechanisms that act so that the
VAPEX dilution process is not diffusion rate limited and the process may be
suitable for the highly viscous tar sand bitumen [36, 37].

Nevertheless, VAPEX can undoubtedly be used in conjunction with SAGD
methods. As with SAGD and IGI, a key factor is the generation of a three-phase
system with a continuous gas phase so that as much of the oil as possible can be
contacted by the gaseous phases, generating the thin oil film drainage mechanism.
As with IGI, vertical permeability barriers are a problem, and must be overcome
through hydraulic fracturing to create vertical permeable channels, or undercut by
the lateral growth of the chamber beyond the lateral extent of the limited barrier, or
“baffle.” As with any solvent process, the loss of solvents in geological formations
(such as by adsorption on clay and other minerals) drastically affects process
economics and raises many serious environmental issues.

Hybrid approaches that involve the simultaneous use of several technologies are
evolving and will see greater applications in the future. In addition to hybrid
approaches, the new production technologies, along with older, pressure-driven
technologies, will be used in successive phases to extract more oil from reservoirs,
even from reservoirs that have been abandoned after primary exploitation. These
hybrid approaches hold (on paper at least) the promise of significantly increasing
recoverable reserves worldwide, not just in heavy oil cases.

Microbial-enhanced oil recovery (MEOR) processes involve use of reservoir
microorganisms or specially selected natural bacterial to produce specific metabolic
events that lead to enhanced oil recovery.

In microbial-enhanced oil recovery processes, microbial technology is exploited
in oil reservoirs to improve recovery [38—40]. From a microbiologist’s perspective,
microbial-enhanced oil recovery processes are somewhat akin to in situ bioremedi-
ation processes. Injected nutrients, together with indigenous or added microbes,
promote in situ microbial growth and/or generation of products which mobilize
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additional oil and move it to producing wells through reservoir repressurization,
interfacial tension/oil viscosity reduction, and selective plugging of the most
permeable zones [41, 42].

This technology requires consideration of the physicochemical properties of the
reservoir in terms of salinity, pH, temperature, pressure, and nutrient availability
[43, 44].

The microbial-enhanced oil recovery process may modify the immediate reser-
voir environment in a number of ways that could also damage the production
hardware or the formation itself. Certain sulfate reducers can produce H,S, which
can corrode pipeline and other components of the recovery equipment, and consid-
erable uncertainty still remains regarding process performance. In addition,
conditions vary from reservoir to reservoir, which calls for reservoir-specific
customization of the microbial-enhanced oil recovery process, and this alone has
the potential to undermine microbial process economic viability. Even though
microbes produce the necessary chemical reactions in situ, there is need for caution
and astute observation of the effects of the microorganisms on the reservoir
chemistry.

Finally, recent developments in upgrading of heavy oil and bitumen [2, 4]
indicate that the near future could see a reduction of the differential cost of
upgrading heavy oil. These processes are based on a better understanding of the
issues of asphaltene solubility effects at high temperatures, incorporation of
a catalyst that is chemically precipitated internally during the upgrading, and
improving hydrogen addition or carbon rejection.

Future Directions

With the current energy problems, the motivation for recovering as much as
possible of the in-place reserves is greater than ever. There is a potentially uncom-
fortable and politically disastrous situation where the gap between energy
requirements and available energy supplies is widening quickly.

Consequently, the search for new domestic supplies has shifted in large measure
to increasingly hostile environments such as the Alaskan North Slope and the
offshore waters along the outer continental shelves of the United States. These
changes in production operations (not to mention the associated environmental
disasters that often accompany such venture) have meant both significantly higher
costs of production operations and fewer and fewer new commercial discoveries.

The importance of improving the rate of recovery from domestic petroleum
reservoirs is underscored by the increasing difficulty of finding significant new
reserves to meet the increasing demand for energy. One solution lies in greater
emphasis on a multidisciplinary approach — on an intracompany basis and on
a cooperative intercompany basis within the industry.

In the near term, a more immediate solution lies in improved application of
existing technology as regards selection and quality control of materials, rigorous
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application of procedures, and the training and supervision of personnel. Part of the
answer to the shortage, at least for the short term, has been to import more crude oil,
but this is a less than ideal solution for a number of economic and political reasons.

In terms of petroleum recovery, steam-based processes will remain the processes
of choice for the recovery of much of the oil in the ground over the next 2 or 3
decades. In some instances, fire flooding will be rejuvenated as the need to recovery
of bitumen and residual oil becomes more important.

With the preponderance of heavier oils and tars and bitumen, it is likely that
efforts will be made to emphasize partial (or full) upgrading in situ as an integral
part of the recovery process. Any type of upgrading during recovery will enhance
the quality of the recovered oil, leaving some of the undesirable constituents in the
ground as thermal products. Enhancement of the quality of the recovered oil will
facilitate upgrading of the oil in the refinery.

Biotechnology will play a more significant role in enhancing crude oil recovery
from the depleted oil reservoirs to solve stagnant petroleum production. Such
enhanced oil recovery processes (microbial-enhanced oil recovery, MEOR) involve
stimulating indigenous reservoir microbes or injecting specially selected consortia
of natural bacteria into the reservoir to produce specific metabolic events that lead
to improved oil recovery. This also involves flooding with oil recovery agents
produced ex situ by industrial or pilot scale fermentation. However, like all
recovery processes, a complete evaluation and assessment of microbial from
a scientific and engineering standpoint must be performed and must be based on
economics, applicability, and the performance standards required to further
improve the process efficiency.

Above all, there is the need to manage recovery operations in such a manner that
environmental issues do not become issues!
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Chapter 4
Petroleum Refining and Environmental
Control and Environmental Effects

James G. Speight

Glossary

Emissions Gaseous, liquid, or solid by-products introduced into the
environment as a result of refining processes.

Environmental control  The use of various technologies to control and even pre-
vent refinery emissions from entering the environment.

Environmental effects  The effects of refinery emissions on the flora and fauna in
the various ecosystems.

Refining The processes by which petroleum is distilled and/or
converted by application of physical and chemical pro-
cesses to form a variety of products.

Regulations The laws by which environmental emissions are controlled.

Definition of the Subject

The work summarizes the various process emissions that occur during petroleum
refining. There are also general descriptions of the various pollution, health, and
environmental problems especially specific to the petroleum industry and places in
perspective the government regulations as well as industry efforts to adhere to these
regulations. The objective is to indicate the types of emissions and the laws that
regulate these emissions.
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Introduction

Petroleum as an energy source use is a necessary part of the modern world and will
be a primary source of energy for the next several decades, hence the need for
control over the amounts and types of emissions from the use of petroleum and its
products. Furthermore, the capacity of the environment to absorb the effluents and
other impacts of process technologies is not unlimited and the environment should
be considered to be an extremely limited resource, and discharge of chemicals into
it should be subject to severe constraints — as a result, it is necessary to understand
the nature and magnitude of the problems involved [1].

Both the production and processing of crude oil involve the use of a variety of
substances [2], some toxic, including lubricants in oil wells and catalysts and other
chemicals in refining (Fig. 4.1). The amounts used tend to be relatively easy to
control, and the spillage of crude oil is more detrimental to the environment.

The purpose of this work is to summarize and generalize the various pollution,
health, and environmental problems especially specific to the petroleum industry
and to place in perspective government laws and regulations as well as industry
efforts to control these problems [3—6]. The objective is to indicate the types of
emissions and the laws that regulate these emissions.

Definitions

Briefly, petroleum production and petroleum refining produce chemical waste [6].
If this chemical waste is not processed in a timely manner, it can become
a pollutant. Under some circumstances, chemical waste is reclassified as hazardous
waste.

Hazardous waste is any gaseous, liquid, or solid waste material that, if improperly
managed or disposed of, may pose hazards to human health and the environment. In
some cases, the term “chemical waste” is used interchangeably (often incorrectly)
with the term “hazardous waste,” but chemical waste is always hazardous and the
correct use of the terms must be used.

A pollutant is a substance present in a particular location (ecosystem) — usually it
is not indigenous to the location or is present in a concentration greater than the
concentration that occurs naturally. The substance is often the product of human
activity and has a detrimental effect on the environment, in part or in toto.
Pollutants can also be subdivided into two classes: primary and secondary.

Source — Primary pollutant — Secondary pollutant
A primary pollutant is a pollutant that is emitted directly from the source. In

terms of atmospheric pollutants from petroleum, examples are carbon oxides, sulfur
dioxide, and nitrogen oxides from fuel combustion operations:
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2[C] + 0, — 2CO

petroleum

[C]petroleum + 0, — CO,

2[N] +0, — 2NO

petroleum

IN] +0, — NO,

petroleum

[S] + 02 — SOZ

petroleum
Hydrogen sulfide and ammonia are produced from processing sulfur-containing
and nitrogen-containing feedstocks:

[S]pe:r(@um + H, — H»S + hydrocarbons

2[N] setroteum + 3H2 — 2NHj3 + hydrocarbons

A secondary pollutant is a pollutant that is produced by the interaction of
a primary pollutant with another chemical. A secondary pollutant may also be
produced by dissociation of a primary pollutant, or other effects within a particular
ecosystem. Again, using the atmosphere as an example, the formation of the

constituents of acid rain is an example of the formation of secondary pollutants:
SO, + H,O — H,SO; (sulfurous acid)
250, + 0, — 2S0Q
SO;5; + H,0 — H,S04 (sulfuric acid)
NO + H,0 — HNO, (nitrous acid)
3NO; + 2H,0 — HNOj (nitric acid)

In many cases, these secondary pollutants can have significant environmental
effects, such as participation in the formation of acid rain and smog [5].

An environmental regulation is a legal mechanism that determines how the
policy directives of an environmental law are to be carried out. An environmental
policy is a requirement that specifies operating procedures that must be followed.
An environmental guidance is a document developed by a governmental agency
that outlines a position on a topic or which gives instructions on how a procedure
must be carried out. It explains how to do something and provides governmental
interpretations on a governmental act or policy.
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Table 4.1 Environmental regulations that apply to energy production

First enacted Amended
Clean Air Act 1970 1977
1990
Clean Water Act (Water Pollution Control Act) 1948 1965%
1972°
1977
1987¢
Comprehensive Environmental Response, 1980 19861
Compensation and Liability Act
Hazardous Material Transportation Act 1974 1990
Occupational Safety and Health Act 1970 1987°
Oil Pollution Act 1924 1990°
Resource Conservation and Recovery Act 1976 19802
Safe Drinking Water Act 1974 1986"
Superfund Amendments and Reauthorization Act (SARA) 1986
Toxic Substances Control Act 1976 19841

“Water Quality Act

"Water Pollution Control Act

“Water Quality Act

ISARA Amendments

°Several amendments during the 1980s
"Interactive with various water pollution acts
€Federal cancer policy initiated

"Several amendments during the 1970s and 1980s
Tmport rule enacted

Environmental Regulations

Environmental issues range from the effects of pollutants on the population at large
to effects on the lives of workers in various occupations where sickness or
doisability can result from exposure to chemical agents [5, 7, 8].

There are a variety of regulations (Table 4.1) that apply to petroleum refining
[6]. The most popular is the series of regulations known as the Clean Air Act that
first was introduced in 1967 and was subsequently amended in 1970 and most
recently in 1990. The most recent amendments provide stricter regulations for the
establishment and enforcement of national ambient air quality standards for, as an
example, sulfur dioxide. These standards do not stand alone, and there are many
national standards for sulfur emissions.

The laws of relevance to the petroleum industry are:

The Clean Air Act Amendments

The first Clean Air Act of 1970 and the 1977 Amendments consisted of three titles.
Title I dealt with stationary air emission sources, Title II with mobile air emission
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sources, and Title Il with definitions of appropriate terms as well as applicable
standards for judicial review.

The Clean Air Act Amendments of 1990 contain extensive provisions for control
of the accidental release of toxic substances from storage or transportation as well
as the formation of acid rain (acid deposition). In addition, the requirement that the
standards be technology based removes much of the emotional perception that all
chemicals are hazardous as well as the guesswork from legal enforcement of the
legislation. The requirement also dictates environmental and health protection with
an ample margin of safety.

The Water Pollution Control Act (The Clean Water Act)

There are several acts that relate to the protection of the waterways in the United
States but of particular interest to the petroleum industry in the present context is
the Water Pollution Control Act (Clean Water Act). The objective of the Act is to
restore and maintain the chemical, physical, and biological integrity of water
systems.

The original Water Pollution Control Act of 1948 and The Water Quality Act of
1965 were generally limited to control of pollution of interstate waters and the
adoption of water-quality standards by the states for interstate water within their
borders. The first comprehensive water-quality legislation in the United States
came into being in 1972 as the Water Pollution Control Act, which was amended
in 1977 and retitled to become the Clean Water Act. Further amendments in 1978
were enacted to deal more effectively with spills of crude oil, with other
amendments following in 1987 under the new name of the Water Quality Act.

Section 311 of the Clean Water Act includes elaborate provisions for regulating
intentional or accidental discharges of petroleum and of hazardous substances.
Included are response actions required for oil spills and the release or discharge of
toxic and hazardous substances. As an example, the person in charge of a vessel or an
onshore or offshore facility from which any chemical substance is discharged, in
quantities equal to or exceeding its reportable quantity, must notify the appropriate
federal agency as soon as such knowledge is obtained. The Exxon Valdez disaster
and the recent spillage of oil into the Gulf of Mexico by BP are well-known
examples of such a discharge of chemicals — the chemical being oil.

The Safe Drinking Water Act

The Safe Drinking Water Act, first enacted in 1974, was amended several times in
the 1970s and 1980s to set national drinking water standards. The Act calls for
regulations that (1) apply to public water systems, (2) specify contaminants that
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may have any adverse effect on the health of persons, and (3) specify contaminant
levels. Statutory provisions are included to cover underground injection control
systems. The Act also requires maximum levels at which a contaminant must have
no known or anticipated adverse effects on human health, thereby providing an
adequate margin of safety.

The Superfund Amendments and Reauthorization Act (SARA) set the same
standards for groundwater as for drinking water in terms of necessary cleanup
and remediation of an inactive site that might be a former petroleum refinery.
Under the Act, all underground injection activities must comply with the drinking
water standards as well as meet specific permit conditions that are in unison with the
provisions of the Clean Water Act.

The Resource Conservation and Recovery Act

Since its initial enactment in 1976, the Resource Conservation and Recovery Act
(RCRA) continues to promote safer waste management programs. Besides the
regulatory requirements for waste management, the Act specifies the mandatory
obligations of generators, transporters, and disposers of waste as well as those of
owners and/or operators of waste treatment, storage, or disposal facilities. The
waste might be garbage, refuse, and sludge from a treatment plant or from
a water supply treatment plant or air pollution control facility and other discarded
material, including solid, liquid, semisolid, or contained gaseous material resulting
from industrial, commercial, mining, and agricultural operations and from commu-
nity activities.

The Act also states that solid waste does not include solid, or dissolved, materials
in domestic sewage, or solid or dissolved materials in irrigation return flows or
industrial discharges. A solid waste becomes a hazardous waste if it exhibits any
one of four specific characteristics: (1) ignitability, (2) reactivity, (3) corrosivity, or
(4) toxicity. Certain types of solid wastes (e.g., household waste) are not considered
to be hazardous, irrespective of their characteristics.

The Toxic Substances Control Act

The Toxic Substances Control Act was first enacted in 1976 and was designed to
provide controls for those chemicals that may threaten human health or the envi-
ronment. Particularly hazardous are the cyclic nitrogen species and that often occur
in high-boiling petroleum fractions, distillation residua, and cracked residua.

The Act specifies a premanufacture notification requirement by which any
manufacturer must notify the Environmental Protection Agency at least 90 days
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prior to the production of a new chemical substance. Notification is also required
even if there is a new use for the chemical that can increase the risk to the
environment. No notification is required for chemicals that are manufactured in
small quantities solely for scientific research and experimentation.

A new chemical substance is a chemical that is not listed in the Environmental
Protection Agency Inventory of Chemical Substances or is an unlisted reaction
product of two or more chemicals. In addition, the term “chemical substance”
means any organic or inorganic substance of a particular molecular identity,
including any combination of such substances occurring in whole or in part as
a result of a chemical reaction or occurring in nature, and any element
or uncombined radical. The term “mixture” means any combination of two or
more chemical substances if the combination does not occur in nature and is
not, in whole or in part, the result of a chemical reaction.

The Comprehensive Environmental Response, Compensation,
and Liability Act

The Comprehensive Environmental Response, Compensation, and Liability Act
(CERCLA), generally known as Superfund, was first signed into law in 1980. The
purpose of this Act is to provide a response mechanism for cleanup of any
hazardous substance released, such as an accidental spill, or of a threatened release
of a chemical.

Under this Act, a hazardous substance is any substance requiring (1) special
consideration due to its toxic nature under the Clean Air Act, the Clean Water Act,
or the Toxic Substances Control Act and (2) any waste that is hazardous waste
under RCRA. Additionally, a pollutant or contaminant can be any other substance
not necessarily designated by or listed in the Act but that will or may reasonably be
anticipated to cause any adverse effect in organisms and/or their offspring.

The Occupational Safety and Health Act

The Occupational Safety and Health Administration (OSHA) came into being in
1970 and is responsible for administering the Occupational Safety and Health Act.
Occupational health hazards are those factors arising in or from the occupational
environment that adversely impact health.

The goal of the Act is to ensure that employees do not suffer material impairment
of health or functional capacity due to a lifetime occupational exposure to chemicals.
The Act is also responsible for the means by which chemicals are contained.
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The Oil Pollution Act

The Oil Pollution Act of 1990 deals with pollution of waterways by crude oil.
The Act specifically deals with petroleum vessels and onshore and offshore
facilities and imposes strict liability for oil spills on their owners and operators.

The Hazardous Materials Transportation Act

The Hazardous Materials Transportation Act authorizes the establishment and
enforcement of hazardous material regulations for all modes of transportation by
highway, water, and rail. The purpose of the Act is to ensure safe transportation of
hazardous materials. The Act prevents any person from offering or accepting for
transportation a hazardous material (any substance or material, including
a hazardous substance and hazardous waste, which is capable of posing an unrea-
sonable risk to health, safety, and property) for transportation anywhere within the
United States.

The Act also imposes restrictions on the packaging, handling, and shipping of
hazardous materials in which the appropriate documentation, markings, labels, and
safety precautions are required.

Processes and Process Wastes

Enhanced oil recovery (EOR) processes rely upon the use of chemical or thermal
energy to recover crude oil that is trapped in pores of reservoir rock after primary
and secondary (waterflood) crude oil production has ceased [2, 9].

Chemicals used for enhanced oil recovery include surfactants to reduce the
interfacial tension between oil and water, and oil and rock interfaces. Many
microorganisms produce biosurfactants and perform this activity by fermentation
of inexpensive raw materials such as molasses. Several biosurfactants are being
evaluated for use in enhanced oil recovery.

A major issue in enhanced oil recovery processes is the variation of permeability
in petroleum reservoirs. When water is injected to displace oil, the water will
preferentially flow through areas of highest permeability, and bypass much of the
oil. When chemicals are injected, they may also flow preferentially into high-
permeability zones with the water, but then will grow and block those zones.
When high-permeability zones are blocked, sweep efficiency is improved, and
thus oil recovery.
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Transportation

In addition to the conventional meaning of the term process, the recovery and
transportation of petroleum also needs to be considered here.

Oil spills during petroleum transportation have been the most visible problem.
There have also been instances of oil wells at sea “blowing out,” or flowing
uncontrollably, although the amounts from blowouts tend to be smaller than from
tanker accidents.

Tanker accidents typically have a severe impact on ecosystems because of the
rapid release of hundreds of thousands of barrels of crude oil (or crude oil products)
into a small area.

While oil is at least theoretically biodegradable, large-scale spills can over-
whelm the ability of the ecosystem to break the oil down. Over time, the lighter
portions of crude oil evaporate, leaving the nonvolatile portion. Oil itself breaks
down the protective waxes and oils in the feathers and fur of birds and animals.
Some crude oils contain toxic metals as well. The impact of any given oil spill is
determined by the size of the spill, the degree of dispersal, and the chemistry of the
oil. Spills at sea are thought to have a less detrimental effect than spills in shallow
waters.

Refining

Petroleum refining is a complex sequence of chemical events that result in the
production of a variety of products (Fig. 4.1). In fact, petroleum refining might be
considered as a collection of individual, yet related processes that are each capable
of producing effluent streams [2, 6].

Petroleum refining, as it is currently known, will continue at least for the next 3
decades. In spite of the various political differences that have caused fluctuations in
petroleum imports, it is reality that imports of petroleum and petroleum products into
the United States are on the order of 67% of the total requirements [2].

Petroleum, like any other raw material, is capable of producing chemical waste.
By 1960, the petroleum refining industry had become well established throughout
the world. Effluent water, atmospheric emissions, and combustion products also
became a focus of increased technical attention [4, 5, 10-13].

Refineries produce a wide variety of products from petroleum feedstocks and
feedstock blends [2, 14]. During petroleum refining, refineries use and generate an
enormous amount of chemicals, some of which are present in air emissions,
wastewater, or solid wastes (Table 4.2) [2, 6]. Emissions are also created through
the combustion of fuels, and as by-products of chemical reactions occurring when
petroleum fractions are upgraded. A large source of air emissions is, generally, the
process heaters and boilers that produce carbon monoxide, sulfur oxides, and
nitrogen oxides, leading to pollution and the formation of acid rain.
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Table 4.2 Emissions and waste from refinery processes

Process

Air emissions

Residual wastes generated

Crude oil desalting

Atmospheric
distillation
Vacuum distillation

Thermal cracking/
visbreaking

Coking

Catalytic cracking

Catalytic
hydrocracking

Hydrotreating/
hydroprocessing

Alkylation

Isomerization

Heater stack gas (CO, SO,, NO,,
hydrocarbons, and particulates),
fugitive emissions
(hydrocarbons)

Heater stack gas (CO, SO,, NO,,
hydrocarbons and particulates),
vents and fugitive emissions
(hydrocarbons), steam ejector
emissions (hydrocarbons), heater
stack gas (CO, SO,, NO,,
hydrocarbons, and particulates),
vents and fugitive emissions
(hydrocarbons)

Heater stack gas (CO, SO,, NO,,
hydrocarbons, and particulates),
vents and fugitive emissions
(hydrocarbons)

Heater stack gas (CO, SO,, NO,,
hydrocarbons, and particulates),
vents and fugitive emissions
(hydrocarbons), and decoking
emissions (hydrocarbons and
particulates)

Heater stack gas (CO, SO,, NO,,
hydrocarbons, and particulates),
fugitive emissions
(hydrocarbons), and catalyst
regeneration (CO, NO,, SO,, and
particulates)

Heater stack gas (CO, SO,, NO,,
hydrocarbons, and particulates),
fugitive emissions
(hydrocarbons), and catalyst
regeneration (CO, NO,, SO,, and
catalyst dust)

Heater stack gas (CO, SO,, NO,,
hydrocarbons, and particulates),
vents and fugitive emissions
(hydrocarbons), and catalyst
regeneration (CO, NO,, SO,)

Heater stack gas (CO, SO,, NO,,
hydrocarbons, and particulates),
vents and fugitive emissions
(hydrocarbons)

Heater stack gas (CO, SO,, NO,,
hydrocarbons, and particulates),
HCI (potentially in light ends),
vents and fugitive emissions
(hydrocarbons)

Crude oil/desalter sludge
(iron rust, clay, sand,
water, emulsified oil and
wax, metals)

Typically, little or no residual
waste generated

Typically, little or no residual
waste generated

Coke dust (carbon particles
and hydrocarbons)

Spent catalysts (metals from
crude oil and
hydrocarbons), spent
catalyst fines from
electrostatic precipitators
(aluminum silicate and
metals)

Spent catalysts fines

Spent catalyst fines (aluminum
silicate and metals)

Neutralized alkylation sludge
(sulfuric acid or calcium
fluoride, hydrocarbons)

Calcium chloride sludge from
neutralized HCI gas

(continued)
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Process

Air emissions

Residual wastes generated

Polymerization

Catalytic reforming

Solvent extraction
Dewaxing

Propane deasphalting

Wastewater treatment

H,S from caustic washing

Heater stack gas (CO, SO,, NO,,
hydrocarbons, and particulates),
fugitive emissions
(hydrocarbons), and catalyst
regeneration (CO, NO,, SO,)

Fugitive solvents

Fugitive solvents, heaters

Heater stack gas (CO, SO,, NO,,
hydrocarbons and particulates),
fugitive propane

Fugitive emissions (H,S, NH3, and
hydrocarbons)

Spent catalyst containing
phosphoric acid

Spent catalyst fines from
electrostatic precipitators
(alumina silicate and
metals)

Little or no residual wastes
generated

Little or no residual wastes
generated

Little or no residual wastes
generated

API separator sludge (phenols,
metals and oil), chemical
precipitation sludge
(chemical coagulants, oil),
DAF floats, biological
sludge (metals, oil,
suspended solids),
spent lime

CO, + H,0 — H,CO; (carbonic acid)

SO, + H,O — H,S0; (sulfurous acid)

250, 4+ O, — 2503

SO; + H,O — H,S0; (sulfuric acid)

NO + H,0 — HNO,(nitrousacid)

2NO + O, — NO,

NO; + H,O — HNOj (nitric acid)

Hence, there is the need for gas-cleaning operations on a refinery site so that such
gases are cleaned from the gas stream prior to entry into the atmosphere.

Fugitive emissions of volatile hydrocarbons arise from leaks in valves, pumps,
flanges, and other similar sources where crude and its fractions flow through the
system. While individual leaks may be minor, the combination of fugitive
emissions from various sources can be substantial. These emissions are controlled
primarily through leak detection and repair programs and occasionally through the
use of special leak-resistant equipment.
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In terms of individual processes, the potential for waste generation and, hence,
leakage of emissions is as follows.

Desalting

Petroleum often contains water, inorganic salts, suspended solids, and water-soluble
trace metals. As a first step in the refining process, to reduce corrosion, plugging, and
fouling of equipment and to prevent poisoning the catalysts in processing units, these
contaminants must be removed by desalting (dehydration) [2].

The two most typical methods of petroleum desalting are (1) chemical separa-
tion and (2) electrostatic separation. In chemical desalting, water and chemical
surfactant (demulsifiers) are added to the petroleum, heated so that salts and other
impurities dissolve into the water or attach to the water, and then held in a tank
where they settle out. Electrical desalting is the application of high-voltage electro-
static charges to concentrate suspended water globules in the bottom of the settling
tank. Surfactants are added only when the crude has a large amount of suspended
solids. A third and less-common process involves filtering heated petroleum using
diatomaceous earth.

In the desalting process, the feedstock crude oil is heated to between 65°C and
177°C (150°F and 350°F) to reduce viscosity and surface tension for easier mixing
and separation of the water, but the temperature is limited by the vapor pressure of
the petroleum constituents. In both methods, other chemicals may be added —
ammonia is often used to reduce corrosion and caustic or acid may be added to
adjust the pH of the water wash. Wastewater and contaminants are discharged from
the bottom of the settling tank to the wastewater treatment facility while the
desalted crude is continuously drawn from the top of the settling tanks and sent to
the crude distillation tower.

