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INTRODUCTION

The global economy is based on an infrastructure that depends on the consumption
of petroleum (Fanchi and Fanchi, 2016). Petroleum is a mixture of hydrocarbon
molecules and inorganic impurities that can exist in the solid, liquid (oil), or gas
phase. Our purpose here is to introduce you to the terminology and techniques used
in petroleum engineering. Petroleum engineering is concerned with the production of
petroleum from subsurface reservoirs. This chapter describes the role of petroleum
engineering in the production of oil and gas and provides a view of oil and gas
production from the perspective of a decision maker.

1.1 WHAT IS PETROLEUM ENGINEERING?

A typical workflow for designing, implementing, and executing a project to produce
hydrocarbons must fulfill several functions. The workflow must make it possible to
identify project opportunities; generate and evaluate alternatives; select and design the
desired alternative; implement the alternative; operate the alternative over the life of the
project, including abandonment; and then evaluate the success of the project so lessons
can be learned and applied to future projects. People with skills from many disciplines
are involved in the workflow. For example, petroleum geologists and geophysicists use
technology to provide a description of hydrocarbon-bearing reservoir rock (Raymond
and Leffler, 2006; Hyne, 2012). Petroleum engineers acquire and apply knowledge
of the behavior of oil, water, and gas in porous rock to extract hydrocarbons.

Introduction to Petroleum Engineering, First Edition. John R. Fanchi and Richard L. Christiansen.
© 2017 John Wiley & Sons, Inc. Published 2017 by John Wiley & Sons, Inc.
Companion website: www.wiley.com/go/Fanchi/IntroPetroleumEngineering



2 INTRODUCTION

Some companies form asset management teams composed of people with different
backgrounds. The asset management team is assigned primary responsibility for devel-
oping and implementing a particular project.

Figure 1.1 illustrates a hydrocarbon production system as a collection of subsys-
tems. Oil, gas, and water are contained in the pore space of reservoir rock. The
accumulation of hydrocarbons in rock is a reservoir. Reservoir fluids include the
fluids originally contained in the reservoir as well as fluids that may be introduced
as part of the reservoir management program. Wells are needed to extract fluids
from the reservoir. Each well must be drilled and completed so that fluids can flow
from the reservoir to the surface. Well performance in the reservoir depends on the
properties of the reservoir rock, the interaction between the rock and fluids, and
fluid properties. Well performance also depends on several other properties such as
the properties of the fluid flowing through the well; the well length, cross section,
and trajectory; and type of completion. The connection between the well and the
reservoir is achieved by completing the well so fluid can flow from reservoir rock
into the well.

Surface equipment is used to drill, complete, and operate wells. Drilling rigs may
be permanently installed or portable. Portable drilling rigs can be moved by vehicles
that include trucks, barges, ships, or mobile platforms. Separators are used to sepa-
rate produced fluids into different phases for transport to storage and processing
facilities. Transportation of produced fluids occurs by such means as pipelines,
tanker trucks, double-hulled tankers, and liquefied natural gas transport ships.
Produced hydrocarbons must be processed into marketable products. Processing
typically begins near the well site and continues at refineries. Refined hydrocarbons
are used for a variety of purposes, such as natural gas for utilities, gasoline and diesel
fuel for transportation, and asphalt for paving.

Petroleum engineers are expected to work in environments ranging from desert
climates in the Middle East, stormy offshore environments in the North Sea, and

Surface

T facilities
1]

Drilling and

completion

-

R e T

FIGURE 1.1 Production system.
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arctic climates in Alaska and Siberia to deepwater environments in the Gulf of Mexico
and off the coast of West Africa. They tend to specialize in one of three subdisciplines:
drilling engineering, production engineering, and reservoir engineering. Drilling
engineers are responsible for drilling and completing wells. Production engineers
manage fluid flow between the reservoir and the well. Reservoir engineers seek to
optimize hydrocarbon production using an understanding of fluid flow in the reser-
voir, well placement, well rates, and recovery techniques. The Society of Petroleum
Engineers (SPE) is the largest professional society for petroleum engineers. A key
function of the society is to disseminate information about the industry.

1.1.1 Alternative Energy Opportunities

Petroleum engineering principles can be applied to subsurface resources other than
oil and gas (Fanchi, 2010). Examples include geothermal energy, geologic sequestra-
tion of gas, and compressed air energy storage (CAES). Geothermal energy can be
obtained from temperature gradients between the shallow ground and surface,
subsurface hot water, hot rock several kilometers below the Earth’s surface, and
magma. Geologic sequestration is the capture, separation, and long-term storage of
greenhouse gases or other gas pollutants in a subsurface environment such as a res-
ervoir, aquifer, or coal seam. CAES is an example of a large-scale energy storage
technology that is designed to transfer off-peak energy from primary power plants to
peak demand periods. The Huntorf CAES facility in Germany and the McIntosh
CAES facility in Alabama store gas in salt caverns. Off-peak energy is used to pump
air underground and compress it in a salt cavern. The compressed air is produced
during periods of peak energy demand to drive a turbine and generate additional
electrical power.

1.1.2 Oil and Gas Units

Two sets of units are commonly found in the petroleum literature: oil field units and
metric units (SI units). Units used in the text are typically oil field units (Table 1.1).
The process of converting from one set of units to another is simplified by providing
frequently used factors for converting between oil field units and SI (metric) units in
Appendix A. The ability to convert between oil field and SI units is an essential skill
because both systems of units are frequently used.

TABLE 1.1 Examples of Common Unit Systems

Property Oil Field SI (Metric) British
Length ft m ft
Time hr sec sec
Pressure psia Pa Ibf/f?
Volumetric flow rate bbl/day m?/s ft/s

Viscosity cp Pa-s 1bf-s/ft?
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1.1.3 Production Performance Ratios

The ratio of one produced fluid phase to another provides useful information for
understanding the dynamic behavior of a reservoir. Let 9,49,4, be oil, water, and
gas production rates, respectively. These production rates are used to calculate the
following produced fluid ratios:

Gas—oil ratio (GOR)

GOR =-% (1.1)
q,
Gas—water ratio (GWR)
9e
GWR =+ (1.2)
9w
Water—oil ratio (WOR)
WOR = & (1.3)
q,

One more produced fluid ratio is water cut, which is water production rate divided by
the sum of oil and water production rates:
_ Y9
WCT = —— (1.4)
(4, +4.)

Water cut (WCT) is a fraction, while WOR can be greater than 1.

Separator GOR is the ratio of gas rate to oil rate. It can be used to indicate fluid
type. A separator is a piece of equipment that is used to separate fluid from the well
into oil, water, and gas phases. Separator GOR is often expressed as MSCFG/STBO
where MSCFG refers to one thousand standard cubic feet of gas and STBO refers to
a stock tank barrel of oil. A stock tank is a tank that is used to store produced oil.

Example 1.1 Gas—oil Ratio

A well produces 500 MSCF gas/day and 400 STB oil/day. What is the GOR in
MSCFG/STBO?

Answer

R— 500 MSCFG/day
400 STBO/day

=1.25 MSCFG/STBO

1.1.4 Classification of Oil and Gas

Surface temperature and pressure are usually less than reservoir temperature and
pressure. Hydrocarbon fluids that exist in a single phase at reservoir temperature
and pressure often transition to two phases when they are produced to the surface
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TABLE 1.2 Rules of Thumb for Classifying Fluid Types

Separator GOR Behavior in Reservoir due
Fluid Type (MSCF/STB) Gravity (°API) to