Desalting (Fig. 4.2) creates an oily desalter sludge that may be a hazardous waste
and a high temperature salt wastewater stream (treated along with other refinery
wastewaters). The primary polluting constituents in desalter wastewater include
hydrogen sulfide, ammonia, phenol, high levels of suspended solids, and dissolved
solids, with a high biochemical oxygen demand (BOD). In some cases, it is possible
to recycle the desalter effluent water back into the desalting process, depending
upon the type of crude being processed.

Distillation

Atmospheric and vacuum distillation units (Figs. 4.3 and 4.4) are closed processes
and exposures are expected to be minimal.

Both atmospheric distillation units and vacuum distillation units produce refin-
ery fuel gas streams containing a mixture of light hydrocarbons, hydrogen sulfide,
and ammonia. These streams are processed through gas treatment and sulfur
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Fig. 4.3 An atmospheric distillation unit (OSHA technical manual, Section 1V, Chapter 2:
Petroleum Refining Processes, http://www.osha.gov/dts/osta/otm/otm_iv/otm_iv_2.html)

recovery units to recover fuel gas and sulfur. Sulfur recovery creates emissions of
ammonia, hydrogen sulfide, sulfur oxides, and nitrogen oxides.

When sour (high-sulfur) petroleum is processed, there is potential for exposure
to hydrogen sulfide in the preheat exchanger and furnace, tower flash zone and
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overhead system, vacuum furnace and tower, and bottoms exchanger. Hydrogen
chloride may be present in the preheat exchanger, tower top zones, and overheads.
Wastewater may contain water-soluble sulfides in high concentrations and other
water-soluble compounds such as ammonia, chlorides, phenol, mercaptans, etc.,
depending upon the crude feedstock and the treatment chemicals. Safe work
practices and/or the use of appropriate personal protective equipment may be
needed for exposures to chemicals and other hazards such as heat and noise, and
during sampling, inspection, maintenance, and turnaround activities.

The primary source of emissions is combustion of fuels in the crude preheat
furnace and in boilers that produce steam for process heat and stripping. When
operating in an optimum condition and burning cleaner fuels (e.g., natural gas,
refinery gas), these heating units create relatively low emissions of sulfur oxides,
(SO,), nitrogen oxides (NO,), carbon monoxide (CO), hydrogen sulfide (H,S),
particulate matter, and volatile hydrocarbons. If fired with lower grade fuels (e.g.,
refinery fuel pitch, coke) or operated inefficiently (incomplete combustion), heaters
can be a significant source of emissions.

Petroleum distillation units generate considerable wastewater — often an oily sour
wastewater and the constituents of sour wastewater streams include hydrogen sulfide,
ammonia, suspended solids, chlorides, mercaptans, and phenol, characterized by
a high pH.

Visbreaking and Coking

Visbreaking (Fig. 4.5), like many thermal cracking processes, tends to produce
a relatively small amount of fugitive emissions and sour wastewater [2, 6]. Usually
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some wastewater is produced from steam strippers and the fractionator. Wastewater
is also generated during unit cleanup and cooling operations and from the steam
injection process to remove organic deposits from the soaker or from the coil.
Combined wastewater flows from thermal cracking and coking processes are about
3.0 gal per barrel of process feed.

Delayed coking is the oldest, most widely used process and has changed very
little in the 5 or more decades in which it has been on stream in refineries [2]. Fluid
coking is a continuous fluidized solids process that cracks feed thermally over
heated coke particles in a reactor vessel to gas, liquid products, and coke [2].
Heat for the process is supplied by partial combustion of the coke, with the
remaining coke being drawn as product. The new coke is deposited in a thin fresh
layer on the outside surface of the circulating coke particle.

Coking processes (Figs. 4.6 and 4.7) produce a relatively small amount of sour
wastewater from steam strippers and fractionators. Wastewater is generated during
coke removal and cooling operations and from the steam injection process to cut
coke from the coke drums. Combined wastewater flows from thermal cracking and
coking processes are about 3.0 gal per barrel of process feed.
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Fig. 4.8 Schematic of a fluid catalytic cracking unit [12]

Particulate emissions from decoking can also be considerable. Coke-laden water
from decoking operations in delayed cokers (hydrogen sulfide, ammonia,
suspended solids), coke dust (carbon particles and hydrocarbons) occur.

Fluid Catalytic Cracking

Fluid catalytic cracking (Fig. 4.8) is one of the largest sources of air emission in
refineries [2, 6]. Air emissions are released in process heater flue gas, as fugitive
emissions from leaking valves and pipes, and during regeneration of the cracking
catalyst. If not controlled, catalytic cracking is one of the most substantial sources
of carbon monoxide and particulate emissions in the refinery. In non-attainment
areas where carbon monoxide and particulates are above acceptable levels, carbon
monoxide waste heat boilers (CO boiler) and particulate controls are employed.
Carbon monoxide produced during regeneration of the catalyst is converted to
carbon dioxide either in the regenerator or further downstream in a carbon monox-
ide waste heat boiler (CO boiler). Catalytic crackers are also significant sources of
sulfur oxides and nitrogen oxides. The nitrogen oxides produced by catalytic
crackers is expected to be a major target of emissions reduction in the future.
Catalytic cracking units, like coking units, usually include some form of frac-
tionation or steam stripping as part of the process configuration. These units all
produce sour waters and sour gases containing some hydrogen sulfide and ammo-
nia. Like crude oil distillation, some of the toxic releases reported by the refining
industry are generated through sour water and gases, notably ammonia. Gaseous



4 Petroleum Refining and Environmental Control and Environmental Effects 79

ammonia often leaves fractionating and treating processes in the sour gas along
with hydrogen sulfide and fuel gases [6].

Catalytic cracking (primarily fluid catalytic cracking) generates considerable
sour wastewater from fractionators used for product separation, from steam
strippers used to strip oil from catalysts, and in some cases from scrubber water.
The steam stripping process used to purge and regenerate the catalysts can contain
metal impurities from the feed in addition to oil and other contaminants. Sour
wastewater from the fractionator/gas concentration units and steam strippers
contains oil, suspended solids, phenols, cyanides, hydrogen sulfide, ammonia,
spent catalysts, metals from crude oil, and hydrocarbons.

Catalytic cracking generates significant quantities of spent process catalysts
(containing metals from crude oils and hydrocarbons) that are often sent off-site
for disposal or recovery or recycling. Management options can include land filling,
treatment, or separation and recovery of the metals. Metals deposited on catalysts
are often recovered by third-party recovery facilities. Spent catalyst fines
(containing aluminum silicate and metals) from electrostatic precipitators are also
sent off-site for disposal and/or recovery options.

Catalytic crackers also produce a significant amount of fine catalyst dust that
results from the constant movement of catalyst grains against each other. This dust
contains primarily alumina (Al,05) and small amounts of nickel (Ni) and vanadium
(V), and is generally carried along with the carbon monoxide stream to the carbon
monoxide waste heat boiler. The dust is separated from the carbon dioxide stream
exiting the boiler through the use of cyclones, flue gas scrubbing, or electrostatic
precipitators.

Hydrocracking and Hydrotreating

Hydrocracking (Fig. 4.9) generates air emissions through process heater flue gas,
vents, and fugitive emissions [2, 6]. Unlike fluid catalytic cracking catalysts,
hydrocracking catalysts are usually regenerated off-site after months or years of
operations, and little or no emissions or dust is generated. However, the use of
heavy oil as feedstock to the unit can change this balance.

Hydrocracking produces less sour wastewater than catalytic cracking. Hydro-
cracking, like catalytic cracking, produces sour wastewater at the fractionator. These
processes include processing in a separator (API separator, corrugated plate inter-
ceptor) that creates sludge [2, 6]. Physical or chemical methods are then used to
separate the remaining emulsified oils from the wastewater. Treated wastewater may
be discharged to public wastewater treatment, to a refinery secondary treatment
plant for ultimate discharge to public wastewater treatment, or may be recycled and
used as process water. The separation process permits recovery of usable oil, and
also creates a sludge that may be recycled or treated as a hazardous waste.

Like catalytic cracking, hydrocracking processes generate toxic metal
compounds, many of which are present in spent catalyst sludge and catalyst fines
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Fig. 49 A two-stage hydrocracking unit (OSHA technical manual, Section 1V, Chapter 2:
Petroleum Refining Processes, http://www.osha.gov/dts/osta/otm/otm_iv/otm_iv_2.html)

generated from catalytic cracking and hydrocracking. These include metals such as
nickel (Ni), cobalt (Co), and molybdenum (Mo).

Hydrotreating is the less severe removal of heteroatomic species by treatment of
a feedstock or product in the presence of hydrogen [2, 6]. The process (Fig. 4.10)
generates air emissions through process heater flue gas, vents, and fugitive
emissions [6]. Unlike fluid catalytic cracking catalysts, hydrotreating catalysts are
usually regenerated off-site after months or years of operations, and little or no
emissions or dust is generated from the catalyst regeneration process at the refinery.
Air emissions factors for emissions from process heaters and boilers used through-
out the refinery can be calculated (Emissions Factors & AP 42, Compilation of Air
Pollutant Emission Factors).

Fugitive air emissions of volatile components released during hydrotreating may
also be toxic components. These include toluene, benzene, xylenes, and other
volatiles that are reported as toxic chemical releases under the EPA Toxics Release
Inventory.
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Fig. 410 A distillate hydrotreating unit (OSHA technical manual, Section IV, Chapter 2:
Petroleum Refining Processes, http://www.osha.gov/dts/osta/otm/otm_iv/otm_iv_2.html)

Desulfurized product

Hydrotreating generates sour wastewater from fractionators used for product
separation. Like most separation processes in the refinery, the process water used in
fractionators often comes in direct contact with oil, and can be highly contaminated.
It also contains hydrogen sulfide and ammonia and must be treated along with other
refinery sour waters.

Oily sludge from the wastewater treatment facility that result from treating oily
and/or sour wastewaters from hydrotreating and other refinery processes may be
hazardous wastes, depending on how they are managed. These include API separator
sludge, primary treatment sludge, sludge from various gravitational separation units,
and float from dissolved air flotation units.

Hydrotreating also produces some residuals in the form of spent catalyst fines,
usually consisting of aluminum silicate and some metals (e.g., cobalt, molybdenum,
nickel, tungsten). Spent hydrotreating catalyst is now listed as a hazardous waste
(K171) (except for most support material). Hazardous constituents of this waste
include benzene and arsenia (arsenic oxide, As,0O3). The support material for these
catalysts is usually an inert ceramic (e.g., alumina, Al,O3).

Alkylation and Polymerization

Alkylation (Fig. 4.11) combines low-molecular-weight olefins (primarily a mixture
of propylene and butylene) with isobutene in the presence of a catalyst, either
sulfuric acid or hydrofluoric acid [2]. The product is called alkylate and is com-
posed of a mixture of high-octane, branched-chain paraffinic hydrocarbons. Alkyl-
ate is a premium blending stock because it has exceptional antiknock properties and
is clean burning. The octane number of alkylate depends mainly upon the kind of
olefins used and upon operating conditions.

Emissions from alkylation processes (Figs. 4.11 and 4.12) and polymerization
processes (Fig. 4.13) include fugitive emissions of volatile constituents in the feed,


http://www.osha.gov/dts/osta/otm/otm_iv/otm_iv_2.html

82 J.G. Speight

Recycle isobutane

Feedstock
N
R
eactor Acid
settler
>

scrubber
Deisobut anizer

Alkylate

Recycle acid

Fresh acid Reject acid
Fig. 4.11 An alkylation unit (sulfuric acid catalyst) (OSHA technical manual, Section IV,

Chapter 2: Petroleum Refining Processes, http://www.osha.gov/dts/osta/otm/otm_iv/otm_iv_2.
html)

Recycle isobutane

Propane
React: "
eactor )
N Fresh acid
‘q-) £
N Q
y Settler c N
Feedstock y & s
(olefins, > ( 3 g
isobutane) 23 s
[ [
v a
( >Acid Alkylate
purifier Caustic
\ washer

Acid oils
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and emissions that arise from process vents during processing. These can take the form
of acidic hydrocarbon gases, nonacidic hydrocarbon gases, and fumes that may
have a strong odor (from sulfonated organic compounds and organic acids, even at
low concentrations). To prevent releases of hydrofluoric acid, refineries install a variety
of mitigation and control technologies (e.g., acid inventory reduction, hydrogen fluo-
ride detection systems, isolation valves, rapid acid transfer systems, and water spray
systems).
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Fig. 4.13 A polymerization process (OSHA technical manual, Section IV, Chapter 2: Petroleum
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In hydrofluoric acid alkylation processes, acidic hydrocarbon gases can originate
anywhere hydrogen fluoride is present (e.g., during a unit upset, unit shutdown, or
maintenance) [2, 6]. Hydrofluoric acid alkylation units are designed to pipe these
gases from acid vents and valves to a separate closed-relief system where the acid is
neutralized.

Another source of emissions is combustion of fuels in process boilers to produce
steam for strippers. As with all process heaters in the refinery, these boilers produce
significant emissions of sulfur oxides, nitrogen oxides, carbon monoxide, particu-
late matter, and volatile hydrocarbons.

Alkylation generates relatively low volumes of wastewater, primarily from
water washing of the liquid reactor products. Wastewater is also generated from
steam strippers, depropanizers, and debutanizers, and can be contaminated with oil
and other impurities. Liquid process waters (hydrocarbons and acid) originate from
minor undesirable side reactions and from feed contaminants, and usually exit as
a bottoms stream from the acid regeneration column. The bottom layer is an
acid—water mixture that is sent to the neutralizing drum. The acid in this liquid
eventually ends up as insoluble calcium fluoride.

Sulfuric acid alkylation generates considerable quantities of spent acid that must
be removed and regenerated. Nearly all the spent acid generated at refineries is
regenerated and recycled and, although technology for on-site regeneration of spent
sulfuric acid is available, the supplier of the acid may perform this task off-site. If
sulfuric acid production capacity is limited, acid regeneration is often done on-site.
The development of internal acid regeneration for hydrofluoric acid units has
virtually eliminated the need for external regeneration, although most operations
retain one for start-ups or during periods of high feed contamination.

Both sulfuric acid and hydrofluoric acid alkylation units generate neutralization
sludge from treatment of acid-laden streams with caustic solutions in neutralization or
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Fig. 4.14 A catalytic reforming unit (OSHA technical manual, Section IV, Chapter 2: Petroleum
Refining Processes, http://www.osha.gov/dts/osta/otm/otm_iv/otm_iv_2.html)

wash systems. Sludge from hydrofluoric acid alkylation neutralization systems consists
largely of calcium fluoride and unreacted lime, and is usually disposed of in a landfill.
It can also be directed to steel manufacturing facilities, where the calcium fluoride can
be used as a neutral flux to lower the slag-melting temperature and improve slag
fluidity. Calcium fluoride can also be routed back to a hydrofluoric acid manufacturer.

A basic step in hydrofluoric acid manufacture is the reaction of sulfuric acid with
fluorspar (calcium fluoride) to produce hydrogen fluoride and calcium sulfate. Spent
alumina is also generated by the defluorination of some hydrofluoric acid alkylation
products over alumina. It is disposed of or sent to the alumina supplier for recovery.
Other solid residuals from hydrofluoric acid alkylation include any porous materials
that may have come in contact with the hydrofluoric acid.

Catalytic Reforming

Catalytic reforming (Fig. 4.14) converts alkanes to cycloalkanes and to aromatics
and emissions from catalytic reforming include fugitive emissions of volatile
constituents in the feed, and emissions from process heaters and boilers [2, 6]. As
with all process heaters in the refinery, combustion of fossil fuels produces
emissions of sulfur oxides, nitrogen oxides, carbon monoxide, particulate matter,
and volatile hydrocarbons.


http://www.osha.gov/dts/osta/otm/otm_iv/otm_iv_2.html

4 Petroleum Refining and Environmental Control and Environmental Effects 85

Isomerization
Iso C4q reactor

product

To fuel
gas

Organic
chloride

make-up Feed
| —————

heater

Butanes feed
-

De-isobutanizer
Debutanizer

Cs+

reject Make-up

gas

Isomerized butanes recycle

Fig. 4.15 A butane isomerization unit (OSHA technical manual, Section IV, Chapter 2: Petro-
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Benzene, toluene, and the xylene isomers are toxic aromatic chemicals that are
produced during the catalytic reforming process and used as feedstocks in chemical
manufacturing. Due to their highly volatile nature, fugitive emissions of these
chemicals are a source of their release to the environment during the reforming
process. Point air sources may also arise during the process of separating these
chemicals.

In a continuous reformer, some particulate and dust matter can be
generated as the catalyst moves from reactor to reactor, and is subject to
attrition. However, due to catalyst design, little attrition occurs, and the only
outlet to the atmosphere is the regeneration vent, which is most often
scrubbed with a caustic to prevent emission of hydrochloric acid (this also
removes particulate matter). Emissions of carbon monoxide and hydrogen
sulfide may occur during regeneration of catalyst.

Isomerization

Isomerization (Fig. 4.15) converts n-butane, n-pentane, and n-hexane into their
respective iso-paraffins of substantially higher octane number [2]. The straight-
chain paraffins are converted to their branched-chain counterparts whose com-
ponent atoms are the same but are arranged in a different geometric structure.
Isomerization is important for the conversion of n-butane into iso-butane, to
provide additional feedstock for alkylation units, and the conversion of normal
pentanes and hexanes into higher branched isomers for gasoline blending.
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Isomerization processes produce sour water and caustic wastewater. The
ether manufacturing process utilizes a water wash to extract methanol or
ethanol from the reactor effluent stream. After the alcohol is separated, this
water is recycled back to the system and is not released. In those cases where
chloride catalyst activation agents are added, a caustic wash is used to neu-
tralize any entrained hydrogen chloride. This process generates caustic wash
water that must be treated before being released.

Deasphalting and Dewaxing

Propane deasphalting (Fig. 4.16) produces lubricating oil base stocks by extracting
asphaltenes and resins from vacuum distillation residua [2]. Propane is the usual
solvent of choice due to its unique solvent properties. At lower temperatures
(38-60°C, 100-140°F), paraffins are very soluble in propane, and at higher
temperatures, (approximately 93°C, 200°F) hydrocarbons are almost insoluble in
propane. The propane deasphalting process is similar to solvent extraction in that
a packed or baffled extraction tower or rotating disk contactor is used to mix the oil
feed stocks with the solvent.

Air emissions may arise from fugitive propane emissions and process vents.
These include heater stack gas (carbon monoxide, sulfur oxides, nitrogen oxides,
and particulate matter) as well as hydrocarbon emission such as fugitive propane
and fugitive solvents. Steam stripping wastewater (oil and solvents) and solvent
recovery wastewater (oil and propane) are also produced.
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Fig. 4.17 A solvent dewaxing unit (OSHA technical manual, Section IV, Chapter 2: Petroleum
Refining Processes, http://www.osha.gov/dts/osta/otm/otm_iv/otm_iv_2.html)

Dewaxing (Fig. 4.17) processes also produce heater stack gas (carbon monoxide,
sulfur oxides, nitrogen oxides, and particulate matter) as well as hydrocarbon
emission such as fugitive propane and fugitive solvents [2, 6]. Steam stripping
wastewater (oil and solvents) and solvent recovery wastewater (oil and propane) are
also produced. The fugitive solvent emissions may be toxic (toluene, methyl ethyl
ketone, methyl isobutyl ketone).

Gaseous Emissions

Gaseous emissions from petroleum refining create a number of environmental
problems [2, 6]. During combustion, the combination of hydrocarbons, nitrogen
oxide, and sunlight results in localized low levels of ozone, or smog. This is
particularly evident in large urban areas and especially when air does not circulate
well. Petroleum use in automobiles also contributes to the problem in many areas.
The primary effects are on the health of those exposed to the ozone, but plant life
has been observed to suffer as well.

Refinery and natural gas streams may contain large amounts of acid gases, such
as hydrogen sulfide (H,S) and carbon dioxide (CO,) [4, 5]. Hydrogen chloride
(HCI), although not usually considered to be a major pollutant in petroleum
refineries, can arise during processing from the presence of brine in petroleum
that is incompletely dried. It can also be produced from mineral matter and other


http://www.osha.gov/dts/osta/otm/otm_iv/otm_iv_2.html

88 J.G. Speight

inorganic contaminants, gaining increasing recognition as a pollutant which needs
serious attention.

Acid gases corrode refining equipment, harm catalysts, pollute the atmosphere,
and prevent the use of hydrocarbon components in petrochemical manufacture.
When the amount of hydrogen sulfide is large, it may be removed from a gas stream
and converted to sulfur or sulfuric acid. Some natural gases contain sufficient
carbon dioxide to warrant recovery as dry ice, i.e., solid carbon dioxide. And
there is now a conscientious effort to mitigate the emission of pollutants from
hydrotreating process by careful selection of process parameters and catalysts
[2, 6, 15].

The terms “refinery gas” and “process gas” are also often used to include all of
the gaseous products and by-products that emanate from a variety of refinery
processes [35, 6]. There are also components of the gaseous products that must be
removed prior to release of the gases to the atmosphere or prior to use of the gas in
another part of the refinery, i.e., as a fuel gas or as a process feedstock.

Petroleum refining produces gas streams that often contain substantial amounts
of acid gases such as hydrogen sulfide and carbon dioxide. More particularly
hydrogen sulfide arises from the hydrodesulfurization of feedstocks that contain
organic sulfur:

[Slfeedstock T H2 — HaS + hydrocarbons

Petroleum refining involves, with the exception of some of the more viscous
crude oils, a primary distillation of the hydrogen mixture, which results in
its separation into fractions differing in carbon number, volatility, specific gravity,
and other characteristics [2, 6]. The most volatile fraction, that contains most of the
gases which are generally dissolved in the crude, is referred to as pipe still gas or
pipe still light ends and consists essentially of hydrocarbon gases ranging from
methane to butane(s), or sometimes pentane(s).

The gas varies in composition and volume, depending on crude origin and on
any additions to the crude made at the loading point. It is not uncommon to re-inject
light hydrocarbons such as propane and butane into the crude before dispatch by
tanker or pipeline. This results in a higher vapor pressure of the crude, but it allows
one to increase the quantity of light products obtained at the refinery. Since light
ends in most petroleum markets command a premium, while in the oil field itself
propane and butane may have to be re-injected or flared, the practice of spiking crude
oil with liquefied petroleum gas is becoming fairly common.

In addition to the gases obtained by distillation of petroleum, more highly
volatile products result from the subsequent processing of naphtha and middle
distillate to produce gasoline. Hydrogen sulfide is produced in the desulfurization
processes involving hydrogen treatment of naphtha, distillate, and residual fuel, and
from the coking or similar thermal treatments of vacuum gas oils and residual fuels.
The most common processing step in the production of gasoline is the catalytic
reforming of hydrocarbon fractions in the heptane (C;) to decane (C,() range.
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In a series of processes commercialized under the generic name reforming,
paraffin and naphthene (cyclic non-aromatic) hydrocarbons are altered structurally
in the presence of hydrogen and a catalyst into aromatics, or isomerized to more
highly branched hydrocarbons. Catalytic reforming processes thus not only result in
the formation of a liquid product of higher octane number, but also produce
substantial quantities of gases. The latter are rich in hydrogen, but also contain
hydrocarbons from methane to butanes, with a preponderance of propane
(CH;CH,CHy), n-butane (CH;CH,CH,CH;), and iso-butane [(CH3);CH].

A second group of refining operations that contributes to gas production is that of
the catalytic cracking processes [2, 6]. These consist of fluid-bed catalytic cracking
in which heavy gas oils are converted into gas, liquefied petroleum gas, catalytic
naphtha, fuel oil, and coke by contacting the heavy hydrocarbon with the hot
catalyst. Both catalytic and thermal cracking processes, the latter being now largely
used for the production of chemical raw materials, result in the formation of
unsaturated hydrocarbons, particularly ethylene (CH,=CH,), but also propylene
(propene, CH;.CH=CH,), iso-butylene [iso-butene, (CH3),C=CH,], and the
n-butenes (CH;CH,CH=CH,, and CH;CH=CHCH3) in addition to hydrogen (H,),
methane (CH,) and smaller quantities of ethane (CH3;CHj), propane
(CH;CH,CH3), and butanes [CH5;CH,CH,CH;, (CH3);CH]. Diolefins such as
butadiene (CH,=CH.CH=CH,) are also present.

Additional gases are produced in refineries with visbreaking and/or coking
facilities that are used to process the heaviest crude fractions. In the visbreaking
process, fuel oil is passed through externally fired tubes and undergoes liquid phase
cracking reactions, which result in the formation of lighter fuel oil components. Oil
viscosity is thereby reduced, and some gases, mainly hydrogen, methane, and
ethane, are formed. Substantial quantities of both gas and carbon are also formed
in coking (both delayed coking and fluid coking) in addition to the middle distillate
and naphtha. When coking a residual fuel oil or heavy gas oil, the feedstock is
preheated and contacted with hot carbon (coke) which causes extensive cracking of
the feedstock constituents of higher molecular weight to produce lower molecular
weight products ranging from methane, via liquefied petroleum gas and naphtha, to
gas oil and heating oil. Products from coking processes tend to be unsaturated, and
olefin components predominate in the tail gases from coking processes.

A further source of refinery gas is hydrocracking, a catalytic high-pressure pyroly-
sis process in the presence of fresh and recycled hydrogen. The feedstock is again
heavy gas oil or residual fuel oil, and the process is directed mainly at the production of
additional middle distillates and gasoline. Since hydrogen is to be recycled, the gases
produced in this process again have to be separated into lighter and heavier streams;
any surplus recycle gas and the liquefied petroleum gas from the hydrocracking
process are both saturated.

Both hydrocracker gases and catalytic reformer gases are commonly used in
catalytic desulfurization processes. In the latter, feedstocks ranging from light to
vacuum gas oils are passed at pressures of 500-1,000 psi with hydrogen over
a hydrofining catalyst. This results mainly in the conversion of organic sulfur
compounds to hydrogen sulfide,
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[Slfeedstock + Hz — HaS + hydrocarbons

The reaction also produces some light hydrocarbons by hydrocracking.

Thus refinery streams, while ostensibly being hydrocarbon in nature, may
contain large amounts of acid gases such as hydrogen sulfide and carbon dioxide.
Most commercial plants employ hydrogenation to convert organic sulfur
compounds into hydrogen sulfide. Hydrogenation is effected by means of recycled
hydrogen-containing gases or external hydrogen over a nickel molybdate or cobalt
molybdate catalyst.

In summary, refinery process gas, in addition to hydrocarbons, may contain other
contaminants, such as carbon oxides (CO,, where x = 1 and/or 2), sulfur oxides
(SO,, where x = 2 and/or 3), as well as ammonia (NHj3), mercaptans (R-SH), and
carbonyl sulfide (COS).

The presence of these impurities may eliminate some of the sweetening pro-
cesses, since some processes remove large amounts of acid gas but not to a
sufficiently low concentration. On the other hand, there are those processes not
designed to remove (or incapable of removing) large amounts of acid gases whereas
they are capable of removing the acid gas impurities to very low levels when the
acid gases are present only in low-to-medium concentration in the gas.

From an environmental viewpoint, not only are the means by which these gases
can be utilized important but also equally important are the effects of these gases on
the environment when they are introduced into the atmosphere.

In addition to the corrosion of equipment of acid gases, the escape into
the atmosphere of sulfur-containing gases can eventually lead to the formation of
the constituents of acid rain, i.e., the oxides of sulfur (SO, and SO3). Similarly, the
nitrogen-containing gases can also lead to nitrous and nitric acids (through
the formation of the oxides NO,, where x = 1 or 2) which are the other major
contributors to acid rain. The release of carbon dioxide and hydrocarbons as
constituents of refinery effluents can also influence the behavior and integrity of
the ozone layer.

Hydrogen chloride, if produced during refining, quickly picks up moisture in the
atmosphere to form droplets of hydrochloric acid and, like sulfur dioxide, is
a contributor to acid rain [6]. However, hydrogen chloride may exert severe local
effects because, unlike sulfur dioxide, it does not need to participate in any further
chemical reaction to become an acid. Under atmospheric conditions that favor
a buildup of stack emissions in the area of a large industrial complex or power
plant, the amount of hydrochloric acid in rainwater could be quite high.

Natural gas is also capable of producing emissions that are detrimental to the
environment. While the major constituent of natural gas is methane, there are
components such as carbon dioxide (CO), hydrogen sulfide (H,S), and mercaptans
(thiols; R-SH), as well as trace amounts of sundry other emissions. The fact that
methane has a foreseen and valuable end-use makes it a desirable product, but in
several other situations, it is considered a pollutant, having been identified
a greenhouse gas.
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A sulfur removal process must be very precise, since natural gas contains only
a small quantity of sulfur-containing compounds that must be reduced several
orders of magnitude. Most consumers of natural gas require less than 4 ppm in
the gas.

A characteristic feature of natural gas that contains hydrogen sulfide is the
presence of carbon dioxide (generally in the range of 1-4% v/v). In cases where
the natural gas does not contain hydrogen sulfide, there may also be a relative lack
of carbon dioxide.

Acid rain occurs when the oxides of nitrogen and sulfur that are released to the
atmosphere during the combustion of fossil fuels are deposited (as soluble acids)
with rainfall, usually at some location remote from the source of the emissions.

It is generally believed (the chemical thermodynamics are favorable) that acidic
compounds are formed when sulfur dioxide and nitrogen oxide emissions are
released from tall industrial stacks. Gases such as sulfur oxides (usually sulfur
dioxide, SO,) as well as the nitrogen oxides (NO,) react with the water in the
atmosphere to form acids:

SO, + H,O0 — H,S03
250, + O, — 25803
SOz 4+ H,O0 — H,SO4
2NO + H,0 — 2HNO,
2NO + O; — 2NO;,
NO, + H,O — HNO;

Acid rain has a pH less than 5.0 and predominantly consists of sulfuric acid
(H,SO,4) and nitric acid (HNOj). As a point of reference, in the absence of
anthropogenic pollution sources, the average pH of rain is 6.0 (slightly acidic;
neutral pH = 7.0). In summary, the sulfur dioxide that is produced during a variety
of processes will react with oxygen and water in the atmosphere to yield environ-
mentally detrimental sulfuric acid. Similarly, nitrogen oxides will also react to
produce nitric acid.

Another acid gas, hydrogen chloride (HCl), although not usually considered to
be a major emission, is produced from mineral matter and the brines that often
accompany petroleum during production and is gaining increasing recognition as
a contributor to acid rain. However, hydrogen chloride may exert severe local
effects because it does not need to participate in any further chemical reaction to
become an acid. Under atmospheric conditions that favor a buildup of stack
emissions in the areas where hydrogen chloride is produced, the amount of
hydrochloric acid in rainwater could be quite high.

In addition to hydrogen sulfide and carbon dioxide, gas may contain other
contaminants, such as mercaptans (R-SH) and carbonyl sulfide (COS). The
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presence of these impurities may eliminate some of the sweetening processes since
some processes remove large amounts of acid gas but not to a sufficiently low
concentration. On the other hand, there are those processes that are not designed to
remove (or are incapable of removing) large amounts of acid gases. However, these
processes are also capable of removing the acid gas impurities to very low levels
when the acid gases are there in low-to-medium concentrations in the gas.

On a regional level, the emission of sulfur oxides (SO,) and nitrogen oxides
(NO,) can also cause the formation of acid species at high altitudes, which eventu-
ally precipitate in the form of acid rain, damaging plants, wildlife, and property.
Most petroleum products are low in sulfur or are desulfurized, and while natural gas
sometimes includes sulfur as a contaminant, it is typically removed at the produc-
tion site.

At the global level, there is concern that the increased use of hydrocarbon-based
fuels will ultimately raise the temperature of the planet (global warming), as carbon
dioxide reflects the infrared or thermal emissions from the earth, preventing them
from escaping into space (greenhouse effect). Whether or not the potential for
global warming becomes real will depend upon how emissions into the
atmosphere are handled. There is considerable discussion about the merits and
demerits of the global warming theory [16] and the discussion is likely to continue
for some time. Be that as it may, the atmosphere can only tolerate pollutants up to
a limiting value. And that value needs to be determined. In the meantime, efforts
must be made to curtail the use of noxious and foreign (non-indigenous) materials
into the air.

In summary, and from an environmental viewpoint, petroleum and natural gas
processing can result in similar, if not the same, gaseous emissions as coal [2, 4, 6].
It is a question of degree insofar as the composition of the gaseous emissions may
vary from coal to petroleum but the constituents are, in the majority of cases, the
same.

There are a variety of processes which are designed for sulfur dioxide removal
from gas streams [2], but scrubbing process utilizing limestone (CaCOj3) or lime
[Ca(OH),] slurries have received more attention than other gas scrubbing
processes.

The majority of the gas scrubbing processes are designed to remove sulfur
dioxide from the gas streams; some processes show the potential for removal of
nitrogen oxide(s).

Liquid Effluents

It is convenient to divide the hydrocarbon components of petroleum into the
following three classes:

e Paraffins: saturated hydrocarbons with straight or branched chains
e Naphthenes (alicyclic hydrocarbons): saturated hydrocarbons containing one or
more rings, each of which may have one or more paraffin side chains
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e Aromatic compounds: hydrocarbons containing one or more aromatic nuclei
(for example, benzene, naphthalene, and phenanthrene) which may be co-joined
with (substituted) naphthene rings and/or paraffin side chains

Thermal processing can significantly increase the concentration of polynuclear
aromatic hydrocarbons in the product liquid because the low-pressure hydrogen-
deficient conditions favor aromatization of naphthene constituents and condensa-
tion of aromatics to form larger ring systems. To the extent that more compounds
like benzo(a)pyrene are produced, the liquids from thermal processes will be more
carcinogenic than asphalt.

The sludge produced on acid treatment of petroleum distillates [2, 6], even
gasoline and kerosene, is complex in nature. Esters and alcohols are present from
reactions with olefins; sulfonation products from reactions with aromatic compounds,
naphthene compounds, and phenols; and salts from reactions with nitrogen bases.
To these constituents must be added the various products of oxidation—reduction
reactions: coagulated resins, soluble hydrocarbons, water, and free acid.

The disposal of the sludge is a comparatively simple process for the sludge
resulting from treating gasoline and kerosene, the so-called light oils. The insoluble
oil phase separates out as a mobile tar, which can be mixed and burned without too
much difficulty.

In all cases, careful separation of reaction products is important to the recovery
of well-refined materials. This may not be easy if the temperature has risen as
a consequence of chemical reaction. This will result in a persistent dark color
traceable to reaction products that are redistributed as colloids. Separation may
also be difficult at low temperature because of high viscosity of the stock, but this
problem can be overcome by dilution with light naphtha or with propane.

In addition, delayed coking also requires the use of large volumes of water for
hydraulic cleaning of the coke drum. However, the process water can be recycled if
the oil is removed by skimming and suspended coke particles are removed by
filtration. If this water is used in a closed cycle, the impact of delayed coking on
water treatment facilities and the environment is minimized. The flexicoking
process offers one alternative to direct combustion of coke for process fuel. The
gasification section is used to process excess coke to mixture of carbon monoxide
(CO), carbon dioxide (CO,), hydrogen (H,), and hydrogen sulfide (H,S) followed
by treatment to remove the hydrogen sulfide. Currently, maximum residue conver-
sion with minimum coke production is favored over gasification of coke.

Solid Effluents

Catalyst disposal is a major concern in all refineries. In many cases, the catalysts are
regenerated at the refinery for repeated use. Disposal of spent catalysts is usually
part of an agreement with the catalysts manufacturer whereby the spent catalyst is
returned for treatment and re-manufacture.
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The formation of considerable quantities of coke in the coking processes is
a cause for concern since it not only reduces the yield of liquid products but also
initiates the necessity for disposal of the coke. Stockpiling to coke may be a partial
answer unless the coke contains leachable materials that will endanger the ecosys-
tem as a result of rain or snow melt.

In addition, the generation and emission of sulfur oxides (particularly sulfur
dioxide) originates from the combustion of sulfur-containing coke as plant fuel.
Sulfur dioxide (SO,) has a wide range of effects on health and on the environment.
These effects vary from bronchial irritation upon short-term exposure to
contributing to the acidification of lakes. Emissions of sulfur dioxide, therefore,
are regulated in many countries.

Future Directions

The petroleum refining industry includes integrated process operations that are
engaged in refining crude petroleum into refined petroleum products, especially
liquid fuels such as gasoline and diesel as well as processes that produce raw
materials for the petrochemical industry.

Over the past 4 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. Along with the many 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 performance goals.

Petroleum refining in the twenty-first century will continue to be shaped by the
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 (hopeful but unlikely) plentiful
supply of petroleum, the future of the refining industry will base on the following
factors such as (1) increased operating costs or investments due to stringent
environmental requirements for facilities and products, (2) accelerating globaliza-
tion 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 competitive on global basis.

As global petroleum consumption increases and resources are depleted, the
production of fuels and petrochemicals from residua, heavy oil, and tar sand
bitumen will increase significantly. In fact, over the next decade, refineries will
need to adapt to receiving heavier oils as well as a range of bio-feedstocks. It is
conceivable that current refineries could not handle such a diverse slate of
feedstocks without experiencing shutdowns and related problems.
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As feedstocks to refineries change, there must be an accompanying change in
refinery technology as petroleum feedstocks are becoming highly variable. At the
same time, more stringent anti-pollution regulations are forcing greater restrictions
on fuel specifications. There are fundamental limitations on how far current pro-
cesses can go in achieving proper control over feedstock behavior. This means
a movement from conventional means of refining heavy feedstocks by using
(typically) a coking process to more development and use of more innovative
processes that will produce the maximum yields of liquid fuels (or other desired
products) fuels from the feedstock.

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

Technological advances are on the horizon for alternate sources of transportation
fuels. For example, gas-to-liquids and biomass-to-liquids are just two of the
concepts currently under development. However, the state of many of these
technologies coupled with the associated infrastructure required to implement
them leaves traditional refining of petroleum hydrocarbons for transportation
fuels as the modus operandi for the foreseeable future, which for the purposes of
this text is seen to be 50 years. The near future challenge for refiners will be how to
harness new technologies to remain alive in a changing global marketplace.

It is imperative for refiners to raise their operations to new levels of performance.
Merely extending current process performance incrementally will fail to meet most
future performance goals. To do this, it will be necessary to reshape refining
technology to be more adaptive to changing feedstocks and product demand and
to explore the means by which the technology and methodology of refinery
operations can be translated not only into increased profitability but also into
survivability.

Furthermore, environmental regulations could either preclude unconventional
production or, more likely, raise the cost significantly. If future US laws limited
and/or taxed greenhouse gas emissions, these laws will lead to 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 semiarid western States. In addition,
environmental restrictions on land use could preclude unconventional oil produc-
tion in some areas of the United States.

The general prognosis for reduction of emissions or emission cleanup is
optimistic. It is considered likely that most of their environmental impact of
petroleum refining can be substantially abated. A considerable investment in
retrofitting or replacing existing facilities and equipment will be needed although
a conscious goal must be to improve the efficiency with which petroleum is
transformed and consumed.



96 J.G. Speight
Bibliography

Primary Literature

1. Ray DL, Guzzo L (1990) Trashing the planet: how science can help us deal with acid rain,
depletion of the ozone, and nuclear waste (among other things). Regnery Gateway,
Washington, DC

2. Speight JG (2007) The chemistry and technology of petroleum, 4th edn. CRC Press/Taylor &
Francis, Boca Raton

3. Majumdar SB (1993) Regulatory requirements for hazardous materials. McGraw-Hill,
New York

4. Speight JG (1993) Gas processing: environmental aspects and methods. Butterworth
Heinemann, Oxford

5. Speight JG (1996) Environmental technology handbook. Taylor & Francis, Washington, DC

6. Speight JG (2005) Environmental analysis and technology for the refining industry. Wiley,
Hoboken

7. Lipton S, Lynch J (1994) Handbook of health hazard control in the chemical process industry.
Wiley, New York

8. Boyce A (1997) Introduction to environmental technology. Van Nostrand Reinhold, New York

9. Speight JG (2009) Enhanced recovery methods for heavy oil and tar sands. Gulf, Houston

10. Carson PA, Mumford CJ (1995) The safe handling of chemicals in industry. Wiley, New York

11. Renzoni A, Fossi MC, Lari L, Mattei N (1994) Contaminants in the environment:
a multidisciplinary assessment of risks to man and other organisms. CRC Press, Boca Raton

12. Edwards JD (1995) Industrial wastewater treatment: a guidebook. CRC Press, Boca Raton

13. Thibodeaux LJ (1995) Environmental chemodynamics. Wiley, New York

14. Meyers RA (1997) Handbook of petroleum refiing processes, 2nd edn. McGraw-Hill,
New York

15. Occelli ML, Chianelli R (1996) Hydrotreating technology for pollution control. Marcel
Dekker, New York

16. Hileman B (1996) Environmental hormone disruptors focus of major research intitatives.
Chem Eng News 74(34):33

Books and Reviews

Abraham H (1945) Asphalts and allied substances, vol I. Van Nostrand, New York

Forbes RJ (1958) A history of technology, vol V. Oxford University Press, Oxford

Gary JH, Handwerk GE (2001) Petroleum refining: technology and economics, 4th edn. Marcel
Dekker, New York

Hoiberg AJ (1960) Bituminous materials: asphalts, tars and pitches, vol I & II. Interscience,
New York

Hsu CS, Robinson PR (2006) Practical advances in petroleum processing, vol 1 and 2. Springer,
New York

Khan MR, Patmore DJ (1997) Heavy oil upgrading processes. In: Speight JG (ed) Petroleum
chemistry and refining. Taylor & Francis, Washington, DC. Chapter 6

McKetta JJ (ed) (1992) Petroleum processing handbook. Marcel Dekker, New York

Shih SS, Oballa MC (eds) (1991) Tar sand upgrading technology. Symposium series No. 282.
American Institute for Chemical Engineers, New York



4 Petroleum Refining and Environmental Control and Environmental Effects 97

Speight JG (2000) The desulfurization of heavy oils and residua, 2nd edn. Marcel Dekker,
New York

Speight JG, Ozum B (2002) Petroleum refining processes. Marcel Dekker, New York

Speight JG (2008) Handbook of synthetic fuels: properties, processes, and performance. McGraw-
Hill, New York



Chapter 5

Oil Shale Processing, Chemistry and Technology

Vahur Oja and Eric M. Suuberg

Glossary

Bitumen

Direct retorting

EXx situ retorting

Indirect retorting

In situ retorting

Kerogen

Orga Processing, Chemistry and Technology solvent-soluble
portion of oil shale organic matter.

Retorting in which the process heat requirement is accom-
plished by combustion of a portion of the oil shale within the
retort.

Oil shale retorting performed aboveground (requiring mining
of the oil shale).

Retorting in which the process heat requirement is provided by
heated gaseous or solid heat carriers produced outside the
retort, and then brought into contact with the retort contents.
Heating of oil shale underground in order to release shale oil
(also called underground retorting). Confinement of the shale
is provided by the surrounding earth, in this case.
Macromolecular and organic solvent-insoluble organic matter
of oil shale, but more broadly applied to these sorts of organic
components of sedimentary rocks.
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Oil shale Oil shale has a wide range of definitions. A general definition
that encompasses most is that it consists of a sedimentary rock
containing various amounts of solid organic material bound
dispersedly in a mineral matrix and yielding principally a shale
oil upon pyrolysis.

Pyrolysis A thermochemical decomposition process of organic matter,
effected by heating the material in the absence of oxygen.
Retort gas Noncondensable combustible gas, a mixture of gases from an

oil shale retort that remains after particulate matter and
condensed liquids have been removed.

Retort water Water collected during oil shale retorting from offgas stream
together with oil.
Retorting In shale oil recovery technologies, retorting is a pyrolytic

process designed to produce oil. Generally, this process is
performed by placing oil shale in a sealed vessel heated in
order to promote pyrolysis; this reactor is called a retort.

Retorting residue  Solid waste material remaining after retorting. This material

or spent shale contains most of the mineral matter of the original shale
(possibly partially decomposed) and a carbon-rich (char) resi-
due from the organic fraction (which may sometimes be
referred to as a semicoke).

Shale oil Room temperature liquid phase organic material, oil product,
recoverable from the thermal decomposition of kerogen or
separated from the offgas stream of an oil shale retort.

Thermobitumen A bitumen not contained in the original oil shale, but produced
by the action of heat on the shale; a thermal degradation
(pyrolysis) product of kerogen.

Definition of the Subject

Oil shale is a complex mixture of organic and inorganic phases, in which the
organic phase is normally that of the greater economic and practical value.
In nature there exists a wide range of materials that include these same components,
and not all of these materials are candidates for actual use; in some instances, the
organic content is simply too low to make processing of the oil shale of any
economic interest. Thus, one of the first things that needs to be answered in asking
what oil shales it makes sense to study is the question of what sorts of oil shale
should be considered as the subject of practical use. This summary begins with
a consideration of this fundamental question, and is guided by what has historically
been accepted as definitions of oil shales of practical interest. It is recognized that
these definitions come from different locations and time periods, with differing
demands for the energy or raw materials that the oil shale could provide. This,
in turn, means that these definitions can change with time and place, but here they
offer a framework for the discussion that follows.
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Because in oil shale the organic and inorganic phases form such an intimate
mixture, it is critical to consider how this might influence the practical conversion
processes to which the oil shale is ultimately subjected. At the same time, it is
essential to recognize how the experimental research used to develop these practical
processes can be influenced by decisions on how to prepare the oil shale for testing.
Isolation of the kerogen material from the oil shale offers advantages in terms of
simplifying or enabling certain types of organic fraction analysis, or the evaluation
of proposed processing steps in the laboratory. In many instances, this might make
good scientific sense, but in other cases, it is important to note that there might be
inadvertent changes induced in the material, and in its potential conversion chem-
istry, by the separation. This summary will only provide a brief overview of some of
the aspects of research performed on the different phases present in the oil shale,
and offer only this general warning to be cautious regarding the possibility of
artifacts induced by separations of the raw material.

The main focus of this entry is on the chemistry of oil shale conversion. Virtually
all oil shale conversion processes begin with a thermal degradation of the organic
macromolecular structure. The organic fraction of oil shale is largely unrecoverable
in any useful form without such a thermal degradation, since the extractable
bitumen content in unheated oil shale is normally but a few percent at most.
The thermal degradation is critical whether the oil shale is processed to recover
oil or burned directly to generate heat, and from that, electricity. In the case of
combustion, the thermal degradation is what releases the small organic molecular
fragments that can burn in the vapor phase. The less that remains in a solid
semicoke phase after the initial heating in a boiler, the more quickly and smoothly
the combustion of the shale can take place, and the more efficiently used will be the
organic fraction for its heating value content. Most shale oil combustion processes
do operate at very high degrees of burnout of the organic matter.

In the case of oil recovery from the oil shale, there is a much-studied set of
conditions used to maximize the recovery of oil. There is a balance between the
need to achieve sufficient breakdown of the macromolecular structure of the
organic phase, which will permit fragments to escape as oil, and the further
pyrolysis of the organic phase to release light gases and leave behind a hydrogen-
depleted semicoke that has much lower value than oil (and that is embedded in the
remaining mineral matrix, making it difficult to utilize). This entry summarizes
several aspects of what is known regarding the chemistry of thermal conversion and
its kinetics, and offers an overview of some practical technologies in which the
thermal conversion of the material takes place.

Introduction

This entry focuses on the chemical nature of oil shale, and some key aspects of its
conversion to oil. One of the first difficulties encountered in this field is deciding
what starting materials qualify as “oil shale.” A brief review of various practical
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definitions is first offered. Different practical definitions arise from the different
applications of the material. Next, the chemical structure of the shale is considered,
including both the inorganic and organic phases contained therein. In this section,
there is also consideration of how the organic phase can be analyzed, including how
it may be separated from the whole shale.

In section “Definition of the Subject”, the chemical processes that result in the
practical conversion processes of oil shale are introduced in general terms. In this
section it is noted that not all oil shale is necessarily used to produce an oil product.
In some instances, the oil shale may be directly burned in devices similar to those
used for combustion of coal. In Sect. 3, attention is turned toward retorting to
produce oil products. Except for recent decades in Estonia, where direct firing of oil
shale for producing electrical power and heat has been practiced, retorting for oil
has been the main driver for worldwide interest in oil shale. This section reviews the
parameters that influence the results of retorting, as well as providing an overview
of some chemical aspects of the process. This review closes in Sect. 4 with a brief
consideration of different classes of technology developed for carrying out the
retorting process.

It is important to recognize that there is a much more voluminous literature on oil
shale chemistry and conversion than has been discussed here. The authors maintain
that the present selection does, however, provide a reasonably comprehensive
overview of the topic, while emphasizing some of the newer contributions to the
literature.

General Characteristics of Qil Shale

Oil Shale Classification

Oil shale can be defined as a sedimentary rock containing various amounts of solid
organic material dispersedly bound in a mineral matrix. Oil shales from different
deposits vary in their mineral contents and types, chemical composition of organic
matter, geological period of deposition, depositional condition, etc. [22, 31]. There-
fore, there are a number of definitions of oil shale based upon application, opera-
tional, or scientific point of view [55]. Similarly there are various oil shale
classification schemes [32, 54, 55, 76]. Moreover, the term “oil shale” is itself
somewhat misleading as the organic matter is not oil-like and the mineral matter
is not always classifiable as shale [141].

Following are some selected definitions of oil shale, proposed by several authors
in the connection with its energy production or other technological utilization:

1. Gavin [43] defined oil shale as a “compact laminated rock of sedimentary origin,
yielding over 33% of ash and containing organic matter that yields oil when
distilled, but not appreciably when extracted with ordinary solvents for
petroleum.”
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2. Ozerov and Polozov have described oil shale as “a hard foliated combustible
rock formed by joint accumulation of pelagic plants and animals and mineral
mass which had been transformed by the action of geographic conditions and
chemical, biochemical and hydro-chemical processes” [90].

3. Schlatter has characterized oil shale as “a heterogeneous mixture of organic and
mineral matter. It is a fine-grained, tight rock with essentially no permeability or
porosity” [114].

It is important to note that in defining oil shale for energy-technological
purposes, the following oil shale characteristics have been emphasized:

* A high mineral matter content, which may be about two to five times higher than
the organic matter content (generally significantly higher in comparison to coals,
which contain mineral matter, by definition, of less than 40%).

¢ The major portion of oil shale organic matter is insoluble in organic solvents
(this in contrast to tar sands).

e The organic matter has hydrogen/carbon atomic ratios typically in the range
1.2-1.6 (which is significantly enriched in hydrogen compared with coals, but
hydrogen deficient relative to crude oil).

¢ The capacity of oil shales to ignite and burn without separation of the organic
matter from the mineral matter.

e They undergo thermal decomposition that results in production of a significant
amount of liquid organic product or shale oil (higher grade oil shales can yield
100 L or more per ton of dry oil shale).

» They have a moisture content of less than 10-13%.

» They exhibit a low permeability of the rock to gases, vapors, and oils.

The organic matter (often termed kerogen; see below) content of oil shale varies
widely, ranging typically from 10% to 40%. As the organic matter of oil shale is the
source of energy and/or synthetic fuels value, there have been several attempts to
classify oil shale by minimum and maximum organic matter content. The upper
limit of organic matter content has been proposed to be about 50% [2, 76], or even
higher [141]. The lower organic matter limit is usually defined in relation to the
minimum energy requirement of oil shale as an industrial raw material. For
example, a lower limit of 5% of organic matter has been proposed to define
“commercial deposits.” This is because the organic matter content of an oil shale
should be at least roughly about 2.5 wt% for the latter to provide the calorific
requirements necessary to heat the rock to 500°C [38, 82].

Oil shale grade or energy potential is currently classified or characterized for
commercial purposes on either a heating value or an average oil yield basis.

1. The heating value is used to evaluate the quality of an oil shale in the context of
direct firing of oil shale in a power plant to produce heat, commonly used to raise
steam for electricity generation. The heating value of typical oil shale kerogen is
about 40 MJ/kg. For example, the heating value of an Estonian kukersite oil
shale kerogen has been reported to be 37.3 MJ/kg [2], while for US Green River
formation kerogen the value is around 41.1 MJ/kg and for eastern US Devonian
kerogen around 37.5 MJ/kg [99]. This is, of course, not the same as the heating
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value of the oil shale as would be determined for the whole rock, using
a standard calorimeter (in which the dilution effect of the zero, or negative,
heating value mineral matter is important). A combustion grade oil shale is
defined as that having a minimum upper caloric value (for the whole oil shale
rock) of 3.1 MJ/kg (dry basis) [38], though a heating value limit of not less than
about 4.2-6.3 MJ/kg has been suggested for practical purposes [50, 141].

2. Average oil yield, or oil production potential, is determined using a “modified”
Fischer assay method (the most widely used standardized technique, ASTM D-
3904-80) or an equivalent analytical technique in which the shale is subjected to
heating in order to liberate oil from the kerogen. The oil yield depends mostly on
kerogen per mass of oil shale, but may also depend upon the fraction of kerogen
convertible to oil (there are differences between different kerogens). On the
basis of this assay, an “oil shale” is a shale that yields at least 42 L/t of dry shale
(or 10 US gal/t, the basis used by the US Geological Survey) [99], though a limit
as low as 25 L/t has also been suggested. Similarly, a crude dividing line between
lower and higher grade shale has been defined at about 100 L of oil/t of shale (with
those yielding below 90 L/t considered “low grade,” 90-150 L/t “moderate
grade,” and those above 150 L/t “high grade” [2, 38]). Commercial grade oil
shales range from about 100-200 L/t of shale. However, the Fischer assay does
not actually indicate the maximum oil yield that can be actually produced
by a given oil shale. Yields greater than Fischer assay have been obtained by
hydropyrolysis, donor solvents, and rapid heating, especially for lower oil yield,
non-softening oil shales [23, 106].

More than 600 oil shale deposits have been discovered around the world [2].
Oil shales are found in many countries around the world, with nearly 100 major
deposits in 27 countries [128]. There exist many surveys/reviews on history of oil
shale development throughout the world [98, 128, 129].

Oil shale resources are typically expressed in either of two different ways: (1) as
tons of oil shale, and (2) as crude-shale-oil equivalents contained in the oil shale.
Global deposits have been estimated to be about 411 metric gigatons or to range
from 2.8 to 3.3 trillion barrels (4.5 x 10" to 5.2 x 10'' m?) of recoverable oil
equivalent [155].

When talking about known oil shale deposits, there is a need to distinguish
between two terms — “resources” and “reserves.” Resources typically refer to
estimates of all deposits of oil shales, while reserves refer only to those from
which oil extraction can be economically profitable with the use of existing
technologies. It should be noted that these technologies are constantly developing,
and because of that, estimates of reserves will not necessarily remain constant over
time, irrespective of use or discovery of new resources.

Oil Shale Composition

Oil shale is composed of mineral and organic matter whose proportions vary with
the grade of oil shale.
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Table 5.1 Mineral matter composition in some oil shales presented as oxides in ash, wt%

Green River Kukersite El-lajjun Dictyonema

Compound [USA] [99] [Estonia] [88] [Jordan] [88] [Estonia] [88]
SiO, 40-60 28.25 28.86 63.72

AL O3 10-15 9.84 7.43 16.43
Fe,05 5-10 5.44 3.70 8.80

CaO 10-25 41.02 52.79 0.85

MgO 5-10 5.05 1.30 0.50

K,0 3.60 8.72

Na,O 0.3

SO; 6.07 1.30 0.70

P,05 5.9

Mineral Matter

Oil shale mineral matter contains several classes of minerals such as carbonates
(calcite and dolomite), silicates, sulfides, and others. The inorganic composition of
oil shales varies widely. The oil shale mineral composition can change from mostly
calcareous to mostly aluminosilicate. For example, a typical mineral composition
(in weight percent of the mineral matter alone) of carbonate-rich Kukersite oil shale
from Estonia [100] is dolomite 3%, calcite 65%, quartz 8%, illite 15%, orthoclase
5%, chlorite 1%, and pyrite 3%. For the carbonate-rich Mahogany-zone US Green
River formation oil shale [99], the composition is somewhat different: dolomite
32%, calcite 16%, quartz 15%, illite 19%, albite 10%, microcline 6%, pyrite 1%,
and analcite 1%. In the case of siliceous Eastern US Devonian oil shale [99],
a typical mineral composition is quartz 28%, illite 40%, feldspar 12%, pyrite
14%, and other minerals 6%. Quite often, mineral matter composition is
represented by the chemical composition of oil shale ash, in which the mineral
components have been converted to their oxides during combustion. This is
illustrated in Table 5.1. It is, however, very important to keep in mind that the
minerals are fundamentally altered by the combustion process, and the ash compo-
sition is only an approximate guide to what minerals existed in the raw oil shale.

In addition to the main minerals, oil shales contain a large number of trace
elements (also referred to as minor elements). The content of the trace elements is
typically in the parts per million (ppm) range. Trace element data for several
deposits are available in the literature [92, 117, 141].

Organic Matter

Oil shale organic matter is composed of solvent-soluble and insoluble organic
materials. The organic matter in oil shales is mostly in the form of solvent insoluble
cross-linked macromolecular structure or kerogen. However, the term “kerogen” is
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often used for whole organic matter of oil shale, including a small solvent-
extractable fraction of the oil shale (termed bitumen).

Because organic matter is not easily extractable from the whole oil shale, there is
an issue of how to quantify it. One simple way is to assume that it is the fraction that
can be burned in air. Of course any loss of mineral components during burning
(as by dehydration or decarbonylation reactions) can lead to an overestimate of the
organic matter.

The organic matter content is thus often expressed on a dry shale basis as
“conditional organic matter,” Orgcondd =100 — A? — (COZ)Md, in which A¢ is
ash yield upon combustion, (COZ)MOl is carbonate-derived CO, released by the
mineral matter at high temperatures, and a dry basis is indicated by the superscript
d [141]. Basically, this formula embodies the concept that what is not left after
combustion as ash, or released by carbonate decomposition, must have been
organic matter. Both the ash and decomposable carbonate are available from
separate analyses. In reality, the actual organic matter content can be somewhat
different than that obtainable from the formula above since, for example, the
formation of SO(2 ion from combustible sulfur can contribute to the mass of
ash, even if the sulfur originated in the organic matter. Also, any other volatilization
of mineral components, beyond decomposition of the carbonates, would also lead
to errors in estimates of organic matter.

Therefore for specific oil shales more detailed equations have been developed.
For example, for Kukersite oil shale, which has a true organic matter content
somewhat lower than that typically calculated from the “conditional organic mat-
ter,” the following formula has been proposed: Org? = 100 — 1.028A% —
0.964(CO,)n" + 0.637(SO4 > — 0.07), where SO, is the sulfate content [104].
For Dictyonema shale, with a true organic matter content somewhat higher than the
calculated ‘“conditional organic matter,” the following equation has been
recommended: Org® = 100 — A® + 0.125Fe0 — (H,0)p — 0.625S,,, — (CO)\,
where FeO is iron oxide content in ash, (H,O)y; is the content of mineral water of
hydration, and S, is the pyritic sulfur content [72]. The difference between true
organic matter and “conditional organic matter” is generally not greater than 1-3%.

It is clear that for most technological uses of oil shale, there will be a need to go
beyond simple estimates of organic weight fraction in characterizing the material.

Kerogen

Kerogen is the major fraction of oil shale organic matter, and it is insoluble in
organic solvents. It has a solid cross-linked macromolecular structure, and in this
respect is somewhat similar to coal. Accordingly, kerogen is swellable, but not
soluble, in organic solvents. The term “kerogen” was introduced by Professor Crum
Brown to describe the insoluble organic matter in oil shales that gives shale oil on
heating and decomposition [158]. Nowadays the term kerogen is used to character-
ize solid organic matter in all sedimentary rocks [56].
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Table 5.2 Examples of kerogen [141] (or organic matter,* [99]) elemental compositions

Oil shale C H S N (0] H/C o/C

Kukersite (Estonia) 77.3 9.8 1.7 0.4 10.8 1.52 0.105
Green River (USA) 78.3 9.9 1.6 2.1 8.1 1.52 0.078
Dictyonema (Estonia) 70.5 7.4 4.2 2.5 15.4 1.26 0.164
Kasphir (Russia) 67.1 8.0 10.2 1.2 13.5 1.43 0.151
Timahdit (Morocco) 68.9 8.5 7.0 3.0 12.6 1.48 0.137
Eastern USA Devonian* 82.0 7.4 2.3 2.0 6.3 1.08 0.058

There are several excellent publications on kerogens available in the literature
[32, 110, 144, 145]. Oil shale kerogens possess relatively high atomic hydrogen to
carbon atomic ratios (typically 1.2—1.6), at least in comparison to coals, for which
this ratio is typically less than unity. It is the high hydrogen to carbon ratio
(combined with low oxygen to carbon ratio) that makes oil shale kerogens of
interest as a potential source of liquid fuels. Heating values of kerogens have
been shown to be in the range of 24-40 MJ/kg, though as noted above the typical
values are around 35-40 MJ/kg [90, 99].

The macromolecular structure of oil shale kerogens is complex — kerogen is not
a “homopolymer.” Instead of being built of repeating regular structural units as are
synthetic polymers or natural materials such as cellulose, it is composed of highly
variable structural units, both in terms of size and chemical character. The exact
chemical structure of an oil shale kerogen is difficult to describe, therefore studies
of “kerogen structure” can provide data only on average structural parameters. This
is the same situation as exists for such natural materials as coals or lignins.

Due to kerogen’s insolubility in organic solvents, it was historically somewhat
difficult to characterize with respect to its chemical structure. Attempts to liberate it
from the oil shale rock would necessarily involve risk of chemical degradation.
Even if the approach involves dissolving away the mineral matter (see below), there
are concerns regarding whether the kerogen has been altered, and of course, there
remains the problem of reliable characterization of the chemical structure of a solid
organic macromolecular substance once it is isolated. This latter point is similar to
the situation in the field of coal chemistry, where decades of effort have been
expended in establishing structures on which there is now reasonably general,
though not yet total, agreement. Aspects of kerogen structure have in recent decades
also yielded to more sophisticated characterization methods, though again, one can
do little more than characterize average structures or structural elements.

As a result of the intractability of the raw kerogen structure, much has been done
using its elemental composition as the simplest indicator of properties or predictor
of behavior. The composition of kerogens is typically presented based on carbon
(O), hydrogen (H), sulfur (S), nitrogen (N), and oxygen (O) content, since these are
by far and away the major elements of interest. For more precise compositional
characterization of Kukersite oil shale kerogen, chlorine (Cl) is also included [164].
Table 5.2 presents some sample kerogen (or organic matter) elemental
compositions of oil shales from major deposits.
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Fig. 5.1 The van Krevelen diagram, showing the approximate locations of different kerogen
types, based upon atomic ratios (from [145], with permission)

Kerogens can be classified in different ways on the basis of elemental composi-
tion. One of the most common is based on the Van Krevelen diagram originally
developed for classifying coals (Fig. 5.1). Kerogens fall into certain groups on the
basis of the atomic ratios of hydrogen to carbon and oxygen to carbon. Kerogens
can be grouped as Type I, II, III, or IV with further subgrouping according to sulfur
content. Oil shale kerogens are predominantly Type I (Green River Oil Shale from
Uinta Basin is a typical kerogen of this group) and II (Torcian Oil Shale from the
Paris Basin is an example from this group). The less common coaly shales belong to
Type III (Upper Cretaceous sedimentary rock from the Doula Basin, as one
example) [33, 145]. The following numerical H/C and O/C ratio ranges have
been suggested: for Type I H/C > 1.25 and O/C < 0.15, for Type II H/C < 1.25
and 0.03 < O/C < 0.18, and for Type III H/C < 1.0 and 0.03 < O/C < 0.3 [145].
Somewhat different H/C and O/C, and also O/S, ratios are found for kerogens at the
end of diagenesis, but the above are the values for the materials of practical
importance.
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Table 5.3 Yield of bitumen per conditional organic matter. Atomic H/C ratios of some oil shale
kerogens and bitumens are shown for comparison [141]

Yields per conditional organic matter (%) H/C H/C
Oil shale (solvents used) bitumen  kerogen
Kukersite (Estonia) 0.71 (benzene:methanol (1:1)) 1.75 1.52
Kultak-Zevardy 12.01 (benzene:methanol (3:1)) 1.42 1.2
(Uzbekistan)
Uktha (Russia, Komyi) 21.42 (benzene:methanol (3:1)) 1.58 1.21

Green River (USA) 5.4 (chloroform)
Dictyonema (Estonia)  3.36 (benzene:methanol (3:1))

Kerogen Isolation

An important tool in the field of kerogen study is that of kerogen isolation (or
concentration) from the oil shale matrix. This involves the removal of solvent
solubles (bitumen) and mineral matter, leaving behind the kerogen. Several reviews
are available on isolation or concentration procedures (for information readers are
referred to [6, 34, 108, 128, 145]).

Solvent solubles are removable by ordinary solvent extraction. Since all
unextracted organics report as kerogen, the efficacy of extraction is important in
establishing actual kerogen content. The amount of extractable obtained, and its
properties, may vary considerably depending upon the solvent used for extraction.
The amount of the extracted matter also increases with an increase in extraction
process temperature and with the polarity and chemical activity of the extractant
[159]. Typical extraction yields are low, representing only a few percent of organic
matter, but varying significantly from shale to shale see (Table 5.3, for examples).

A number of physical separation methods used to separate kerogen from the
mineral part of oil shale are described in the literature [42, 107, 135]. These
methods involve primarily such physicochemical processes as flotation and centri-
fugation. Combination techniques, involving such processes as ultrasonication or
electrostatic and magnetic separations are also physical methods used in kerogen
enrichment [159]. It is worthwhile to note that for certain oil shales, some physical
methods are of value, since particle size reduction is accompanied by an increase in
particle organic matter concentration.

The most widely used laboratory techniques for kerogen isolation from inor-
ganic matter are based on chemical methods. In this regard, oil shale minerals can
be grouped as carbonates (which are soluble in dilute acids), silicates (soluble in
HF), and sulfides (which can be removed by oxidizing and reducing agents).
Mineral composition determines the reagents (and the efficiency of reagents) to
be used for demineralization [108]. For oil shale demineralization with chemical
methods readers are referred to [108].

Kerogen Degradative Analysis

Although elemental analysis offers valuable information for classification, other
destructive and nondestructive techniques have been used to obtain information on
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functional groups and on structural functionalities of different oil shales [46, 110].
Earlier quantitative characterizations of kerogen functionalities were based on
destructive techniques [146]. The destructive techniques include thermal degrada-
tion (pyrolysis, hydrogenolysis, supercritical extraction) and chemical degradation
with different chemical reagents based on the specificity of the reagents (for more
information concerning this topic see [128, 146]). Destructive analysis techniques
are based on obtaining smaller identifiable compounds that have a structural rela-
tionship to the kerogen [146].

To describe the pyrolytic behavior of kerogen, detailed knowledge of kerogen
structure is critical since the structural properties and functionalities of kerogen
strongly influence its pyrolytic behavior. It has been shown in coal pyrolysis studies
that devolatilization rates and product compositions can be correlated with coal
organic matter chemical structure [123, 127]. So while certain types of functional
groups may be directly related to their pyrolytic products, use of this fairly
nonspecific method is of limited value.

The analysis of kerogen thermal degradation product molecular weight
distributions has provided some insights into the size of the systems being exam-
ined. There was a recent study of kukersite (Type I) and dictyonema (Type II) oil
shale samples involving Field Ionization Mass Spectrometry (FIMS) pyrolysis
under high vacuum. This investigation indicated number-average molecular weight
values of 408 and 383 Da with standard deviation values of 141 and 128 for
kukersite and dictyonema oil shale pyrolysis products, respectively (estimated
using a three-parameter Gaussian distribution function to describe the results)
[111].

Earlier studies have, however, pointed to the possibility of higher molecular
weights for the decomposition products. Suuberg and Sherman [131] studied
pyrolysis of Green River oil shale under vacuum conditions, and obtained
a weight-average molecular weight of around 800 Da, using a gel permeation liquid
chromatographic technique. This compared favorably with a weight-average
molecular weight of around 850 Da obtained for the same Green River shale,
using the FIMS pyrolysis method [125]. The latter studies showed the importance
of pressure on molecular weight distributions. Oils obtained using a Fischer assay
method showed a much narrower molecular weight distribution, shifted to much
lower molecular weights. Hence, it is dangerous to compare the molecular weight
distributions from different studies unless the mass transport conditions are known
to be identical. In any event, all of the above studies point to the typical
characteristics of a macromolecular system being thermally degraded to provide
fragments exhibiting a distribution of molecular weights (which are all, of course,
lower than the original matrix molecular weight).

Nondestructive Analysis of Kerogen Structure

During the last 3 decades there have been a number of qualitative and quantitative
studies aimed at characterizing the structure of oil shale kerogens using nondestruc-
tive techniques such as solid-state nuclear magnetic resonance (NMR) techniques
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(cross polarization, magic-angle spinning), Electron Spin Resonance (ESR),
Fourier Transform Infrared Spectroscopy, and X-ray photoelectron spectroscopy
[66, 82, 115, 120].

One recent comprehensive study on the structure of kerogens was carried out
using both X-ray photoelectron spectroscopy and solid-state '*C nuclear magnetic
resonance techniques [66]. This study determined the average chemical
compositions of 18 oil shale kerogens (hydrogen-carbon skeleton, oxygen
functionalities, nitrogen functionalities, sulfur functionalities). The data of this
study revealed that the average carbon-hydrogen skeletal units of immature Type
I and Type II oil shale kerogens (according to H/C and O/C ratios) are generally
composed of two to three ring-hydroaromatic/aromatic clusters with a significant
number of short attachments and long, roughly linear, alkyl chains. These data also
indicated that the number-average molecular weight of the “average repeating
structural unit” of oil shale kerogens might be around 400 amu. These values
compare favorably with the molecular weight distributions from the actual degra-
dation studies cited above.

Several other studies have been concerned with characterization of kerogen
macromolecular structures using solvent swelling in different solvents or solvent
mixtures [74, 75, 111, 112]. These studies were performed to evaluate at least
semiquantitatively the number-average molecular weight between cross-links (or
cross-link density), a fundamental property of a cross-linked macromolecular
network. These studies indicate that oil shale kerogen solvent swelling ratios are
lower (therefore cross-link density higher and molecular weight between cross-
links smaller) than those seen in bituminous coals [76].

Extensive structural data are available for a few oil shale kerogens, especially for
oil shales of major deposits. For several kerogens the structural information has
been the basis for detailed molecular models of a portion of the structures (e.g., for
Rundle Ramsay Crossing [120], Green River [120], and Kukersite [164] (see also
[128]). Reviews of the history of development of hypothetical structural models of
the Green River Formation kerogen can be found in the literature [128, 158]. For
illustrative purposes, a recent two-dimensional model of kukersite oil shale kerogen
chemical structure is shown in Fig. 5.2a [164] and another model of Green River
Shale in Fig. 5.2b [120]. Again, it needs to be emphasized that what is shown are
“averaged” structures that accurately depict elemental ratios and to some extent
functional groups, but which cannot be held out as necessarily representing the
actual linkages between different groups, and which certainly do not represent the
different molecular weight distributions present in the kerogens. It should also be
emphasized that kukersite oil shale kerogen is a somewhat unique Type I kerogen
due to its high hydroxyl (phenolic) group content [146]. This is apparent in
comparing Fig. 5.2a and 5.b. Hence, care should be exercised in using any
published model of kerogen structure in trying to understand the chemical behavior
of any other type of kerogen. Due to its high oxygen content, kukersite kerogen is
also sometimes categorized as straddling Type I and Type II, since the lines
between the different kerogen types is not necessarily as hard and fast as might
be inferred from Fig. 5.1.
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Fig. 5.2 Two-dimensional models of kerogen chemical structure. (a) Model of Estonian kukersite
kerogen with molecular mass 6,581 Da and empirical formula Cy51He38044S4NCl (from [164],
with permission). (b) Model of Colorado Green River kerogen (from [120], with permission)



5 Oil Shale Processing, Chemistry and Technology 113

Bitumen or Bitumoid

Bitumen (bitumoid) is a minor fraction of oil shale organic matter that is soluble in
common organic solvents (representing up to 20% of organic material [159]) and is
therefore recoverable by solvent extraction. Some authors define the bitumen as
a benzene-soluble matter, while others define this material as soluble in petroleum-
based solvents, yet others define it more broadly as material soluble in any organic
solvents, and finally, some define it as material entirely soluble in CS,. According
to [144] there are no standard protocols for extraction procedures, either in terms of
the solvent polarity, sample grinding, temperature, duration of extraction, or stirring
efficiency. Perhaps the main reason why there has not been greater emphasis on this
point is that from a practical point of view, the amounts involved typically represent
only a few percent by mass of the organic matter.

These extractables, bitumen, contain biomarkers or organic compounds whose
structures are related to the chemical structures of the biological material from
which the organic matter was derived [45, 143]. The atomic H/C ratio of bitumen
has been shown to be somewhat higher than of corresponding kerogen see
(Table 5.3).

Qil Shale Conversion Processes: An Overview

Oil shale resources are abundant and widespread throughout the world and oil shale
has been used for energy-technological purposes for hundreds of years (e.g., there is
a shale oil extraction patent dating from 1694, granted by the British Crown, [103]).
Despite this, currently only few countries (Estonia, China, Brazil, Germany, and
Israel) exploit oil shale on a commercial scale. The main reason for this is that oil
shale is a low-grade solid fuel. It cannot compete with coal as a solid fuel, since the
latter is available in richer (lower ash content) easily accessible deposits. Oil shale
is a potential source of liquid fuels, but suffers there from the fact that the world oil
market situation has historically been economically unfavorable in terms of foster-
ing development of upgrading technologies. Generally, there has been need of
government subsidies in order to consider development of an industry based upon
this resource, and the energy market itself (influenced mainly by crude oil price
range and electricity cost) has made oil shale upgrading truly economical only in
the few countries mentioned. Moreover, the economic feasibility of oil shale
development is certain to be strongly affected by further strengthening environ-
mental regulations (air, water, and land use), socioeconomic issues, and market and
investment risks. Taken purely on the basis of greenhouse gas emission per unit of
energy, oil shale is unattractive in much the same way as is any other solid fossil
fuel, such as coal. Therefore oil shale development in recent decades has been quite
chaotic and episodic, and there have been many processes/technologies proposed
and many have been abandoned due to economic reasons.
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Just as is coal, oil shale is also a multiuse organic-mineral raw material whose
economic value has sometimes extended beyond its fuel value. From some oil
shales, uranium and other minerals and rare elements can be extracted. As an
example, in 1946-1952, a marine type of Dictyonema shale [81] was used for
uranium production in Sillamée, Estonia, and in 1950-1989 alum shale was used in
Sweden for the same purpose [36].

Integrated retorting techniques (both ex situ and in situ) have been under
consideration to recover shale oil together with nahcolite, alumina, and soda ash
from some oil shale deposits [77]. However, the major emphasis in oil shale
upgrading has remained on kerogen thermochemical conversion methods (pro-
cesses using heat to liberate oil). There have also been a few studies (laboratory
research) on the use microbial activities to break up kerogen in its mineral matrix
[16, 159].

In principle the general thermochemical upgrading processes that have been
developed and utilized for coals (combustion, gasification, liquefaction, and pyrol-
ysis) can also be used for oil shale upgrading. The goal is, broadly speaking, to
transform the chemical energy locked within oil shale into more concentrated and
conveniently useable forms. However, due to oil shale’s thermal behavior and
character, some types of processes are more favorable than others. It is important
to note that the hydrogen/carbon ratio of oil shale organic matter (typically 1.2—1.6)
is more favorable to production of liquids than that found in coal (typically 0.7-1),
and this reduces the pressure to increase H/C ratio, which has economically been
one of the major stumbling blocks of coal to liquid conversion processes. On the
other hand, with mineral content of between 70% and 90%, considerably higher
than that of commercial coal deposits, oil shale presents the problem of processing
a solid with a high mineral rock content, whose handling and heating in any thermal
process is economically quite unattractive.

Direct Combustion

Oil shale can be utilized as a fuel for thermal power plants, where it is burned
directly as is coal. Currently there are several countries that utilize oil shale as fuel
for power plant fuel: Estonia, Israel, Germany, and China [14, 102]. Some countries
have closed their oil shale-fueled power plants (Romania) or turned to other fuels
(Russia). Other countries are planning to build such plants (Jordan and Egypt), or
burn oil shale together with coal (Canada and Turkey) [14, 51].

There are three commercial technologies in use for oil shale combustion [3]:
(1) pulverized combustion or pulverized firing (PF), as is used in the older units in
Estonia; (2) fluidized bed combustion (FBC), used by Rohrbach Zement in
Dotternhausen, Germany; and (3) circulating fluidized bed combustion (CFBC),
used in two new units at the Narva Power Plant in Estonia, Huadian Power Plant in
China, and PAMA power plant at Mishor Rotem in Israel. Generally speaking, PF
technology is no longer in favor, because it operates at such a high temperature that
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there can be no sulfur capture by the carbonates present in the mineral matter, and
therefore it is environmentally much more problematic. The thermal efficiency of
the new Estonian CFBC units has been reported to be in the neighborhood of about
36%, which is typical of this sort of fluidized bed combustion system. The older PF
units operated at only about 30% thermal efficiency to electricity [52].

An exceptionally extensive study of the correlation between the heating value
and various compositional parameters of Estonian kukersite has been presented by
[7]. While the quantitative results of that study are applicable only to this particular
oil shale, the methodology may well be generalizable. That study suggested that
a good working formula for estimation of the higher heating value of the organic
part of oil shale is

Qu =0.3566C + 1.0623H — 0.13390 + 0.0658S
+ 0.0106N — 0.0280C1

in which the heating value is in MJ/kg and the element symbols represent the mass
percentages of the respective elements in the organic fraction of the oil shale.
As part of the same original study by Saar, the lower heating value of the typical
dried whole Estonian shale is (see [89])

QL = 34.45 — 0.302A — 0.4369(CO,),

in which A is the dry oil shale ash content and (CO,). represents the content of
carbonate mineral CO, in the dry oil shale.

Since direct combustion of oil shale is not the main focus of this review, the
reader is referred to the comprehensive volume recently published by Ots on this
topic [89].

Low-Temperature Pyrolysis

Low-temperature pyrolysis up to at about 500°C (also referred as retorting or
semicoking or low-temperature carbonization) has been historically the most
favored thermochemical conversion process for high-grade oil shales. In this
pyrolysis or retorting process, the organic matter is converted to oil (termed retort
oil, shale oil, shale crude oil), gas (typically called retort gas), and solid residue
(typically termed semicoke in the oil shale industry). The processes can be carried
out either by mining the oil shale and then producing oil by heating it in above-
ground retorting facilities (termed ex situ processing), or by heating the oil shale
underground without mining it and bringing it to the surface (termed in situ
processing). Limiting the processing temperature to below 500°C is desirable, in
terms of maximizing oil yield.
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Oil shales are commonly retorted in commercial ex situ retorts without
beneficiation (organic matter is not concentrated). Commercial ex situ shale oil
production facilities are in operation in Estonia, Brazil, and China. Commercially
produced shale oils are presently used as heating fuels or as feedstocks for produc-
ing chemicals [85]. Due to their broad boiling point distributions, high pour points,
high viscosities, and high heteroatom contents (nitrogen, sulfur, and oxygen), raw
shale oils need to be upgraded to be considered for higher value uses. Retorts could
be included within a petroleum refinery. There have been a number of
investigations on the use the shale oils as refinery feedstocks for manufacture of
motor fuels [87].

High-Temperature Pyrolysis and Gasification

High-temperature pyrolysis (or gasification) under self-generated atmospheres was
historically used to produce town gas (e.g., commercial-scale chamber ovens used
in Estonia, [30]). Just as in the case of town gas produced from coal feedstocks, gas
production from oil shale was abandoned due to economic reasons, largely having
to do with the low cost of production of natural gas.

Modern gasification technologies, applied to conversion of coals or biomass, use
partial oxidation (steam, oxygen) or hydrogen environments. In these gasification
processes, the solid feed material is converted to synthetic gases (composed mainly
of hydrogen and carbon monoxide) that can be further used as combustion fuel in,
for example, Integrated Gasification Combined Cycle (IGCC) plants designed to
produce electrical power, or further catalytically converted (via Fischer—Tropsch
reactions) to produce chemicals, including liquid fuels. However, existing commer-
cial gasification technologies that would lend themselves to integration with
upgrading plants are not economically/technically suitable for oil shale feed
materials, unless the mineral matter is reduced before gasification. There have
been no demonstrations of large-scale oil shale beneficiation technologies for
concentrating oil shale organic matter (to reduce mineral matter) to levels suitable
for proven gasification technologies. Although in principle, oil shale gasification
could be more attractive than shale oil extraction via retorting, especially for low oil
yield oil shales, this thermochemical conversion process has not been a subject of
commercial interest. Over the course of time a number of laboratory-scale to pilot-
scale studies have been carried out on this topic [8, 10, 37, 57, 113].

Other Thermochemical-Based Conversion Technologies

Thermal dissolution or heating in presence of solvent has been considered as an
alternative to “dry” thermochemical conversion such as classical retorting. These
attempts have included those in subcritical and supercritical fluids, reactive and
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nonreactive fluids, and of special interest have been hydrogen-donor solvents that
can provide hydrogen in the conversion process. In the latter case, gaseous molec-
ular H, can also be introduced. Again, there is strong analogy to methods that have
been suggested for direct liquefaction or solvent refining of coals. Examples include
processes such as Solvent-Refined Coal processes (SRC-I and the improved ver-
sion, SRC-II), the Exxon Donor Solvent (EDS) process, and the H-Coal process
[8, 94, 99]. A brief review on recent advances in direct coal liquefaction and a list of
major direct coal liquefaction processes is given by Shui et al. [118].

The thermal dissolution processes generally involve heating the oil shale to
temperatures below those characterized by active devolatilization, as there is
a desire to maximize oil yields and minimize gas production. The temperature
range of active devolatilization depends somewhat upon gas pressure applied to the
system.

The thermal dissolution of oil shales has been mainly of academic or research
interest as the H/C ratio of oil shale organic matter is already much more favorable
than of coal. For more information on oil shale thermal dissolution, there are recent
brief reviews covering the topic [48, 136] and, separately, supercritical extraction
[67, 139]. One step toward commercial development is the proposed 1 ton/h so-
called Rendall process demonstration plant under construction in Australia by Blue
Ensign Technologies Limited. This process is designed to use oil shale from the
Julia Creek deposit in Queensland and to hydrotreat it in a two-stage process using
a petroleum-based solvent. Again, this proposal is only at a laboratory stage.

A considerable amount of work (up to process-development unit scale) has been
published on hydropyrolysis or pyrolysis under high hydrogen pressures, including
catalytic hydropyrolysis and hydrogasification [8, 109]. Indeed, this technology was
already explored in Estonia in the 1930s [68].

Shale Oil Production

General Considerations Regarding Process Temperatures

Technologies to recover oil from oil shale are based on thermal breakup of kerogen,
the cross-linked macromolecular organic matter of oil shale. All present technolog-
ical approaches require heat to take kerogen to temperatures at which thermochem-
ical conversion processes are sufficiently fast to be of interest from a practical point
of view. As noted above, depending on process conditions the thermochemical
conversion results in three general classes of products with different quantities and
varying qualities. These products are the oil (more generally non-polymeric organic
compounds with a wide molecular weight distribution), a carbon-rich solid residue,
and gas (including water vapor).
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Kerogen decomposition rates increase with temperature, subject to the Arrhenius
rate law. The rates will be quantitatively explored in a later section. Kerogen
decomposition is slow at low temperatures and occurs on a time scale of days to
years below 350°C, which is why practical processes are generally carried out at
higher temperatures. The decomposition becomes fast enough for practical
purposes at temperatures of 400°C and above. Cummins and coworkers [25]
studied Green River oil shale low-temperature isothermal pyrolysis from 150°C
to 350°C. They showed that 2% of kerogen was converted to benzene solubles in 90
days at 150°C and in 360 days 7.7% of kerogen was converted. At 200°C in 90 days
3% was converted, and in 360 days 8.9%. When the temperature was raised to
300°C in 0.5 days 3.3% was converted and in 4 days 12.8% yield was obtained.
Finally, at 350°C in 0.5 days 27.6% and in 4 days 65.1% of kerogen was converted
into benzene solubles.

The above demonstrates that there is actually no lower temperature limit for
kerogen decomposition, consistent with what would be concluded from Arrhenius
kinetics; rather, the question lies in establishing the time scale needed at any
particular temperature. It is the fact that practical ex situ (i.e., in retort) conversion
processes must be carried out on the timescale of minutes or hours, at most, that sets
the commonly cited “lower temperature limit” for decomposition. These limits may
be extended for in situ techniques, where confinement volume in an aboveground
retort is no longer a consideration, but there is still a lower limit at which the process
would simply take too long to be practical.

Real processes can be run under conditions varying from slow heating rate and
long residence time to fast heating rate and short residence time. For example, in
aboveground (ex situ) retorting equipment, heating rates, and residence times can
vary from the order of 1°C/min and hours to of order of 1,000°C/min and seconds,
respectively. The former is encountered, for example, in moving bed coal gasifier
type retorting equipment, which utilizes particles with size on order of 100 mm
(e.g., 10-125 mm for the Kiviter process, [101]). The latter high heating rate
conditions are encountered in fluidized bed reactors, which use small particles
with sizes below a few millimeters. In all these retorting processes (which take
place in an inert gas environment or under self-generated gas environment with
very low oxygen content, or in a reactive, non-oxygen environment), the oil shale is
heated up to the active pyrolytic reaction region from 450°C to 550°C, where oils
and gases evaporate and hydrogen-deficient organic matter or semicoke is left in the
solid phase.

In situ processes generally involve heating rates below 1°C/min, because of the
impracticality of rapid heating in an in situ environment. The relatively
low-temperature range of 340-370°C, with time scales of years, is utilized by
Shell in its in situ (underground) conversion process (Shell Oil Shale Test project)
[77]. The above-cited timescales for kerogen conversion show that it is not the
kinetics of conversion alone that determine these long times; rather, they are also
influenced by the time needed to heat the large volumes of rock and to allow the
released oil to flow out of the shale.



5 Oil Shale Processing, Chemistry and Technology 119
Other Processes Taking Place During Retorting

Destruction of kerogen by heating is accompanied by processes in other oil shale
constituents, that is, in bitumen and mineral matter. These processes include:

* Solvent-extractable organic matter or bitumen (non-covalently linked non-
polymeric compounds) can vaporize or decompose, depending on their thermal
stability. Depending on the oil shale, the bitumen content can constitute up to
20% of organic matter [159], though as noted above it is generally much less
than this. If able to quickly escape the hot oil shale and be cooled, these
compounds should be captured in a relatively minimally altered form.

* Mineral matter present in oil shale can have catalytic effect on thermochemical
conversion processes of kerogen [41, 116]. Also, the minerals themselves can
decompose at temperatures of thermochemical conversion of kerogen. Some
minerals can partly or fully decompose even under typical retorting conditions
(e.g., nahcolite, dawsonite, analcite, smectite, kaolinite, siderite, and pyrite)
[76, 89, 92]. These decomposition reactions are generally endothermic.
At temperatures around 450°C magnesium carbonate starts to decompose [76].
The interaction of a mineral with organic matter or other minerals present in the
oil shale can cause altered thermal behavior, relative to the pure mineral [103].
Rajeshwar and coworkers have summarized thermal characteristics/behavior of
minerals (17 minerals) commonly found in oil shale deposits [103]. Thermo-
chemical properties and mineral reactions of oil shale minerals have been
reviewed by many authors (e.g., [76, 77, 88, 92, 103]).

e Trace elements of oil shale can distribute between retorting gas, oil, solid
residue, and retort water [93]. For example, there may be the presence of trace
elements of environmental concern (arsenic, selenium, mercury) in retort oil,
gas, or water [8, 92], or trace elements in oil (vanadium, iron, nickel, arsenic) can
poison refinery catalysts [92, 93]. Actual concentration values depend on the
retorting process and, of course, the trace element composition of specific oil
shale. Most of the trace elements are retained in the solid spent shale itself [8].

Thermal Effects During Retorting

Large quantities of heat are required to manufacture a usable fuel (liquid or
gaseous) from oil shale. Heat requirements include (1) heating the mineral and
organic matter to reaction temperature; (2) providing the heat of reaction related to
organic matter decomposition and heat effects covering chemical changes in
mineral matter; (3) providing the heat of vaporization of volatiles (oil and water).
The thermal management of processes must also include provision for cooling the
products of the process back to ambient temperatures. The major amount of process
heat is consumed with heating mineral matter. The total heat requirement for
heating oil shale to 500°C, including allowing for vaporizing volatiles, is observed
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to be about 650—750 kJ/kg of oil shale [99]. The heat of the pyrolysis reactions is by
itself relatively small [8, 99]. A review of some recent applications of differential
scanning calorimetry (DSC), mainly aimed at providing kinetic information, also
provides reference to some recent work on thermal effects of pyrolysis [70].

Assay Methods: Determining Potential Oil Yield
and Its Relationship to Other Properties

Procedures for determining oil production potentials are known as assay methods.
Assay methods generally involve laboratory scale slow heating rate (order of 10°C/
min) batch pyrolysis systems or so-called carbonization tests. The procedures were
developed to provide a simple and reproducible basis for fossil fuel (coal, lignite,
oil shale) characterization and comparison, as opposed to providing scientific
insights into the material.

The modified Fischer assay method has been widely used (since 1946) to
evaluate the approximate oil potential of oil shale deposits and compare different
oil shales. The term “modified” denotes that the original Franz Fischer method
[161], used in Germany to characterize coals was taken over to characterize oil
shales and has gone through improvement in this process. The technique has been
standardized as the American Society for Testing and Materials Method (ASTM
method) D-3904-80, D3904-85, and D3904-90 or as the International Organization
of Standardization (ISO) standard ISO 647-74 or as the GOST 3168-93 (the GOST
is the former Soviet Union Standard).

The standardized modified Fischer assay method (ISO 647-74; GOST 3168-93)
consists of heating a 50-g dried and crushed oil shale (90% particles passing
through a 1-mm mesh, with not more than 50% particles passing through a
0.2-mm mesh) in a specially designed cast aluminum retort (made of 99.5%
aluminum) to 520°C in 70 min with decreasing heating rate, followed by holding
the sample at that temperature for 10 min. The process is performed in a self-
generated atmosphere. The distilled vapors of oil, gas, and water are passed through
a condenser cooled with ice water, and collected into a graduated centrifuge tube.
The oil and water are then separated by centrifuging. The quantities reported are the
weight percentages of shale oil (and its specific gravity), water, shale residue, and
“gas plus loss” by difference.

The above procedures were developed to provide a reproducible basis for oil
shale characterization/comparison. Estimated errors are not expected to be greater
than 5% (relative) under the standardized conditions used [55]. However, the
Fischer assay is a static assay under self-generated “inert” atmosphere and factors
such as cracking of volatiles due to long residence time in a hot zone, and char
forming reactions [38] can limit the oil yield. Therefore, for example, use of an
inert gas sweep [38] provides greater oil yields than from Fischer assay under
a self-generated atmosphere. It is not uncommon to encounter laboratory retorting
results in which oil yields exceed Fischer Assay results.
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Table 5.4 Fischer assay yields, dry organic matter basis, of some selected Type I and II oil shales.
Parent organic matter H/C and O/C ratios are also shown

Green River Eastern USA
(Utah, USA) El-lajjun Kukersite Devonian Dictyonema
[141] [88] [141] (Antrim) [141] [141]
H/C ratio of 1.52 1.42 1.51 1.14
organic matter
O/C ratio of 0.08 0.05 0.11 0.23
organic matter
Kerogen type I 1 /11 11 I
Oil yield, wt% 59.3 61.9 60.0 222 19.8
Gas yield, wt% 22.7 20.9 21.5 25.1 16.5
Semicoke yield, wt 11.8 10.8 9.1 42.5 454
%
Retorting water 6.2 6.4 9.4 10.2 18.3

Other assays, developed for carbonization tests of fossil fuels, have also been
applied to characterizing oil shales, and include the Heinze retort [24], the Gray and
King method (developed in England) [152, 161], the original Franz Fischer method
[161], the Bureau of Mines oil shale method [161], the Tosco material balance
assay (with collection of gaseous products) [8], and the “material balance” Fischer
assay method (modification for collection of gaseous products) [47]. Also, results
based upon various TGA analyses have been used by many investigators, and are
not necessarily directly comparable to the results from Fischer assay methods.

One widely applied oil shale rapid characterization and screening method is
Rock-Eval analysis [9, 73]. Rock-Eval pyrolysis has been used to evaluate the
maturity of the rock, as well as its richness (organic carbon content) and quality (oil
and gas potential) [95]. The technique is based on temperature-programmed heating
of a small sample (under 100 mg) in an inert atmosphere (helium or nitrogen) up to
600°C (to 800°C using version Rock-Eval 6). Evolution of hydrocarbon volatiles is
monitored by a flame ionization detector, and carbon dioxide (CO,) by other means,
such as an infrared analyzer or a thermal conductivity detector, for example.
The basic method was designed to measure the amount of free hydrocarbons in
the sample (S;), the evolution peak temperature (T,,.,) and the amount of
hydrocarbons generated through thermal cracking of nonvolatile organic
matter (S,), and the amount of CO, produced during pyrolysis of kerogen (S3).
Based on these, the Hydrogen Index (HI) as mg S, per gram of total organic carbon,
Oxygen Index (OI) as mg Sz per gram of total organic carbon, and Productivity
Index (PI) as S{/(S; + S,) can be calculated. Rock-Eval pyrolysis temperature T,
and HI are used to evaluate maturity of oil shales. HI and OI have been used to
construct a modified van Krevelen diagram.

Thus the approximate grade of oil shale (average oil yield) has been determined
historically in laboratory batch retorts such as the “modified” Fischer assay method
or the Rock-Eval technique. There are high and low oil yield kerogens based on
modified Fischer assay results. Tables 5.4-5.6 are compiled to show how the
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Table 5.5 Fischer assay gas compositions of the selected Type I and II oil shales shown in Table 5.4

Green River Eastern USA

Gas composition, (Utah, USA) El-lajjun  Kukersite  Devonian (Antrim) Dictyonema
vol% [141] [88] [141] [141] [141]

CO, 30.3 14.5 25.0 9.7 13.6

H,S 33 25.2 8.8 29.1 20.3

C,.H, 2.0 9.3 16.1 2.6 7.5

CO 16.8 1.0 7.9 14.3 5.7

H, 24.2 21.6 8.2 224 27.1
C,Hs,10 21.2 28.4 34.0 19.2 25.8

Table 5.6 Fischer assay oil elemental compositions of the some selected Type I and II oil shales
shown in Table 5.4 [141]

Green River Eastern USA
(Utah, USA) Kukersite Devonian (Antrim) Dictyonema
C 84.7 83.0 83.8 83.3
H 12.0 9.9 10.6 9.3
S 0.6 1.1 1.8 2.6
N 2.1 0.1 0.7 1.0
O (by difference) 0.6 5.9 3.1 3.8
H/C 1.7 1.43 1.52 1.34
o/C 0.005 0.05 0.03 0.03

composition of kerogen affects the product yield and product composition.
Table 5.4 also confirms a general observation that the amount volatiles generated
during thermochemical conversion under an inert environment up to about 500°C
decreases from kerogen Type I to Type II, and gas to oil ratio and semicoke to oil
ratio increase from Type I to Type II [128]. It should be noted that a Van Krevelen
diagram-based classification of oil shale behavior (based upon H/C and O/C ratios)
provides only a rough prediction of behavior, and better correlations between
pyrolysis yields and organic matter types might need additional indicators or
different classification approaches [166].

As the modified Fischer assay has been a standardized method for evaluating oil
yields of different oil shales, the chemical and physical properties of different oil
shale deposits have been correlated with Fischer assay results. Properties that are
successfully correlated include, for example, density, thermal conductivity, organic
carbon, total hydrogen, aliphatic/aromatic carbon, and unpaired electron concen-
tration [82]. In general, each specific deposit exhibits its own correlations and these
correlations need to be derived for the specific deposit, as the relationships are
mostly empirical.

Thermochemical conversion of oil shale kerogen to oil produces changes in oil
chemical composition relative to the original oil shale organic matter. Analysis of
data on hundreds of oil shales (compiled by Urov and Sumberg [141]) indicates that
the Fischer assay oil H/C ratio can be either lower or higher than that of the parent
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organic matter. This is consistent with an observation that shale oil aromaticity can
be greater or lower than that of the parent kerogen [82].

There are a number of papers [90, 141] concerned with characterization of
Fischer assay oils, examining, for example, elemental composition, molecular
weight (varying from 190 to 310 Da), density (or specific gravity varying from
0.8 to 1.04, with only a few exceptions < 1), heating value (3944 MJ/kg), viscosity,
boiling range (30-70% boiling over up to 350°C), and chemical groups (nonaro-
matic hydrocarbons, aromatic hydrocarbons, heteroatomic compounds, etc.).

It was already noted that the Fischer assay is a standard method and it does not
provide either the maximum or minimum oil yield that can be produced from
a given oil shale. Changes in parameters such as reactor configuration, particle
size, heating rate, pressure, or pyrolysis environment also can affect product yields
and compositions [8, 23, 157]. In real processes these factors are not always
independent, as, for example, high heating rates require fine particles or hydrogen
environment is used with high pressure.

Heating Rate Effects on Retorting Oil Yields

Fluidized bed retorting, where heating rates reach 1,000°C/min and particle sizes
below a few millimeters are used, produce higher oil yields than obtainable from
Fischer assay. For example, yields about 110% relative to Fischer assay have been
reported in the case of Green River oil shale and about 150% of Fischer assay for
eastern US Devonian shale [23]. Fluidized bed pyrolysis shows, in addition to
increased oil yield and decreased gas yield, different oil properties such as higher
aromaticity, molecular weight, density, and viscosity [23], as compared to Fischer
Assay oils. It should also be noted that laboratory-scale fluidized bed retorting
experiments usually resulted in higher oil yield than commercial-scale design
retorts [23].

In large-scale retorting systems, high heating rates require high heat-transfer
rates, and thus, a finely ground feed. Therefore differences in products from low and
high heating rate thermochemical conversion processes are influenced also by the
effect of particle size. The larger the particle, the slower the mass transfer rate of
volatiles to the outer surface of particle, and thus, the more opportunity for the
products to undergo secondary reactions that would alter their nature. Hence, it is
difficult in most cases to separate the effects of heating rate and particle size.

Pressure Effects on Retorting Yields

The mass transfer of oil out of pyrolyzing particles is affected by the pressure
difference between the particle interior, where the products are produced, and the
surrounding atmosphere. Delayed escape of the volatiles can result in secondary



124 V. Oja and E.M. Suuberg

cracking reactions of higher molecular weight products, resulting in lower oil yields
and increase gas and char yields.

With an increase in pressure under an inert environment (or self-generated envi-
ronment) the oil yield decreases, the gas yield increases, the char yield increases, and
oil specific gravity and viscosity decrease. Also, the amount of lighter distillate oil
fraction increases [8]. All of these phenomena are consistent with a process of
cracking of higher molecular weight oils to lighter oils (with deposition of coke).
Different results can be seen when reactive pyrolysis atmospheres (such as hydrogen
or steam) are used. On the other hand, these conclusions are not necessarily general, as
in high heating rate (1,000 K/s), small particle pyrolysis, oil yields were observed to be
quite similar, decreasing only a small amount with increasing pressure above
a temperature range of 800-900 K [131]. The oil loss at higher pressures was
associated with the occurrence of cracking reactions. The molecular weight
distributions of the shale oil were relatively insensitive to pressure, though at higher
temperatures, higher pressures tended to slightly favor lower molecular weights. The
results of this work also showed clearly that there was an evaporative equilibrium
responsible for determining the molecular weight distribution in the oil, as the average
molecular weights in the oil were significantly below those of the extractable
thermobitumen left in the shale. Hence the effects of pressure are associated with
evaporative processes, though these effects are not as significant as they are in
determining the yields of tars from coal pyrolysis [127, 132].

Effect of Gas Atmosphere on Retorting

An inert gas sweep of a retort provides greater oil yields than obtained from the
Fischer assay procedure under self-generated atmospheres [38]. Pyrolysis in
a steam atmosphere has been shown to have favorable effect on products by
improving yield and quality of shale oil [38] relative to Fischer assay. In fluidized
bed experiments, steam has been studied as one possible fluidization medium
[23, 38]. However, the beneficial effect of steam relative to nitrogen is the subject
of dispute among different researchers [38].

Pyrolysis under high hydrogen pressure (hydroretorting, hydropyrolysis) is
shown to be a potential way to upgrade low-oil grade oil shales to oil.
Hydroretorting results in increased oil yield and more aromatic oil with lower
heteroatom content and lower molecular weight distribution [106]. Hydrogen
pressures of ca 5—10 MPa were sufficient to have an effect [106]. In some studies,
higher pressures, 15 MPa, have been used [24]. A hydroretorting assay unit has
been developed along with a standardized procedure for its use [106]. In this unit
(538°C and hydrogen pressure 6.9 MPa) for low oil yield oil shales (Type II
kerogens), oil yields can be increased several times relative to Fischer assay,
even 400% over Fischer assay yield [106].
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Chemical Aspects of Oil Recovery by Retorting

Shale Pyrolysis in Comparison to Coal Pyrolysis

The process of recovering shale oil is concerned with decomposition of kerogen,
the major portion of oil shale organic matter. Kerogen is a cross-linked macromo-
lecular structure whose thermal behavior depends upon the severity of heating,
yielding either mostly hydrogen-rich solvent soluble material or light volatiles
(oil, gas) and a carbon-rich solid residue. The overall pyrolysis process is extremely
complex with a variety of physical-chemical mechanisms. The composition and
yields of pyrolysis products depend on the type and characteristics of oil shale
(primarily of kerogen), and as noted above, the particle size, final temperature,
heating rate, residence time of vaporizing products in hot zone, pressure, and
pyrolysis atmosphere. The possibly important role of secondary reactions has
been noted in several places above.

In the period from 1970 to 1990, there were extensive theoretical and experi-
mental studies on coal pyrolysis, and relatively fewer such studies on oil shale. The
aim of both research communities was to improve the fundamental understanding
of pyrolysis chemistry with an ultimate objective of developing realistic simulation
models. The examination of coal pyrolysis tended to place great emphasis on the
importance of the interplay between chemical and physical processes encountered
in pyrolysis, something that received less attention in the shale pyrolysis work.

Coal pyrolysis is an important phenomenon inasmuch as it is an initial step in all
major coal thermochemical conversion processes such as combustion, gasification,
carbonization, and liquefaction. The past 4 decades resulted remarkable advances in
the modeling of coal pyrolysis. There was a shift away from simple, empirical
kinetic models to use of more complex “network” devolatilization models. Those
models provide detailed predictions of pyrolytic behavior for a wide variety of coals
under variable temperature, pressure, and heating rate conditions. There are many
extensive reviews and books published on coal pyrolysis [76, 127], covering the
chemistry of pyrolysis, mass transfer effects, comparison of experimental data and
models, etc.

In some ways oil shale is similar to coal as the organic matter is mostly
a macromolecular three-dimensional structure, however, with different organic
compositions and hydrogen-carbon skeletons. Therefore, oil shale pyrolysis is
characterized by different product characteristics and by different rates and extents
of pyrolytic process events (cross-linking, swelling, softening, resolidification, and
devolatilization). The pyrolytic devolatilization processes of oil shales occur at
somewhat lower temperatures than do the same sorts of processes in coals. The
active devolatilization starts at about 350-400°C with a maximum in the range of
400-500°C and completes at about 500-550°C. The oily pyrolysis products are
more volatile (with higher hydrogen/carbon ratio and lower molecular weight
distribution) than the coal tarry products. Oja has demonstrated that the kukersite
oil shale primary tar (oil) produced during moderate rate pyrolysis (~5°C/s) under
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a nitrogen sweep in a tubular furnace is easily volatile below the temperatures of
active devolatilization [86]. This is not generally the case for coal liquid (tar)
pyrolysis products.

It can be assumed that the general principles used to model the mechanisms of
coal pyrolysis could also be used to describe oil shale kerogen pyrolysis. For coal,
the following pyrolysis event sequence was proposed [127]: disruption of hydrogen
bonds; vaporization and transport of non-covalently bonded ‘“guest” molecules;
low-temperature cross-linking (in low rank coals) that is accompanied with CO,
and H,O evolution; bridge breaking and fragmentation of the macromolecular
network (depolymerization); hydrogen utilization to stabilize free radicals; vapori-
zation and gas phase transport of light fragments; moderate temperature cross-
linking reactions to resolidify the macromolecular network; decomposition of
functional groups to produce light species or gases; and high-temperature conden-
sation of the macromolecular network involving hydrogen elimination. In most
respects, the same processes must take place in oil shale pyrolysis.

The importance of the extent and timing of cross-linking in the pyrolytic
processes of coals has been emphasized in coal pyrolysis models. A number of
studies have been performed on swelling of thermally pretreated coals indicating
loosening and/or tightening of coal structures in the temperature region prior to tar
evolution or active pyrolysis. This phenomenon was found to depend on coal rank:
changes in lower rank coals indicate low-temperature cross-linking whereas trends
in higher rank coals vary from no observable changes to structural relaxation. It was
observed that the extent of low-temperature cross-linking was associated with
decomposition of carboxyl groups and possibly hydroxyl groups as formation of
new cross-links before devolatilization happened together with CO, and water
release. It has been concluded that low-temperature cross-linking results in low
tar yield and can be a reason for the non-softening pyrolytic behavior seen in low
rank coals. The importance of such processes in oil shale pyrolysis will be consid-
ered below.

General Observations of Oil Shale Pyrolysis Phenomena

A large number of studies (including reviews) on pyrolysis of oil shales have been
conducted and reported over the course of history. The pyrolytic behavior of oil
shales have been investigated generally based on individual oil shales or in some
cases generalized to oil shale kerogen types (Type I, II, or III in accordance of Van
Krevelen diagram) [35, 46, 121]. Although kerogen types (similar to coal ranks)
have been shown to be useful for generalizing oil shale kerogen (organic matter)
behavior, it should be kept in mind that differences between kerogens make a large
difference in behavior, and the trends with kerogen type have not been firmly
established.

There have been a number of studies of the changes in kerogen structure (in the
solid organic residue) during pyrolysis/heating. These changes involve elemental
composition, functional group losses and other structural modifications, as well as
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changes in the number of free radicals. Techniques employed for tracking the
changes include, for example, elemental analysis, Fourier transform infrared spec-
troscopy, solid-state nuclear magnetic resonance (NMR) spectroscopy, electron
microscope or electron spin resonance [28, 119]. There are of course also a great
number of studies on volatile product evolution during pyrolysis. This includes
evolution of volatile products correlated with kerogen functional group decompo-
sition. Techniques used have included Fourier transform infrared spectroscopy,
mass spectrometry, or gas chromatography [105].
For properties of crude shale oils readers are referred to [8, 85, 99, 142].

Observations Regarding Changes in the Macromolecular Structure
of Oil Shale Kerogens During Pyrolysis

In relation to the different oil yields observed in the case of pyrolysis of Type I and
Type II kerogens (see Tables 5.4-5.6), solvent swelling experiments on thermally
pretreated oil shales have indicated that high oil yield kukersite kerogen (Type 1),
which exhibits softening pyrolysis behavior during pyrolysis, shows a tendency
toward structural relaxation in the low-temperature pre-pyrolysis region [111]. This
observation is qualitatively comparable to that seen in high tar-yield softening
coals. On the other hand, low oil yield Dictyonema kerogen (Type II), which
exhibits non-softening pyrolysis behavior, shows a tendency for pre-pyrolysis
cross-linking or structural tightening [163], similar to what happens in low rank
non-softening coals [126].

Mechanisms and Kinetics of Kerogen Decomposition

Mechanisms of kerogen decomposition have been the subject of numerous studies,
including many different experimental techniques, and have involved both
isothermal and non-isothermal procedures. Techniques used have included
thermogravimetry, differential scanning calorimetry, differential thermal analysis,
Rock-Eval, and various other types of reactors. These studies tracked changes in at
least one pyrolyzing kerogen-related component (parent material or product) as
a function of time and temperature. In many such studies, complex materials, such
as pyrolysis oil, are considered as single pseudo-components. There are many
papers that consider the mechanisms and kinetics of kerogen decomposition, and
only a sampling of these is offered here [4, 5, 13, 18, 26, 27, 29, 39, 53, 58, 61, 63,
69,76, 103, 121, 130, 134, 136, 138, 148, 150, 153, 154, 156]. Despite the existence
of arelatively extensive literature on oil shale pyrolytic behavior, very few analyses
and reviews are available that offer comparison between the available information
or comparison to coal and biomass research results.

Different mechanisms, with various degrees of complexity, have been proposed
to describe oil shale pyrolytic behavior. Generally, these are based on tracking
intermediate, primary, and secondary pyrolysis products, often without a clear
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Fig. 5.3 Comparisons of kinetics of kerogen pyrolysis. (a) A comparison of rates on Estonian
kukersite kerogens. Thick lines [59, 60, 62]; thin lines from Oja (unpublished results); lines with
crosses [96]; line with small circles, [160]. (b) A comparison of rates obtained on Colorado Green
River Oil Shale. Dark line with crosses [12]; thin solid line [78]; heavy dashed line [25]; heavy
dotted line [21]; heavy dashed-dotted line [149]; thin line with small black points [124]; thin dotted
line with crosses [96]; thin dashed-dotted line with circles [19]; thin dashed line [84]. (c)
A comparison of rates obtained on kerogens from Rundle Australian Oil Shale. Heavy line with
crosses, [147]; thin line [96]; heavy dashed line [84]; dotted line [91]

identification of all of the products in any of the classes being tracked. Kinetic
parameters have been calculated by fitting experimental data to an assumed semi-
empirical model of the pyrolysis process. There is, thus, not surprisingly a large
variation in reported kinetic parameters (activation energies and frequency factors).
Consequently, the results are often of limited generality, applicable to the particular
experimental conditions studied, often potentially influenced by heat and mass
transfer limitations on observed kinetics.

A sampling of kinetic results is shown in Fig. 5.3. These results have been taken
from studies in which both activation energies and pre-exponential factors have
been reported. Except as noted, they are based upon a model of pyrolysis that is first
order in kerogen, and normally the rate data are those either for total mass loss or
the production of oil. Hence, the “model” can be simply represented as:
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dX/dt = —Aexp(—E/RT)X

in which X is a conversion parameter, expressed in terms of remaining unconverted
fraction. In many of these studies, a variety of different fitting techniques were
employed (e.g., Friedman, Coates-Redfern, and simple Arrhenius). The point here
is not to evaluate the different methods or studies one against the other, but to
provide a rough sense of how much agreement there is in the literature on pyrolysis
kinetics.

It is immediately apparent that despite the clustering of results on the graphs, the
actual rates in the temperature regions of most interest can diverge from one another
by significant amounts. In the case of the kukersite samples of Fig. 5.3a, the
difference near 400°C (1,000/T[K] = 1.49) is about two orders of magnitude. The
spread in reported values for Green River oil shale is not as great near 400°C see
(Fig. 5.3b, which shows an order of magnitude spread), but there are still significant
differences in reported activation energies that lead to differences of even greater
magnitude near temperatures of interest. Likewise, there is a significant disparity in
the results reported for Rundle Australian oil shale kerogen in Fig. 5.3c. Also, these
results point out that there can be significant differences between the kerogens from
different samples. The kerogen from kukersite shows typically higher reactivity
than is shown by the Green River or Rundle samples. Hence, there is not surpris-
ingly a dependence of kinetics on the origin of the shale.

This comparison of kinetics is not offered to evaluate the relative merits of any
one study over another. It is to point out that there remain significant unresolved
differences in reported kinetics, and that this is an issue that will seemingly require
further work to resolve.

The Nature and Role of Thermobitumen

At many pyrolysis conditions, thermobitumen (also referred as pyrolytic bitumen or
“metaplast” in coal chemistry) is an important intermediate of oil shale pyrolysis.
The formation of the thermobitumen has historically caused technological
problems in retort design and development due its sticky and plugging character.
The thermobitumen can be defined as an intermediate organic substance, which is
organic solvent-soluble but nonvolatile at its formation temperatures. Several
researchers define the bitumen more specifically as a benzene soluble pyrolysis
intermediate [165]. The nonvolatile thermobitumen is used in models as a single
pseudo-component that precedes oil generation. In contrast to the thermobitumen,
the oil is defined as a volatile organic product of the pyrolysis process. The kinetics
of thermobitumen formation have been described in several papers, for Green River
oil shale in [18, 165] and for Kukersite oil shale [62, 64, 136].

The observation of thermobitumen formation has been incorporated into
a number of mechanisms [8, 76, 83]. Generally pseudo-first-order formation
reactions are assumed. For example, a qualitative thermal degradation mechanism
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Fig. 5.5 Time and temperature dependence of pyrolytic bitumen for Colorado and Kentucky oil
shales ([165], with permission)

proposed by [1], and now fairly widely accepted in general form by many other
researchers, is shown in Fig. 5.4. It embodies the well-established feature that there
is a breakdown of kerogen to extractable bitumen that precedes a significant amount
of oil release. The thermobitumen formation, its composition, and yield, are related
to the time—temperature history of the process and to the oil shale kerogen structure.
It is now more generally believed that it is the second stage of volatiles formation
(from the thermobitumen) that gives rise to most of the oil product. Light gases may
be released in both volatiles’ release periods.

Figure 5.5 shows the time and temperature dependence of thermobitumen yields
for western US high oil yield Colorado oil shales (Type I kerogens) and eastern US
low oil yield Kentucky New Albany oil shale (Type II kerogens). Figure 5.5
indicates that low oil yield non-softening oil shales cannot form considerable
amounts of intermediate pyrolytic bitumen. This has been explained by cross-
linking behavior of these oil shale kerogens and direct kerogen conversion to
residue, but also by autocatalytic reactions between bitumen and kerogen [165].

There are few studies on thermobitumen characterization, but generally its
chemical, physical, and thermodynamic properties have been little studied. The
properties and composition (elemental composition, molecular weight distribution)
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Fig. 5.6 Molecular weights of oil and bitumen versus time and temperature for (a) Colorado
(Exxon-Colony) and (b) Kentucky (New Albany) oil shale ([165], with permission)

of thermobitumen is temperature and time dependent. Figure 5.6 shows the average
molecular weights of oil and bitumen as a function of time and temperature for
western US Colorado (Exxon-Colony) and eastern US Kentucky (New Albany) oil
shales, and Table 5.7 presents thermobitumen characteristics of Estonian kukersite
oil shale. The results of Table 5.7 show the expected decrease in bitumen molecular
weight as conversion progresses to greater extents at higher temperatures.

These and other available studies [136, 137] indicate that the thermobitumen
relative to oil produced at same temperature has lower H/C atomic ratio (and higher
aromaticity) and higher number-average molecular weight (depending on oil shale
and temperature-time history, the thermobitumen can exceed a value of 1,500 Da).
It was noted by Miknis and Turner [165] that atomic H/C and number-average
molecular weights of the thermobitumen produced were strongly time and temper-
ature dependent, while oil showed remarkably constant values at all times and
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Table 5.7 Thermobitumen characteristics of Kukersite oil shale (elemental composition of
organic matter C 82.1%, H 10.63%, S 0.75%, O + N 6.5% and atomic H/C 1.55) from thermo-
chemical conversion in a Fischer retort [65, 162]

Process conditions Yield, % thermobitumen Elemental composition, %

(temperature, time) ~ per organic matter C H S O+ N H/C Mol. weight
275°C, 456 h 17.9 83.0 10.1 0.50 6.7 1.46 710
300°C, 387 h 69.8 85.1 8.77 0.32 5.8 1.24 1,300
340°C, 12 h 59.8 83.8 9.78 0.52 59 1.40 1,240
360°C, 4 h 63.8 83.6 9.56 0.50 6.3 1.37 790
380°C,4 h 35.6 853 8.85 0.53 53 1.25 651

temperatures. These results on bitumen are in general agreement with the results of
[131] on Colorado oil shale, which showed that this fraction had a very high
molecular weight (a significant fraction >1,000 Da). In this latter study, the oil
itself had a higher number-average molecular weight than observed by Miknis and
Turner [165], presumably due to the difference in pyrolysis conditions, which
favored evaporation of higher molecular weight fractions.

In addition to direct pyrolysis (retorting) other technological solutions, such as
supercritical gas extraction, hydropyrolysis, or thermal dissolution with solvents,
take advantage of the chemical processes that occur at thermobitumen formation
stage.

Competitive Reaction Processes and Hydrogen

An important concept in coal thermochemical decomposition is formation of
volatile and nonvolatile reactive radical components as a result of bond breaking
in the macromolecular structure. Reactions between radical components can lead to
char formation, if the radical species involved are located on large fragments of the
network structure. Stabilization of radicals by hydrogen can result in volatiles (or
potential volatiles), if the hydrogen capping of the structures prevents their
incorporation into a new network structure.

On the other hand, the formed volatiles can undergo secondary reactions prior to
escaping the reacting particles. This may happen in contact with solid material or in
the vapor phase. Such secondary reactions are promoted by long residence times in
high-temperature zones within a particle or a reactor. Thermochemical conversion
in the presence of hydrogen can result in an increase in non-polymeric volatile
hydrocarbons, if a radical secondary reaction pathway can be intercepted by
hydrogen capping of a radical. In addition to helping reduce the macromolecular
structure to smaller species by the above routes, hydrogen is also consumed in
reducing sulfur, nitrogen, and oxygen that exist in the kerogen structure [99].
Hydrogen can be introduced into these roles either directly from the gas phase or
from a hydrogen-donor solvent [99]. There are effects of temperature, pressure, and
catalysts on these hydrogen reaction pathways [99, 107].
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Technological Aspects of Shale Oil Recovery

The fundamental chemical and heat and mass transfer processes in oil shale
retorting have been described to a limited degree in comparison to similar coal
and biomass processes. By comparison, there is a rich literature on practical oil
shale retorting technologies (including flow sheets, process descriptions, and prod-
uct characterizations) [8, 30, 99]. There are also reviews/reports covering processes
from laboratory scale through process-development unit scale to commercial scale:
[15, 20, 85, 97, 101, 122, 140, 142]. The above books and reviews also cover
a number of other important topics associated with oil shale processing, such as
availability of oil shale reserves [77, 85, 142], oil shale mining [8, 85], research and
development needs [77, 85], socioeconomical problems [85], environmental impact
[77, 85, 142], oil shale upgrading economics and shale oil cost components [38],
shale oil refining [85, 129] and future perspectives [129, 142].

Over hundreds of years of oil shale development, hundreds of retorts (retorting
processes) have been invented [85]. Through the long history of oil shale utiliza-
tion, ex situ (above the ground or surface) retorting technologies have been practi-
cally the only commercial technology for oil production from oil shale. In ex situ
processing, the oil shale must be mined (using surface mining or underground
mining), crushed, and transported to the processing plant for retorting. By compari-
son, in situ processes cause less land surface disturbance associated with mining.
This may involve limited excavation to access oil shale sources or to create
permeability by fracturing or drilling heater holes or production wells. Because
the oil shale is retorted in the ground, in situ processing requires that the produced
oil be extracted through an oil well in the same way as is conventional crude oil
[20]. Therefore, commonly cited advantages of in situ process are limited mining
and solids’ (oil shale and spent shale) handling, and no expense associated with
aboveground retorting equipment. The disadvantage of in situ processing involves
the complexity in controlling process parameters. There are also concerns raised
regarding the ability to capture all of the oil produced underground.

In addition to the issues of technical viability (including process controllability)
and capital cost, the choice to use ex situ as opposed to in situ processes depends on
factors such as richness of the oil shale, the depth or thickness of the shale bed, the
accessibility to deposits, and environmental considerations (associated with escape
of oil into groundwater or extraction of materials from spent shale, e.g.,). Again, ex
situ processes are often also regarded as environmentally problematic beyond their
mining impacts, due to problems of solid residue disposal and potential for ground-
water pollution from that source.

Besides the simple ex situ and in situ classifications, there are many other retorting
classification schemes used in the literature as technologies can differ in various
aspects such as process principle. These include process modes such as batch, semi-
batch, or continuous, as well as process flows including cocurrent, counter-current, or
crosscurrent. An important classification is based upon heat-transfer mechanism to the
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shale (direct or indirect, and what the carrier is in direct) as well as heat generation
method. In addition, retort style, complexity of technology or by-product processing
can be bases of classification.

A vitally important design consideration is always thermal management, both in
terms of heat generation and heat transfer to the shale to be retorted. Heat can be
transferred to oil shale by different means:

1. By conduction through a retort wall. To this group belonged ex situ technologies

such as the vertical Pumpherston retort (Bryson retort) [79] or Davidson hori-
zontal rotary retort [80]. In these types of ex situ technologies, heat is transferred
through the retort wall. Due to the slow conduction that characterizes such
retorts, many such processes are mainly of historical interest as their throughputs
per unit of vessel volume are low. Development phase processes of this genre are
the Oil-Tech electrically heated vertical retort process (Ambre Energy Limited)
[140] and the A.F.S.K. Hom Tov co-pyrolysis process (Mishor Rotem).
The principle of wall conduction can also be applied to in situ technologies. In
that case, it involves placing heating elements or heating pipes into the oil shale
deposit. Representative of this approach is the Shell In Situ Conversion Process
(ICP) technology (Shell Mahogany Project) [140], which uses electric-resistance
heaters combined with a surrounding “freeze wall” to confine the retorting
products. Another example is the EGL Oil Shale process [140] in which heat
is transferred by superheated steam (in a closed system) through a series of pipes
serving as heat exchangers below the oil shale bed. The Geothermic Fuel Cell™
approach (GFL™) developed by Independent Energy Partners, Inc. (IEP) uses
a high-temperature fuel cell stack [140].

2. By gases from shale combustion in the retort (referred to as the directly heated
retorts approach). These technologies utilize heat that originates from burning
materials (char and oil shale gas) inside the retort and is therefore also called
internal combustion retorting. The heat is transferred through the retort by gases
generated in the combustion process. In combustion retorts the retorting gas is
diluted and has low calorific value (for syngas classification depending on the
heating values, see [77]). A currently used commercial ex situ retorting technol-
ogy of this type is the Fushun process [101] in China. Other examples of
thoroughly investigated ex situ technologies based upon this approach are the
Kiviter process (early versions), Nevada-Texas-Utah (NTU), Paraho Direct,
Union “A” and Superior Multimineral processes [8, 77]. In situ retorting also
utilized this principle in technologies that burned oil shale underground. An
example of this was the Occidental Petroleum Corporation Oxy process [85]
(modified in situ combustion retorting process).

3. By gaseous heat carrier heated outside retort (referred as indirectly heated
retorts). In this case, heat is transferred by hot gases heated in an outside furnace
and then injected into the retort (or retorting bed). Again, in these systems the
retorting gas is diluted and has low calorific value. Currently used commercial ex
situ technologies of this group are the current Kiviter process in Estonia and
Petrosix process in Brazil [8]. Other main ex situ technology examples are Union
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“B,” Paraho Indirect, Superior Indirect processes [8], and fluidized bed-based
processes. Similarly, in situ technologies can utilize gases that are heated
aboveground (such as by combustion), which are then injected into the oil
shale formation as heat carriers. Examples of such hot-gas injecting methods
are the Chevron CRUSH process and the Petro Probe process and the in situ gas
extraction technology (IGE) of Mountain West Energy [140].

4. By solid heat carrier heated outside the retort (referred indirectly as heated
retort). In this instance, heat is transferred by mixing hot solid particles (heated
outside the retort) with the oil shale. Reactive heat carriers, such as oil shale ash,
or nonreactive, such as sand or ceramic balls, have been used. In these processes
retort gases with high calorific value are produced. These are ex situ processes
that typically take place in rotating kiln-type retorts. Currently used commercial
ex situ technology of this type includes the Galoter process [44] in Estonia,
which utilizes hot shale ash as the heat-carrying medium. Other main
technologies of this type include the Alberta Taciuk Process (ATP), TOSCO II
(developed by The Oil Shale Corporation, utilizing externally heated ceramic
balls 15 mm in diameter as heat carrier) Lurgi-Ruhrgas (retorting is accom-
plished by mixing with spent shale/sand) [77], the Shell SPHER Process (Shell
Pellet Heat Exchange Retorting) [49], and the LLNR HRS (Lawrence Livermore
National Laboratory Hot Recycled Solid) process [20].

5. By other means such as radio frequency [15], microwave [11], solar [17] or
nuclear explosion (e.g., Project Bronco) [8], etc. A number of recent shale oil in
situ recovery schemes (e.g., Raytheon/Schumberger; PyroPhase) have been
proposed based on volumetric heating by means such as radio frequency or
microwave heating [140]. These have thus far been mostly of interest on the
research and development level [15].

6. By combinations of the above. For example, a combination of solid and gaseous
heat carriers is utilized in hot recycle solids fluidized bed retorting systems (e.g.,
KENTORT II, [23, 133]). Since gas density is about 1,000 times lower than that
of oil shale, assuming that roughly same mass heat carrier must be contact the
shale, then a large volume of gas is needed to heat the oil shale [18]. The
KENTORT II [23, 133] uses recirculating hot spent shale from a gasification
section.

The above-mentioned Shell SPHER process and LLNR HRS process could arguably
also be included in this class of processes.

An example of an in situ combined heat-transfer mode process could be
Electrofrac™ (Exxon Mobil Corporation) [140], which combines wall conduction
and volumetric heating through electrically conductive material (used to fill
fractures).

There are a large number of different retorting solutions. Generally, the perfor-
mance of retorts (in situ or ex situ reactors) are typically evaluated or compared
based on the percentage of Fischer assay yield achieved and an overall thermal
efficiency (as energy efficiency). Typical commercial-scale retorts, with the excep-
tion of fluidized bed retorts, have lower oil yields than obtainable from Fischer
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Table 5.8 Some selected ex situ retorting technologies

Process/retort References
Fushun retort [101]
Brazilian Petrosix [77, 85]

The Nevada-Texas-Utah retort or NTU (also known as the Dundas-Howes [8, 85]

retort)
The Paraho direct/indirect process [85, 99]
The Union Oil retort “A” (Union Oil Company) [8, 76, 77, 159]
The Union Oil retort “B” indirectly heated retort (Union Oil Company) [8, 76, 77, 85, 159]
The Union Oil Steam Gas Recirculation (RSG) retorting process (Union Oil [8]

Company)

The Superior Oil process [8, 85]

TOSCO II (Tosco corporation) [77, 85, 99]

The Lurgi-Ruhrgas process [8, 76, 77, 85, 142]
Kiviter process [8, 101, 159]
Galoter process [8, 44, 101, 159]
Aostra Taciuk Process (ATP) [8, 101, 142]
Chamber oven (similar to coke batteries) [159]

HYTORT (Institute of Gas Technology, IGT) [38, 106]
Chattanooga process (pressurized fluid bed reactor) [140]

Gas combustion retort, US Bureau of Mines [8,76,77, 142, 159]
Oil-Tech vertical surface retort technology (Millenium Synfuels, LLC) [140]

KENTOR II [133]

Shell SPHER processes (Shell Pellet Heat Exchange Retorting) [49]

assay. For example, for modified in situ internal combustion retorting, it is around
60% [99] of Fischer assay. For a Fushun generator type of retort, this value is 65%
[101] and for the Kiviter type of retort 70% [101]. Higher values are obtained with
Petrosix retorting 85-90% [101], Galoter retorting 85-90% [101], and for Taciuk
retorting 82% [101].

The thermal efficiency is defined as heat of desired product divided by the total
heat of the process [99]. For example, some comparisons may involve using the
equation

Gross Galorific value of (il + gas)

Th 1 effici =
crimal etticieticy Gross Galorific value of shale + heat of retorting

which can be found in Probstein and Hicks [99].

More detailed evaluation of processes comes down to desired product yields
(oil and gas) and energy consumption per unit of desired product produced,
including additional energy requirement such as for gas purification, spent shale
disposal, or water treatment.

References offering insights regarding the construction details and operational
principles of the retorting equipment referred to above, including product
characteristics, are found in Tables 5.8 and 5.9. As there are hundreds of retorting
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Table 5.9 Some selected in situ retorting processes and technologies

Process/retort References
Occidental Petroleum “Oxy” [8, 77, 85]
Sinclair oil and gas company process [76, 77]
Equity Oil company process [76, 77]
Shell Oil’s thermally conductive in situ conversion process [77, 140, 142]
Osborne’s in situ process [77]
Dow Chemical Co.’s process [8, 771
Equity Oil company process [8]
Chevron’s Technology for the Recovery and Upgrading of Oil from Shale [140]
(CRUSH) process
EGL oil shale process [140]
Electrically enhanced oil production (EEOP) (Electro-Petroleum, Inc.) [140]
PetroProbe process (Petro Probe, Inc.) [140]
Electrofrac™ (Exxon Mobil Incorporation) [140]
Geothermic Fuel Cell™ technology (GFL™) [140]
In situ gas extraction technology (IGE), Mountain West Energy [140]
Radio frequency/critical fluid oil extraction technology (Ryethon and CF [140]
technology)
EchoShale in-capsule process (Red Leaf Resources, Inc.) [140]
PyroPhase [140]

American Shale Oil Company (AMSO) process: Conduction, Convection, Reflux [140]
(CCR) process (former EGL Resources process)

options that have been considered, this is far from being a complete list of
possibilities. Nonetheless, it offers some insight into some significant processes.
The next sections offer a few more details on selected ex situ and in situ processes.

Ex Situ Technologies: An Example and Some Further
Considerations

There are many ex situ retorting technologies that differ by reactor types (fluidized
bed, moving packed bed, solid mixers), by operating conditions (temperature,
residence time), technical details such as drying of feed, feed distributor, discharge
of spent shale, oil and gas separation (oil and gas separation from offgas), heat
recovery or by-product utilization. Therefore in addition to the pyrolysis reactor,
the heart of retorting process, a particular retorting technology includes various
other components (unit operations) in the plant.

Figure 5.7 shows a principal schematic diagram of the Galoter process [44].
The principle of the Galoter process is heating fine-grained oil shale (particles with
size below 25 mm) in a horizontal rotary kiln-type retort, with contact of hot oil
shale ash obtained from solid retorting residue combustion outside of the retort. The
process operates in continuous mode with oil shale and ash in cocurrent flows. The
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properties of the shale oil produced (specific gravity, H/C ratio, viscosity, boiling
range, and hydrocarbon types) depend upon retorting temperature and residence
time, of course, but can also depend on other factors such as condenser construction
and temperature of recovery and separation of shale oil and the reactive properties
of the hot shale residue heat carrier.

A heat-transfer medium (the heat carrier) can generally be reactive or nonreac-
tive. Examples of reactive heat carriers include the gaseous heat carriers such as
hydrogen or solid heat carriers such as oil shale ash. Oil shale ash from carbonate oil
shales has chemisorptive properties, due to its alkaline nature, and can reduce the
concentration of H,S in the product gas as well as phenolic compounds in the oil
[88]. Also the iron oxide in ash shows potential to reduce H,S in the gas, but has
little effect on phenolic compounds [88]. It should, however, be emphasized that
heat carrier ash used in solid heat carrier retorts does not affect significantly
the sulfur concentration in oils (i.e., organic sulfur) [40, 88].

It needs to be emphasized again that an important parameter in ex situ retorting
design is the heat up time of the retorted shale. This determines overall process time
and therefore reactor volume and thus retorting process cost [18], but also impacts
retort oil quality. The time to transfer heat to shale depends on the feed oil shale
particle size. Often, operational details require specific particle size ranges [8].
It has been indicated that [18] the heat up time of the oil shale particles larger than 1
cm scales roughly as diameter squared and thus a heat up time of 2.5 min can be
estimated for 10-mm particles and 4 h for 100-mm particles. Accordingly, the ex
situ technologies have been divided in three groups, based upon particle size:

1. Processes with large feed particle sizes (so-called lump oil shale). These pro-
cesses take place over the longest time scale; the shale residence time in retorts is
measured in hours. For example, the industrial Kiviter process [8] uses a feed
size of 10—-125 mm and the Fushun process of 10-75 mm [2].

2. Processes that use coarsely ground particles. The shale residence time scale is of
minutes. For example, the industrial Galoter process [8] uses a feed size of 0-25
mm [2].

3. Processes fed with pulverized oil shale with size below 5 mm. The residence
time is shortest, with the time scale of seconds. This is used in fluidized bed
retorting units [151]. The fluidized bed retorting systems are less developed than
the two former types and no commercial units are yet in use.

In Situ Technologies: Further Considerations

The common principle of in situ processes is heating the oil shale deposit under-
ground. Different versions use different methods of heat transfer, as already
described. With in situ technologies there is an opportunity to utilize poorer and
deeper oil shale deposits than can be used for conventional aboveground processing
[71]. Although a number of field-scale experiments have been conducted over the
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last decades in several countries [15, 77, 85, 97] no in situ technology-based
commercial plant has been placed in operation to date. However, several of the
latest innovative technological approaches involve in situ processes [140].

There are different possible ways of classifying in situ technologies (see [77]).
The most common is classification into true in situ processes and modified in situ
processes. Some define the true in situ processes as involving minimal disturbance
of the oil shale ore bed, and the modified in situ as processes as any that use
rubblizing either through blasting or partial mining. Therefore the distinction
between true and modified in situ processes is a matter of degree of the bed
disturbance.

True in situ processes thus do not generally require significant mining. This
category of in situ processes uses natural rock permeability or permeability created
by artificial fracturing (by explosives or hydrostatic pressure) in place. The true in
situ processes follow a general sequence involving dewatering and establishing
measures to minimize contact between groundwater and the reaction zone; fractur-
ing or rubblizing to create permeability (if natural permeability is not sufficient);
heating the oil shale by ignition, hot fluids, or other means; recovering oil and gas
through wells [85].

The modified in situ processes involve partial mining under the oil shale deposit
to create void space followed by rubblizing the rest into the created void. To create
voids about 10-25% of overall space is mined out [77].

Final Considerations and Future Directions

This review was intended to capture many aspects of the current state of knowledge
and basic research directions in the field of oil shale research. It did so in the context
provided by currently and historically explored technologies for oil shale conver-
sion. Generally speaking, there is more new development interest in oil production
processes, but the direct combustion processes will remain in use in particular
instances (such as in Estonia). While the pyrolytic phenomena that shale undergoes
are common to both oil production and combustion processes, there has not been as
much emphasis on fundamental exploration of these phenomena from the combus-
tion side, and in that case there are other technologically important issues that have
captured more basic research interest (e.g., the behavior of ash in the boilers, the
high-temperature corrosion of boilers, the problems of ash handling and disposal,
the problems of sulfur capture). For the combustion community, the behavior of the
organic portion of the ash has been somewhat secondary, and even the final phases
of organic materials’ burnout, which has captured the attention of many researchers
in the coal combustion community, has been of less interest, because of the
inherently higher reactivity of oil shale chars as compared to coal chars.

From the perspective of those who seek to produce oil, the major problems have
been those of thermal management and the handling of large amounts of solids, as
well as dealing with a range of environmental problems associated with the
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processing (whether aboveground or in situ). What can be economically done with
oil shale in light of the above has dictated the nature of the processes more than
consideration of the chemical aspects. Nonetheless, it has been observed that there
can be factors whose importance may be sometimes overlooked. Issues of mass
transport can materially impact both yields and quality of the product oils, and may
be sensitive to factors such as pressure, particle size, heating rate, temperature, and
residence time in a hot environment and gaseous environment. All of these factors
have been studied, but the general impression is that more work is needed to better
establish general trends. Likewise, there have been an enormous number of studies
performed on elucidating the kinetics of pyrolysis, but rarely has there been
a critical examination of results obtained on the same material examined by
different means in different laboratories. As a result, there is a crude understanding
of rate processes, but one that for predictive purposes cannot be claimed to be better
than an order of magnitude. Despite large numbers of carefully performed studies,
there has not yet been closure on the overall nature and rates of the many processes
that determine behavior in practical processes.

Bibliography

Primary Literature

—_

. Aarna AY (1954) Isothermal destruction of Baltic oil shale. Trans Tallinn Polytech Inst

A 57:32-34 (in Russian)

2. EASAC (European Academies Science Advisory Council) (2007) A study on the EU oil shale
industry — viewed in the light of the Estonian experience. European Academies Science
Advisory Council

3. Alali J, Abdelfattah AS, Suha MY, Al-Omari W (2006) Oil shale. In: Sahawneh J, Madanat
M (eds), Natural Resources Authority of Jordan

4. Al-Ayed OS, Matouq M, Anbar Z, Khaleel AM, Abu-Nameh E (2010) Shale pyrolysis
kinetics and variable activation energy principle. Appl Energy 87:1269-1272

5. Allred VD (1966) Kinetics of oil shale pyrolysis. Chem Eng Prog 62:55-60

6. Arbiter N (1983) Concentration of oil shale. Miner Process Technol Rev 1:207-248

7. Arro H, Prikk A, Pihu T (2003) Calculation of qualitative and quantitative composition of
Estonian oil shale and its combustion products. Fuel 82:2179-2195, 2197-2204

8. Baughman GL (1978) Synthetic fuels data handbook, 2nd edn. Cameron Engineering,
Denver

9. Behar F, Beaumont V, Penteado HL (2001) Rock-Eval 6 technology: performances and
developments. Oil Gas Sci Technol — Rev IFP 56:111-134

10. Bjerle I, Ecklund H, Svensson O (1980) Gasification of Swedish Black Shale in the fluidized
bed. Reactivity in steam and carbon dioxide atmosphere. Ind Eng Chem Process Des Dev
19:345-351

11. Bradhurst DH, Worner HK (1996) Evaluation of oil production from the microwave retorting
of Australian shales. Fuel 75:285-288

12. Braun RL, Burnham AK (1986) Kinetics of Colorado oil shale pyrolysis in a fluidized bed

reactor. Fuel 65:218-225



142

14
15

16.

17.

18.

20.

21.

22.

23.

24.

25.

26

217.

28.

29.

30.

31.

32.
33.

34.

35.

36.

V. Oja and E.M. Suuberg

. Braun RL, Rothman AJ (1975) Oil shale pyrolysis: kinetics and mechanism of oil production.
Fuel 54:129-131

. Brendow K (2003) Global oil shale issues and perspectives. Oil Shale 20:81-92

. Bridges JE (2007) Wind power energy storage for in situ shale oil recovery with minimal CO,

emission. IEEE Trans Energy Convers 22:103—109

Bryant RS, Bailey SA, Stepp AK, Evans DB, Parli JA, Kolhatkar AR (1998) Biotechnology

for heavy oil recovery. No. 1998.110

Burnham AK (1989) On solar thermal processing and retorting of oil shale. Energy
14:667-674

Burnham AK (1995) Chemical kinetics and oil shale processing design. In: Snape C (ed)

Composition, geochemistry and conversion of oil shales. NATO ASI Series. Kluwer,

The Netherland

. Burnham AK, Braun RL, Coburn TT, Sandvik EI, Curry DJ, Schmidt BJ, Noble RA

(1996) An appropriate kinetic model for well-preserved algal kerogens. Energy Fuels

10:49-59

Burnham AK, McConaghy JR (2006) Comparison of the acceptability of various oil shale

processes. In: Twenty-sixth oil shale symposium, Golden, 16-18 Oct 2006. UCRL-CONF-

226717

Campbell JH, Koskinas GH, Stout ND (1978) Kinetics of oil generation from Colorado oil

shale. Fuel 57:372-376

Cane RF (1976) The origin and formation of oil shale. In: Yen TF, Chilingarian GV (eds) Oil

shale. Elsevier, Amsterdam

Carter SD, Graham UM, Rubel AM, Robl TL (1995) Fluidized bed retorting of oil shale. In:

Snape C (ed) Geochemistry and conversion of oil shales. NATO ASI Series. Kluwer, London

Citiroglu M, Tiirkay S, Cepni ZI, Snape CE (1996) Fixed bed pyrolysis and hydropyrolysis of

an immature Type I Turkish oil shale. Turk J Chem 20:175-185

Cummins JJ, Robinson WE (1972) Thermal degradation of Green River Kerogen at 150°C to

350°C. U.S. Bureau of Mines Report of Investigations 7620

. Degirmenci L, Durusoy T (2002) Effect of heating rate on pyrolysis kinetics of Gonyiik oil

shale. Energy Sources 34:931-936

Degirmenci L, Durusoy T (2005) Effect of heating rate and particle size on the pyrolysis of

Gonyiik oil shale. Energy Sources 27:787-795

Derenne S, Largeau C, Casadevall E, Damste JSS, Tegelaar EW, Leeuw JW (1989) Charac-

terization of Estonian Kukersite by spectroscopy and pyrolysis: evidence for abundant alkyl

phenolic moieties in an Ordovician, marine, type II/I kerogen. Org Chem 16:873-888

Dieckmann V, Schenk HJ, Horsfield B, Welte DH (1998) Kinetics of petroleum generation

and cracking by programmed-temperature closed-system pyrolysis of Toarcian Shales. Fuel

77:23-31

Dinneen GU (1976) Retorting technologies of oil shales. In: Yen TF, Chilingarian GV (eds)

Qil shale. Elsevier, Amsterdam

Duncan DC (1976) Geologic settings of oil shale deposits and world prospects. In: Yen TF,

Chilingarian GV (eds) Oil shale. Elsevier, Amsterdam

Durand B (1980) Kerogen. Insoluble organic matter from sedimentary rocks. Technip, Paris

Durand B, Monin JC (1980) Elemental analysis of kerogens (C, H, O, N, S, Fe). In: Durand

B (ed) Kerogen. Insoluble organic matter from sedimentary rocks. Technip, Paris

Durand B, Nicaise C (1980) Procedures of kerogen isolation. In: Durand B (ed) Kerogen.

Insoluble organic matter from sedimentary rocks. Technip, Paris

Durand-Souron C (1980) Thermogravimetric analysis and associated techniques applied to

kerogens. In: Durand B (ed) Kerogen. Insoluble organic matter from sedimentary rocks.

Technip, Paris

Dyni JR (2006) Geology and resources of some world oil shale deposits. Scientific

Investigations Report 2005-5294. United States Department of the Interior, United States

Geological Survey



5 Oil Shale Processing, Chemistry and Technology 143

37.

38.
39.

40.

41.
4.
43.
44,
45.

46.

47.

48.
. Gwyn JE, Roberts SC, Hardesty DE, Johnson GL, Hinds GP (1980) Shell pellet heat

49

50.

51.

52.

53.

54

56.

57.

58.

59.

60.

Ecklund H, Svensson O (1983) Reactor model for the gasification of Black Shale in the
fluidized bed. Comparison with the pilot plant data. Ind Eng Chem Process Des Dev
22:396-401

Ekinci E, Yiiriim Y (1995) Steam and coprocessing of oil shales. In: Snape C (ed) Composi-
tion, geochemistry and conversion of oil shales. NATO ASI Series. Kluwer, The Netherland
Ekstrom A, Callaghan G (1987) The pyrolysis kinetics of some Australian oil shales. Fuel
66:331-337

Elenurm A, Oja V, Elenurm A, Tali E, Tearo E, Yanchilin A (2008) Thermal processing of
dictyonema argillite and kukersite oil shale: transformation and distribution of
sulfur compounds in pilot-scale Galoter process. Oil Shale 25:328-334

Espitalie J, Madec M, Tissot B (1980) Role of mineral matrix in kerogen pyrolysis: influence
on petroleum generation and migration. AAPG Bull 64:59-66

Forsman JP (1963) Geochemistry of kerogen. In: Breger IA (ed) Organic geochemistry.
Pergamon, Oxford, pp 148-182

Gavin JM (1924) Oil shale. U.S. Government Printing Office, Washington, DC

Golubev N (2003) Solid oil shale heat carrier technology for oil shale retorting. Oil Shale
20:324-332

Gonzalez-Vila FJ (1995) Alkane biomarkers. Geochemical significance and application in oil
shale geochemistry. In: Snape C (ed) Geochemistry and conversion of oil shales. NATO ASI
Series. Kluwer, London

Gonzalez-Vila FJ, Ambles A, del Rio JC, Grasset L (2001) Characterization and differentia-
tion of kerogens by pyrolytic and chemical degradation techniques. J Anal Appl Pyrol
58-59:315-328

Goodfellow L, Haberman CE, Atwood MT (1968) Modified Fischer assay equipment,
procedures and product balance determinations. In: Joint symposium on oil shale, tar sand,
and related materials. American Chemical Society, San Francisco National Meeting, 2-5
April 1968.

Gorlov EG (2007) Thermal dissolution of solid fossil fuels. Solid Fuel Chem 41:290-298

exchange retorting: the SPHER energy-efficient process for retorting oil shale. American
Chemical Society, San Francisco, pp 59-69

Hamarneh YM (1984) Oil shale deposits in Jordan. Symposium on characterization and
chemistry of oil shales. Am Chem Soc 29(3):41-50

Hamarneh Y (2006) Oil shale resources development in Jordan. Natural Resources Authority
of Jordan, Amman, 1998. Revised and Updated by Dr. Jamal Alali, Amman

Hotta A, Parkkonen R, Hiltunen M, Arro H, Loosaar J, Parve T, Pihu T, Prikk A, Tiikma
T (2005) Experience of Estonian oil shale combustion based on CFB technology at Narva
Power Plants. Oil Shale 22:381-397

Huss EB, Burnham AK (1982) Gas evolution during pyrolysis of various Colorado oil shales.
Fuel 66:1188-1196

. Hutton AC (1987) Petrographic classification of oil shales. Int J Coal Geol 8:203-231
55.

Hutton AC (1995) Organic petrography of oil shales. In: Snape C (ed) Geochemistry and
conversion of oil shales. NATO ASI Series. Kluwer, The Netherland

Hutton A, Bharati S, Robl T (1994) Chemical and petrographic classification of kerogen/
macerals. Energy Fuels 8:1478—-1488

Jaber JO (2000) Gasification potential of Ellajjun oil shale. Energy Convers Manage
41:1615-1624

Johannes I, Zaidentsal A (2008) Kinetics of low-temperature retorting of kukersite oil shale.
Oil Shale 25:412-425

Johannes I, Kruusment K, Veski R (2007) Evaluation of oil potential and pyrolysis kinetics of
renewable fuel and shale samples by Rock-Eval analyzer. J] Anal Appl Pyrol 79:183-190
Johannes I, Kruusment K, Veski R, Bojesen-Koefoed JA (2006) Characterisation of pyrolysis
kinetics by Rock-Eval basic data. Oil Shale 23:249-257



144

61

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
7.

78.

79.

80.

81.

82.

83.

84.

85.

V. Oja and E.M. Suuberg

. Johannes I, Tiikma L (2004) Kinetics of oil shale pyrolysis in an autoclave under non-linear
increase of temperature. Oil Shale 21:273-288

Johannes I, Tiikma L, Zaidenstal A (2010) Comparison of the thermobituminization kinetics
of Baltic oil shales in open retorts and autoclaves. Oil Shale 27:17-25

Johannes I, Tiikma L, Zaidenstal A, Luik L (2009) Kinetics of kukersite low-temperature
pyrolysis in autoclaves. J Anal Appl Pyrol 85:508-513

Johannes I, Zaidenstal A (2008) Kinetics of low-temperature retorting of kukersite oil shale.
Oil Shale 25:412-425

Kask KA (1955) About bituminization of kerogen of oil shale kukersite. Report 1. Trans
Tallinn Polytech Inst A 63:51-64 (in Russian)

Kelemen SR, Afeworki M, Gorbaty ML, Sansone M, Kwiatek PJ, Walters CC, Freund H,
Siskin M, Bence AE, Curry DJ, Solum M, Pugmire RJ, Vandenbroucke M, Leblond M, Behar
F (2007) Direct characterization of kerogen by x-ray and solid-state '*C nuclear magnetic
resonance methods. Energy Fuels 21:1548-1561

Koel M, Ljovin S, Hollis K, Rubin J (2001) Using neoteric solvents in oil shale studies.
Pure Appl Chem 73:153-159

Kogerman PN, Kopwillem JJ (1932) Hydrogenation of Estonian oil shale and shale oil. J Inst
Petrol Technol 18:833-845

Kok MV (2002) Oil shale: pyrolysis, combustion, and environment: a review. Energy
Sources 24:135-143

Kok MV (2008) Recent developments in the application of thermal analysis techniques in
fossil fuels. J Therm Anal Calorim 91:763-773

Kok MV, Guner G, Bagci AS (2008) Application of EOR techniques for oil shale fields (in-
situ combustion approach). Oil Shale 25:217-225

Krym YS (1932) About laboratory methods for determination the tendency of selfignition for
coals. Khim Tverd Topl 2-3:7-22 (in Russian)

Lafargue E, Marquis F, Pillot D (1998) Rock-Eval 6 applications in hydrocarbon exploration,
production and soils contamination studies. Oil Gas Sci Technol 53:421-437

Larsen JW, Li S (1994) Solvent swelling studies of Green River Kerogen. Energy Fuels
8:932-936

Larsen WJ, Parikh H, Michels R (2002) Changes in the cross-linking density of Paris Basin
Toarcian kerogen during maturation. Org Geochem 33:1143-1152

Lee S (1991) Oil shale technology. CRC, Boca Raton

Lee S, Speight JG, Loyalka SK (2007) Handbook of alternative fuel technology. CRC, Boca
Raton

Li S, Yue C (2003) Study of pyrolysis kinetics of oil shale. Fuel 82:337-342

Louw SJ, Addison J (1985) Studies of the Scottish oil shale industry, vol 1: History of the
industry, working conditions, and mineralogy of Scottish and Green River formation shales.
Final Report on US Department of Energy. Institute of Occupational Medicine

Luts K (1944) Estonian oil shale kukersite, its chemistry, technology and analysis. Revalen
Buchverlag, Reval (in German)

Maalmann I (2003) Historical survey of nuclear non-proliferation in Estonia 1946-1995.
Estonian Radiation Protection Centre

Miknis FP (1995) Solid state '>C NMR in oil shale research: an introduction with selected
applications. In: Snape C (ed) Composition, geochemistry and conversion of oil shales.
NATO ASI Series. Kluwer, The Netherland

Miknis FP, Turner TF, Berdan GL, Conn PJ (1987) Formation of soluble products from
thermal decomposition of Colorado and Kentucky oil shales. Energy Fuels 1:477-483
Nutall HE, Guo TM, Schrader S, Thakur DS (1983) Pyrolysis kinetics of several key world oil
shales. ACS symposium series, vol 230, pp 269-300

Office of Technology Assessment (1980) An assessment of oil shale technology. Congress of
the United States, Office of Technology Assessment, Washington, DC



5 Oil Shale Processing, Chemistry and Technology 145

86

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97

99.
100.

101.

102.
103.

104.

105.

106.

107.

108.

109.

110.

. Oja V (2005) Characterization of tars from Estonian Kukersite oil shale based on their
volatility. J Anal Appl Pyrol 74:55-60

Oja V (2006) A brief overview of motor fuels from shale oil of kukersite. Oil Shale
23:160-163

Oja V, Elenurm A, Rohtla I, Tali E, Tearo E, Yanchilin A (2007) Comparison of oil shales
from different deposits: oil shale pyrolysis and copyrolysis with ash. Oil Shale 24:101-108
Ots A (2006) Oil shale fuel combustion. Tallinn Book Printers, Tallinn

Ozerov IM, Polozov VI (1968) Principles of oil shale commercial classification. In: United
Nations symposium on the development and utilization of oil shale resources, Tallinn

Parks TJ, Lynch L], Webster DS (1987) Pyrolysis model of rundle oil shale from in-situ
"H NMR data. Fuel 66:338-344

Patterson HJ (1994) A review of the effects of minerals in processing of Australian oil shales.
Fuel 73:321-327

Patterson JH, Dale LS, Chapman JF (1988) Partitioning of trace elements during the retorting
of Australian oil shales. Fuel 67:1353-1356

Perry RH, Green DW (1997) Perry’s chemical engineering handbook, 7th edn. McGraw-Hill,
USA

Peters KE (1986) Guidelines for evaluating petroleum source rock using programmed
pyrolysis. AAPG Bull 70:318-329

Petersen HI, Bojesen-Koefoed JA, Mathiesen A (2010) Variations in composition, petroleum
potential and kinetics of Ordovician-Miocene Type I and Type I-II source rocks (oil shales):
implications for hydrocarbon generation characteristics. J Petrol Geol 33:19-42

. Prien CH (1951) Pyrolysis of coal and oil shale. Ind Eng Chem 43:2006-2015

. Prien CH (1976) Survey of oil shale research in the last three decades. In: Yen TF,
Chilingarian GV (eds) Oil shale. Elsevier, Amsterdam

Probstein RF, Hicks RE (2006) Synthetic fuels. Dover, New York

Puura E (1999) Technogenic minerals in the waste rock heaps of Estonian oil shale mines and
their use to predict the environmental impact of the waste. Oil Shale 16:99-107

Qian J, Wang J (2006) World oil shale retorting technologies. In: International conference on
oil shale: recent trends in oil shale, 7-9 Nov 2006, Jordan

Qian J, Wang J, Li S (2003) Oil shale development in China. Oil Shale 20:356-359
Rajeshwar K, Nottenburg R, Dubow J (1979) Thermophysical properties of oil shales.
J Mater Sci 14:2025-2052 (Review)

Raudsepp H (1953) About the method for determining of organic mass in Baltic oil shales.
Proc Tallinn Polytech Inst A 46:3-22 (in Russian)

Reynolds JG, Crawford RW, Burnham AK (1991) Analysis of oil shale and petroleum source
rock pyrolysis by triple quadrupole mass spectrometry: comparisons of gas evolution at the
heating rate of 10°C/min. Energy Fuels 5:507-523

Roberts MJ, Snape CE, Mitchell SC (1995) Hydropyrolysis: fundamentals, two-stage
processing and PDU operations. In: Snape C (ed) Geochemistry and conversion of oil shales.
NATO ASI Series. Kluwer, The Netherland

Robinson WE (1969) Isolation procedures for kerogens and associated soluble organic
materials. In: Eglinton G, Murphy MTJ (eds) Organic geochemistry. Springer, Berlin,
pp 181-195

Robl TL, Taulbee DN (1995) Demineralization and kerogen macerals separation and chem-
istry. In: Snape C (ed) Geochemistry and conversion of oil shales. NATO ASI Series. Kluwer,
London

Rocha JD, Brown SD, Love GD, Snape CE (1997) Hydropyrolysis: a versatile technique for
solid fuel liquefaction, sulphur specification and biomarker release. J Anal Appl Pyrol
40-41:91-103

Rullkétter J, Michaelis W (1990) The structure of kerogen and related materials. A review of
recent progress and future trends. Org Geochem 16:829-852



146

111.

112.

113.
114.

115.

116.

117.

118.
119.

120.

121.

122.

123.

124.

125.

126.

127.

128

130.

131.

132.

133.

134.

135.

136.

137.

V. Oja and E.M. Suuberg

Savest N, Hruljova J, Oja V (2009) Characterization of thermally pretreated kukersite oil
shale using the solvent-swelling technique. Energ Fuel 23:5972-5977

Savest N, Oja V, Kaevand T, Lille U (2007) Interaction of Estonian kukersite with organic
solvents: a volumetric swelling and molecular simulation study. Fuel 86:17-21

Schachter Y (1979) Gasification of oil shale. Isr J Technol 17:51-57

Schlatter LE (1968) Definition, formation and classification of oil shales. In: United Nations
symposium on the development and utilization of oil shale resources, Tallinn

Schmitt KD, Sheppard EW (1984) Determination of carbon center types in solid fuel by CP/
MAS NMR. Fuel 63:1241-1244

Sert M, Ballice L, Yiiksel M, Saglam M (2009) Effect of mineral matter on product yield and
composition at isothermal pyrolysis of Turkish oil shales. Oil Shale 26:463—474

Shpirt MYa, Punanova SA, Strizhakova YuA (2007) Trace elements in black and oil shales.
Solid Fuel Chem 41:119-127

Shui H, Cai Z, Xu C (2010) Recent advances in direct coal liquefaction. Energies 3:155-170
Silbernagel BG, Gebhard LA, Siskin M, Brons G (1987) ESR study of kerogen conversion in
shale pyrolysis. Energy Fuels 1:501-506

Siskin M, Scouten CG, Rose KD, Aczel T, Colgrove SG, Pabst RE Jr (1995) Detailed
structural characterization of the organic material in Rundle Ramsay Crossing and Green
River oil shales. In: Snape C (ed) Composition, geochemistry and conversion of oil shales.
NATO ASI Series. Kluwer, The Netherland

Skala D, Korica S, Vitorovic D, Neumann H-J (1997) Determination of kerogen type by using
DSC and TG analysis. J Therm Anal 49:745-753

Smith MW, Shadle LJ, Hill DL (2007) Oil shale development from the perspective of
NETL’s unconventional oil resource repository. DOE/NETL-IR-2007-022

Smith LK, Smoot LD, Fletcher TH, Pugmire RJ (1994) The structure and reaction processes
of coal. The Plenum chemical engineering series. Plenum, New York

Sohn HY, Yang HS (1985) Effect of reduced pressure on oil shale retorting. 1. Kinetics of oil
generation. Ind Eng Chem Process Des Dev 24:265-270

Solomon PR, Carangelo RM, Horn E (1986) The effects of pyrolysis conditions on Israeli oil
shale properties. Fuel 65:650—-662

Solomon PR, Serio MA, Despande GV, Kroo E (1990) Cross-linking reactions during coal
conversion. Energy Fuels 4:42-54

Solomon PR, Serio MA, Suuberg EM (1992) Coal pyrolysis: experiments, kinetic rates and
mechanism. Prog Energy Combust Sci 18:133-220

. Speight JG (2007) The chemistry and technology of petroleum, 4th edn. CRC, Boca Raton
129.

Speight JG (2008) Synthetic fuels handbook. Properties, processes and performance.
McGraw-Hill, USA

Strizhakova YuA, Usova TV (2008) Current trends in the pyrolysis of oil shale: a review.
Solid Fuel Chem 24:197-201

Suuberg EM, Sherman J, Lilly WD (1987) Product evolution during rapid pyrolysis of Green
River Formation oil shale. Fuel 66:1176-1184

Suuberg EM, Unger PE, Lilly WD (1985) Experimental study on mass transfer from
pyrolyzing coal particles. Fuel 64:956-962

Taulbee DN, Carter SD (1992) Investigation of product coking by hot recycle solids in the
KENTORT II fluidized bed retort. American Chemical Society, San Francisco, pp 800-809
Thankur DS, Nutall HE (1987) Kinetics of pyrolysis of Moroccan oil shale by
thermogravimetry. Ind Eng Chem Res 26:1351-1356

Thomas RD, Lorentz PB (1970) Use of centrifugal separation to investigate how kerogen is
bound to the minerals in oil shale. U. S. Bur. Mines, Rep. Invest., 7378

Tiikma L, Johannes I, Luik H, Zaidentsal A, Vink N (2009) Thermal dissolution of Estonian
oil shale. J Anal Appl Pyrol 85:502-507

Tiikma L, Zaidentsal A, Tensorer M (2007) Formation of thermobitumen from oil shale by
low-temperature pyrolysis in an autoclave. Oil Shale 24:535-546



5 Oil Shale Processing, Chemistry and Technology 147

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Torrente MC, Galan MA (2001) Kinetics of the thermal decomposition of oil shale from
Puertollano (Spain). Fuel 80:327-334

Tucker JD, Masri B, Lee S (2000) A comparison of retorting and supercritical extraction
techniques on El-Lajjun oil shale. Energy Sources 22:453—463

U.S. Department of Energy (2007) Secure fuels from domestic resources. The continuing
evolution of American’s oil shale and tar sands industries

Urov K, Sumberg A (1999) Characteristics of oil shales and shale like rocks of known
deposits and outcrops. Oil Shale 16:1-64

US DOE (March 2004) Strategic significance of America’s oil shale resources, vol II: Oil
shale resources, technology, and economics. U.S. Department of Energy

Vandenbroucke M (1980) Structure of kerogens as seen by investigations on soluble extracts.
In: Durand B (ed) Kerogen. Insoluble organic matter from sedimentary rocks. Technip, Paris
Vandenbroucke M (2003) Kerogen: from types to models of chemical structure. Oil Gas Sci
Technol — Rev IFP 58:243-269

Vandenbroucke M, Largeau C (2007) Kerogen origin, evolution and structure. Org Geochem
38:719-833

Vitorovic D (1980) Structure elucidation of kerogen by chemical methods. In: Durand B (ed)
Kerogen. Insoluble organic matter from sedimentary rocks. Technip, Paris

Wall GC, Smith SJC (1987) Kinetics of production of individual products from the
isothermal pyrolysis of seven Australian oil shales. Fuel 66:345-350

Wang Q, Liu H, Sun B, Li S (2009) Study on pyrolysis characteristics of Huadian oil shale
with isoconversional method. Oil Shale 26:148-162

Wang CC, Noble RD (1983) Composition and kinetics of oil generation from non-isothermal
oil shale retorting. Fuel 62:529-533

Wang Q, Sun B, Hu A, Bai J, Li S (2007) Pyrolysis characteristics of Huadian oil shales. Oil
Shale 24:147-157

Wang WD, Zhou CY (2009) Retorting of pulverized oil shale in fluidized-bed pilot plant. Oil
Shale 26:108-113

Watson NC (1984) A modified Gray-King assay method for small oil shale samples. Fuel
63:1455-1458

Williams PT, Ahmad N (2000) Investigation of oil shale pyrolysis processing conditions
using thermogravimetric analysis. Appl Energy 66:113—-133

Wiser WH, Anderson LL (1975) Transformation of solids to liquid fuels. Annu Rev Phys
Chem 26:339-357

World Energy Council (2007) Survey of energy resources 2007. World Energy Council 2007,
United Kingdom

Xue HQ, Li SY, Wang HY, Zheng DW, Fang CH (2010) Pyrolysis kinetics of oil shale from
Northern Songliao Basin in China. Oil Shale 27:5-16

Yang HS, Shon HY (1985) Effect of reduced pressure on oil shale retorting. Ind Eng Chem
Proc DD 24:271-273

Yen TF (1976) Structural aspects of organic components in oil shales. In: Yen TF,
Chilingarian GV (eds) Oil shale. Elsevier, Amsterdam

Yen TF, Chilingarian GV (1976) Introduction to oil shales. In: Yen TF, Chilingarian GV
(eds) Oil shale. Elsevier, Amsterdam

Burnham AK, Braun RL (1999) Global kinetic analysis of complex materials. Energy Fuels
13:1-22

Davis JD, Galloway AE (1928) Low-temperature carbonization of lignites and sub-bitumi-
nous coals. Ind Eng Chem 20:612-617

Kask KA (1956) About bituminizing of kerogen of oil shale-kukersite. Report II. Trans
Tallinn Polythec Inst A 73:23—40 (in Russian)

Kilk K, Savest N, Yanchilin A, Kellogg DS, Oja V (2010) Solvent swelling of Dictyonema oil
shale: low temperature heat-treatment caused changes in swelling extent. J Anal Appl Pyrol
89:261-264



148 V. Oja and E.M. Suuberg

164. Lille U, Heinmaa I, Pehk T (2003) Molecular model of Estonian kukersite kerogen evaluated
by '*C MAS NMR spectra. Fuel 82:799-804

165. Miknis FP, Turner TF (1995) The bitumen intermediate in isothermal and nonisothermal
decomposition of oil shales. In: Snape C (ed) Composition, geochemistry and conversion of
oil shales. NATO ASI Series. Kluwer, The Netherland

166. Rahman M, Kinghorn RF, Gibson PJ (1994) The organic matter in oil shales from the
lowmead basin, Qeensland, Australia. Journ Petrol Geol 17:317-326

Books and Reviews

Ogunsola OI, Hartstein AM, Ogunsola O (2010) Oil shale: a solution to the liquid fuel dilemma.
Oxford University Press, USA

Qian J (2010) Oil shale — petroleum alternative. China Petrochemical Press, Beijing

Yen TF, Chilingarian GV (1976) Oil shale. Elsevier Scientific, Amsterdam



Chapter 6
Developments in Internal Combustion Engines

Timothy J. Jacobs

Greek Symbols

Ne Combustion efficiency

Mg Fuel conversion efficiency

Ntb Brake fuel conversion efficiency
Mt Indicated fuel conversion efficiency
Nm Mechanical efficiency

Nin Thermal efficiency

Mm.camot  Thermal efficiency of the ideal Carnot cycle
Mth.Otto Thermal efficiency of the ideal heat engine Otto cycle

Ny Volumetric efficiency

Y Ratio of specific heats

Vb Ratio of specific heats of the burned mixture

© Fuel-air equivalence ratio. For ¢ < 1 mixture is lean. For ¢ = 1, mixture

is stoichiometric. For ¢ > 1, mixture is rich. Note that ¢ is the inverse of
the often-used air—fuel equivalence ratio, or A.

Paji Inlet air density

T Engine torque

Symbols

BMEP Brake mean effective pressure

Cp.b Constant pressure specific heat of the burned mixture
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Cvp Constant volume specific heat of the burned mixture
f Residual fraction

Sinal Final calculated residual fraction

Sfinal — 1 Previous iteration residual fraction to final calculated residual fraction
(F/A) Fuel-air ratio

FMEP Friction mean effective pressure

hy Specific enthalpy at state 1

hy Specific enthalpy at state 2

hs Specific enthalpy at state 3

hs, Specific enthalpy at state 3a

hs Specific enthalpy at state 5

he Specific enthalpy at state 6

he Specific enthalpy of exhaust mixture

h; Specific enthalpy of inlet mixture
IMEP, Gross indicated mean effective pressure
IMEP, Net indicated mean effective pressure
m Mass

my Mass at state 1

my Mass at state 2

ms Mass at state 3

my Mass at state 4

meg Mass at state 6

m, Mass of air

ms Mass of fuel

m, Residual mass

Miotal Total mass

m, Mass flow rate of air

mg Mass flow rate of fuel

MEP Mean effective pressure

My Molecular weight of the burned mixture
nR Number of revolutions per engine cycle
N Engine speed

R Universal gas constant

R Gas constant

Rs Gas constant of mixture at state 5

Rg Gas constant of mixture at state 6

R. Gas constant of exhaust mixture

P Cylinder pressure or power

P, Pressure at state 1

P, Pressure at state 2

Ps Pressure at state 3

Ps, Pressure at state 3a

Py Pressure at state 4

Ps Pressure at state 5
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ch,adiabatic
T.
Tn
T
I
T:
uj
125]
us
Uza
Uy
U,
U,
Us
Us
Vi
V2
V3
V3a
Va
Vv

Pressure at state 6

Pressure at state 7

Brake power

Exhaust pressure

Inlet (initial) pressure

Net indicated power

Limit pressure

Pumping mean effective pressure
Heat transfer of process 1-2
Heat transfer for process 6-1
Heating value of fuel

Heating value of fuel

Heating value of specie i
Compression ratio

Entropy at state 1

Entropy at state 2

Entropy at state 3

Entropy at state 4

Entropy at state 5

Temperature at state 1
Temperature at state 4
Temperature at state 5
Temperature at state 6

Constant volume adiabatic flame temperature
Exhaust temperature
Temperature of a source reservoir
Inlet temperature

Temperature of a sink reservoir
Residual fraction temperature
Specific internal energy at state 1
Specific internal energy at state 2
Specific internal energy at state 3
Specific internal energy at state 3a
Specific internal energy at state 4
Internal energy at state 1

Internal energy at state 2

Internal energy at state 3

Internal energy at state 4
Specific volume at state 1
Specific volume at state 2
Specific volume at state 3
Specific volume at state 3a
Specific volume at state 4
Cylinder volume
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Vi Volume at state 1

V, Volume at state 2

Vs Volume at state 3

Vs Volume at state 5

Vs Volume at state 6

Va Displaced volume

Vinax Maximum cylinder volume

Vinin Minimum cylinder volume

w Thermodynamic work

Ws Work for process 1-2

W3 Work for process 2—3

Wy Work for process 3—4

4Ws Work for process 4-5

sWe Work for process 5-6

Wi Work for process 6—1

Wy Brake work

Wy Friction work

Weross Gross work

Wie Gross indicated work

W; Net indicated work

Wip Pump work

Whet Net work

X Mole fraction of specie i

Vi Mass fraction of specie i

Glossary

Combustion Rapid oxidation of a fuel-air mixture (reactants) converting
reactants to products and in the process releasing thermal energy.

Lean Air—fuel mixture is such that there is more air than is chemically
necessary to oxidize the available fuel.

Products Species formed as the result of a chemical reaction (in the context
of this article species formed as the result of a combustion
reaction).

Reactants Species that are to be involved in a chemical reaction (in the
context of this article species that are to be involved in a combus-
tion reaction).

Rich Air—fuel mixture is such that there is less air than is chemically
necessary to oxidize the available fuel.

Stoichiometric ~ Air—fuel mixture is chemically balanced such that there is the

correct amount of air to fully oxidize the available fuel.
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Definition of the Subject

An internal combustion (IC) engine is a thermodynamic work conversion device
that converts chemical energy (typically delivered to the engine in the form of
a liquid or gaseous fuel) to work energy (typically in the form of shaft work issuing
from arotating crankshaft). The internal combustion engine markedly distinguishes
itself from other types of power-producing equipment — most notably, the heat
engine (e.g., steam engine or steam-cycle plant). In the former, chemical energy is
released, via combustion (i.e., rapid oxidation) mechanism, internal the same
device that converts the released energy to work energy. In the latter, thermal
energy is passed into the device via heat transfer; the device thereby converts the
thermal energy to work energy. Because of this subtle difference, the thermody-
namic limits of maximum efficiency of the internal combustion engine are
constrained differently than the thermodynamic limit of maximum efficiency of
the heat engine.

There are several types of internal combustion engines; the two most common
being the piston/cylinder reciprocating engine and the gas turbine engine. This
article constrains its discussion to just piston/cylinder reciprocating engines. As this
article is meant to be brief, readers seeking additional and thorough information are
referred to the associated cited articles and the authorities listed in “Books and
Reviews”.

Introduction

Internal combustion engines are pervasive to our daily activities. They are the
primary powerhouse of the transportation industry. They serve as neighborhood
and small municipality backup power generators or primary power stations. They
provide convenience by powering lawnmowers, leaf blowers, and weed trimmers.
They deliver excitement and entertainment in pleasure boats, race cars, and motor
bikes. Their scale of usability nearly spans the scales of classical physics, from as
small as “micro engines” that fit in the palm of your hand to as large as marine
engines that scale three stories and use human-sized doorways for entry into the
cylinder block.

The story of the internal combustion engine dates back around 150 years ago,
when J.J.E. Lenoir built an engine that combusted coal—air mixtures in a cylinder
outfitted with a piston with a two-stroke type fashion (without compression). Soon
thereafter, Nicolaus A. Otto and his colleague Eugen Langen expanded on the
Lenoir concept, creating an engine that had 11% efficiency compared to Lenoir’s
5%. Determined to improve efficiencies of internal combustion engines (which at
11%, were not much better than the steam engine), Otto built the first engine
operating on the four-stroke principle which today serves as the primary operating
cycle of engines [1]. It is here noted that, although Otto built the first working
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four-stroke engine, Alphonse Beau de Rochas described in theory the principles of
the four-stroke cycle. Further, Beau de Rochas outlined several conditions to
achieve maximum efficiency of the internal combustion engine [1].

From this point, and with the aid of several important developers including
Rudolf Diesel, Sir Harry Ricardo, Robert Bosch, and Charles Kettering, the internal
combustion engine has become one of the most highly efficient, power dense, cost-
effective, easily maintained, and versatile power machinery available to consumers.
This article will provide some of the important basic information about internal
combustion engines, and indicate some of the more recent developments that
continue to make internal combustion engines competitive as the preferred
power-producing technology.

The Basics of Internal Combustion Engines

Basic Operating Cycle

As this article concentrates its discussions of IC engines on those of the piston/
cylinder reciprocating type, Fig. 6.1 [2] shows the basic geometrical considerations
of the piston/cylinder/crankshaft arrangement, which kinematically is described as
a crank-slider mechanism. The chemical energy to work energy conversion occurs
inside the cylinder, usually bound on the sides by the cylinder walls, on the top by
the cylinder head (which typically houses the gas exchange valves, such as the
intake and exhaust valves, and other important hardware such as spark plugs and/or
fuel injectors), and on the bottom by the piston which reciprocates within the
cylinder. A rigid connecting rod fastens the piston to an eccentric location on
the rotating crankshaft. The eccentric placement of the connecting rod converts
the reciprocating motion of the piston (i.e., boundary motion work) to the rotating
motion of the crankshaft (i.e., shaft work). The eccentric placement of the
connecting rod to the crankshaft also dictates the important geometrical parameter
of the piston engine called the “stroke.” The stroke and “bore,” or diameter of the
cylinder, create the displaced volume, Vy, of the piston engine. The maximum
volume of the cylinder, V ..., is attained when the piston is at its bottom-most
position; a position referred to as “bottom dead center,” or BDC. The minimum
volume, or clearance volume, V., is attained when the piston is at its top-most
position; a position referred to as “top dead center,” or TDC. The ratio between
Vmax and Vi, is called the compression ratio, 7, and is given as Eq. 6.1:

Vmax

6.1)

The compression ratio, as will be described in section on ‘“Thermodynamic
Analysis of Internal Combustion Engines”, is a fundamentally critical parameter
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Fig. 6.1 Illustration of

a piston/cylinder
arrangement, as often
employed in a reciprocating-
piston internal combustion
engine (Used with permission
from [2])

Stroke

90°

for controlling the efficiency (i.e., the ratio of work energy out to chemical energy
in) of an internal combustion piston engine.

There are two major cycles used to exploit the piston engine’s conversion of
chemical energy to work energy: a “two-stoke” cycle and a “four-stroke” cycle. The
earliest prototype engines were of the two-stroke variety (e.g., Lenoir and Otto/
Langen engines) [1]. In pursuit of achieving higher efficiency, Otto (for whom the
thermodynamic ideal “Otto Cycle” is named) built the four-stroke version of his
engine [1]. Today, four-stroke cycle engines are the dominant form; thus, most of
the article will center on the details of the four-stroke cycle.

Four-stroke cycle engines require four strokes of the piston to complete one
power-producing cycle, as shown in Fig. 6.2 [3]; the reader is also referred to
Fig. 6.4a to aid the discussion. Consider first the cycle starting with the piston at
TDC and the intake valve open. The piston moves from TDC to BDC, inducting
fresh mixture (conventionally, fuel and air in a gasoline engine and only air in
a diesel engine) through the open intake valve in what is called the “intake stroke.”
At some location near BDC, the intake valve closes, and the piston reverses its
motion at BDC. Once the valve closes, the piston/cylinder arrangement creates
a closed system. As the piston moves from BDC to TDC, the trapped mixture is
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Fig. 6.2 Tllustration of the four-stroke operating principle (Used with permission from [3])

compressed in what is called the “compression stroke,” increasing the mixture’s
temperature, pressure, and decreasing its specific volume (i.e., increasing its den-
sity). At a point near TDC combustion is expected to commence. In the case of
a spark ignition engine (e.g., a conventional gasoline engine), combustion is
initiated by the release of spark at a point near (usually advanced of) TDC. In the
case of a compression ignition engine (e.g., a conventional diesel engine), combus-
tion is initiated by injecting liquid fuel directly into the cylinder; the compressed air
at elevated temperature and pressure atomizes, vaporizes, and mixes with the
injected fuel. After a period of time, the high temperature environment causes
chemical reaction and start of combustion. Around start of combustion, the piston
reaches TDC, reverses direction, and expands the cylinder volume as combustion
converts chemical energy into work energy. This stroke takes on many names,
including “power stroke,” “combustion stroke,” and “expansion stroke.” As the
piston approaches BDC, the exhaust valve opens, allowing the products of com-
bustion to escape the cylinder. At BDC, the piston reverses direction and motions
toward TDC with the exhaust valve open, in what is called the “exhaust stroke.”
Depending on the engine’s crankshaft rotational speed — which can vary from as
low as 100 rev/min for large marine-application engines to as high as 15,000 rev/
min for race car engines — the four-stroke cycle requires as much as about 1.2 s to as
little as 8 ms to complete.

Up to this point, the discussion has centered on the processes occurring in
a single cylinder. Most engines, however, are composed of many cylinders and
take on various forms (e.g., in-line four-cylinder, “V6”, “V8”, and “W” engine). In
such cases, each cylinder undergoes the same processes but usually out of phase.
For example, in an in-line four-cylinder engine (i.e., an engine that has four
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Fig. 6.3 Illustration of the
Audi 2.0-L TSI, an example
of an in-line four-cylinder
engine (Used with permission
from [4])

cylinders oriented sequentially in a single-line bank, an example of which is shown
in Fig. 6.3), the cylinder processes are typically out of phase by 180° (720°/4). The
firing order is usually not linear, however, in order to ensure smooth and continuous
operation. For example, a four-cylinder firing order may go 1-3-2-4; that is, as the
engine crankshaft rotates cylinder 1 produces a power stroke first, followed by
cylinder 3, then cylinder 2, and finally by cylinder 4 (which is then followed again
by cylinder 1). Finally, when describing an engine’s displacement, it refers to
a summation of each cylinder’s displacement; thus, each cylinder displacement is
on average the total engine displacement divided by the number of cylinders.

How an Engine Makes Power

The reciprocating motion of the piston in a cylinder is the means by which the
chemical energy released during combustion is converted into useful work. Work is
transferred when a force acts through a displacement; in the case of the piston/
cylinder engine, the in-cylinder pressure, P, is interpreted as the force and the
changing cylinder volume, dV, during piston strokes is interpreted as the displace-
ment. Thus, the thermodynamic work of an engine cycle is given by Eq. 6.2:

W= j{ PdV [kI/cycle] (6.2)
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center (° ATDC), and (b) pressure as a function of cylinder volume, also illustrating the areas of
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The work of the cycle given by (Eq. 2) is considered boundary work, since it
results from the changing boundary of the control system (in this context, the
control system is that enclosed by the piston/cylinder arrangement, and the moving
boundary is manifested by the moving piston). Conventional engines convert this
boundary work of the piston to shaft work through the piston connecting rod’s
eccentrically located connection to the crankshaft. The shaft work issuing from the
crankshaft is often best interpreted as torque, t; the work given by Eq. 6.2 is related
to the torque of the crankshaft via Eq. 6.3:

W = 2nngt [kI/cycle] (6.3)

where ng is the number of crankshaft revolutions per power cycle (i.e., ng = 2 for
a four-stroke cycle and ng = 1 for a two-stroke cycle). The units for 7 in Eq. 6.3 are
kN-m.

The torque of an engine is routinely measured with a dynamometer; in this way,
the torque is considered “brake torque,” or the amount of resistance torque the
dynamometer must apply to “brake” the engine to a certain speed condition. Via
application of Eq. 6.3, the “brake work,” Wy, is determined. Only determining brake
work, however, reveals no insight into the in-cylinder work processes. The in-
cylinder work processes can be calculated using in-cylinder pressure measurement
that is precisely coupled to the in-cylinder volume via a crankshaft encoder and
detailed knowledge of the cylinder’s and crank-slider’s geometries. An example
“pressure—crankangle” diagram is shown Fig. 6.4a, where crankangle is reported
in degrees after top dead center (° ATDC) relative to “combustion TDC.” Also
shown in Fig. 6.4a are the four strokes of the four-stroke cycle as described in
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section “Basic Operating Cycle”. In-cylinder pressure is typically measured with
a piezo-electric pressure transducer which is able to provide a fast-response indica-
tion during the engine cycle [5]. It should be noted that measuring in-cylinder
pressure is not a trivial task and great care must be taken to do it properly [6-9].
When using digital equipment (i.e., an analog—digital converter) to electronically
record in-cylinder pressure, it becomes necessary to determine the sample rate,
which is usually determined by the crankshaft encoder. Varying crankangle
resolutions can be used, depending on the level of precision needed of the analysis.
For calculating in-cylinder work (described next), a crankangle resolution of up to
10° [6] can be used; for detailed combustion analysis much finer resolution must be
used (e.g., about 1° for gasoline engine combustion and 0.25° for diesel engine
combustion). The data shown in Fig. 6.4 is recorded every 0.2°. In addition to the
crankangle resolution, the engine speed also determines the needed sample rate of
the data acquisition system. Finally, it is equally important to know the cylinder
volume at each record of pressure when calculating in-cylinder work. This requires
precise phasing between the piston’s location and the crankshaft encoder; it also
requires knowing the precise geometries of the cylinder and crank-slide mecha-
nism. Specifically, the minimum volume (i.e., clearance volume), the piston stroke,
and the cylinder bore must be precisely known. It is often best to determine these
using precise measuring instruments, rather than rely on manufacturer
specifications (which, although have tight tolerances, are nominal values). An
example “pressure—volume,” or “P—V,” diagram is shown in Fig. 6.4b.

Once a precise P-V diagram is determined, the in-cylinder work associated with
each process can be determined. The area between the P-V curves, as suggested by
Eq. 6.2, represents the in-cylinder work, or “indicated” work (named for the
antiquated use of a mechanical stylus-indicator device to record pressure [10]).
There are two portions of the typical four-stroke engine cycle, as shown in Fig. 6.4:
(1) compression and expansion strokes which in combination result in the “gross
work,” Wij,, and (2) intake and exhaust strokes which in combination result in the
“pump work,” Wi, It is important to note that gross work and pump work corre-
spond to the respective strokes of the piston, not necessarily the valve events (i.e.,
not necessarily the closed portion of the cycle versus open portion of the cycle). In
combination, i.e., the sum of gross work and pump work result in the “net work,” as
given by Eq. 6.4:

Win = Wig + Wip (6.4)

Note that the subscript “i” on the terms in Eq. 6.4 represents “indicated”; since
terms “gross,” “pump,” and “net” only have relevance from indicated data (i.e., in-
cylinder pressure data), it is often dropped as a designator on the work terms.

Pump work, which will be nonzero when intake pressure is different from
exhaust pressure (nearly all situations), often decreases net work relative to gross
work (i.e., the gas exchange process requires the piston to do work on the gas, or,
pump work is negative). There are a few situations, with the use of a turbocharger or
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Table 6.1 Summary of various mean effective pressures describing the various work transfers
defined for a reciprocating-piston internal combustion engine

Name Definition

Gross indicated mean effective pressure (gross IMEP) IMEP, = Wi, /Vq4
Net indicated mean effective pressure (net IMEP) IMEP, = W,;,/V4
Pump mean effective pressure (PMEP) PMEP = W;,/Vy
Friction mean effective pressure (FMEP) FMEP = W;/V4

Brake mean effective pressure (BMEP) BMEP = W, /V4

supercharger for example, when intake pressure is greater than exhaust pressure and
pump work is positive. In such situations, net work will be greater than gross work.

The difference between net work and brake work, as shown in Eq. 6.5, is the
friction work, Wy, of the engine. Friction, of course, always requires work from the
system; thus, brake work will always be less than net work. In Eq. 6.5, W; captures
all forms of mechanical friction of the engine, including friction among crank-slider
components, in bearings, in valve springs, and in various accessories (e.g., water
and oil pumps):

Wi = Win — Wy (6.5)

Engine researchers typically quantify all of the above-described work parameters on
volume-normalized parameters, which in general represent a “mean effective pres-
sure.” The general definition for mean effective pressure, MEP, is given as Eq. 6.6:

MEP = w (6.6)
d

The various mean effective pressures and their definitions are summarized
in Table 6.1.

One of the major benefits of describing the work of an engine in terms of mean
effective pressure is that the “size” of the cylinder is removed from consideration.
In other words, it is possible to produce more work from an engine that has a larger
displaced volume; however, the mean effective pressure may be lower (relative to
a lower displaced volume engine) due to a number of other possible influencing
parameters that affect and engine’s ability to make power (i.e., fuel conversion and
volumetric efficiencies, fuel-air ratio, inlet air density, and fuel heating value).
To make these types of assessments, refer to Eq. 6.7, which is developed from
the basic definition of power, P (i.e., work per unit time), and respective definitions
of other involved parameters as shown by Heywood [11]. An example of the use
of Eq. 6.7 to assess factors affecting power in a technology comparison is provided
in [12].

. NeNy Pai(F/A)OnvVaN
nR

P

6.7)
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where

1y Fuel conversion efficiency (described in section on “Thermodynamic Analy-

sis of Internal Combustion Engines”).
n, Volumetric efficiency, or the engine’s effectiveness at “breathing” air. It is

defined asn, = where m, is the actual mass of air inducted per cycle (kg)

and p,; is the density of the intake air at some reference point (kg/m?) (usually
the intake manifold, but also may be atmospheric air upstream of the engine
air filter). Note that V4 has units of (m?) in Eq. 6.7. It is important to note that
volumetric efficiency only quantifies the engine’s ability to breath air, i.e., not
a fuel—air mixture. Thus, for example, premixing fuel with air prior to induc-
tion tends to lower the engine’s volumetric efficiency. It is also important to
note that volumetric efficiency of the engine depends on the chosen reference
point. Thus, if the volumetric efficiency of the whole breathing stream is
desired, the reference point is taken as upstream of the intake air filter (for
example). If, however, volumetric efficiency of just the intake ports and
through the valves is desired, then the reference point is taken as the intake
manifold.

Pa; Asdefined above, the density of the intake air at some reference point (kg/m?).

F/A The mass-based fuel-air ratio of the mixture.
Opnv Heating value of the fuel (typically, lower heating value is used since

the products leaving the piston/cylinder system with water as a vapor) (kJ/kg).
N  Engine speed (rev/s)

To reveal the form of mean effective pressure, Eq. 6.8 is given as a modified
form of Eq. 6.7.

MEP = 71, p,;(F/A)Quv (6.8)

Thus, it is apparent from Eq. 6.8 how an engine with a relatively small displace-
ment might have a higher mean effective pressure than an engine with a large
displacement, even though the larger-displaced engine may produce more power. It
is also clear from Eqgs. 6.7 and 6.8 how the performance (i.e., power) of an engine
may be improved beyond the “easy” action of increasing displaced volume. One
parameter, for example that benefits the power and mean effective pressure of the
engine is the fuel conversion efficiency. This very important parameter is discussed
in the next section.

Finally, this section concludes by illustrating a typical power/torque/speed
curve. Apparent from Eq. 6.3 and the definition of power, there is a relationship
among power, torque, and speed of an engine. This relationship for a typical
internal combustion engine is shown in Fig. 6.5. There are a few interesting features
to point out in this figure. The first, a practical feature, is the identification of “rated
torque” and “rated power”. Engines are usually “sized” based on the speed at which



162 T.J. Jacobs

600 ] 0
Rated Torque =
580 575 Nim @ 00 rev/min 7 = . 110
560 ed Power ] 100
h r_-lh\v'a%’.‘,}uvuin:
£ 540 : ”
Loy -\ = s
2 foo 5
g 520 1”&
g i : g
o : B
= 500 i 1"
480 1®
460 >

IR P~ R

440 40
800 1000 1200 1400 1600 1800 2000 2200 2400
Speed (rpm)

Fig. 6.5 Torque and power as functions of engine speed for a typical internal combustion engine.
Data is collected from 4.5 L medium-duty diesel engine with advanced technology such as
turbocharging and exhaust gas recirculation (Data from author’s laboratory, Texas A&M
University)

they develop maximum torque (also known as rated torque) and the speed at which
they develop maximum power (also known as rated power). The second feature,
which is apparent from the knowledge that rated torque exists, is the seemingly
dependent relationship of torque on engine speed. It is clear from the definition of
power that it should have a functional relationship on the speed of the engine, which
dictates the amount of work per unit time the engine can deliver. But, based on
assessment of Eq. 6.3, there is not a direct relationship between in-cylinder work
per cycle and the speed of the engine. In fact, in an ideal sense, the torque of the
engine should be constant with engine speed (and, if constraining to an ideal engine,
higher than the maximum attained torque of the real engine), similar to how torque
of an electric motor is nearly constant with motor speed. Thus, the behavior seen in
Fig. 6.5 suggests that there exist factors in a real engine that depend on engine speed
and also affect the work produced per cycle (thereby affecting the torque of the
engine). These factors predominantly consist of heat transfer and friction; both of
which have dependencies on the speed at which the engine operates. Heat transfer
of course is a time-dependent phenomenon. At low engine speeds there is more time
per cycle for thermal energy to be transferred from the cylinder; thus, torque droops
at low engine speeds as heat transfer diminishes the energy available for in-cylinder
work production. Friction, too, is a speed dependent function due to the mechanical
behavior of the engine’s interacting components. At high engine speeds, there is
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Fig. 6.6 Example of 100%
volumetric efficiency,
illustrating the many factors
that impact the engine’s
ability to effectively breathe
air (Used with permission
from [13]). Improvements to
the engine’s volumetric
efficiency can yield
substantial improvements to
its ability to make power,
evident from Eq. 6.7

A Quasi-static effects

Volumetric efficiency

Mean piston speed

increased friction to be overcome on a per cycle basis; thus torque droops at high
engine speeds as increased work energy is required to overcome increased friction.

Relating this discussion to Eq. 6.7, both heat transfer and friction effects tend to
decrease 7;. There is, however, another factor of Eq. 6.7 being influenced by heat
transfer and friction and thus serving as a major contributor to the behavior of the
torque curve shown in Fig. 6.5; this factor is the volumetric efficiency. The
maximum amount of work that can be developed per cycle is firstly dependent on
the amount of air (or oxidizer) the engine can breathe; the amount of air the engine
can breathe ultimately dictates the amount of fuel that can be delivered, which of
course serves as the energy carrier to be converted in the cylinder.

A representative volumetric efficiency curve as a function of mean piston speed
(which is correlated to engine speed) is shown in Fig. 6.6. There is much important
detail in this figure, and the following will describe this in detail; after thi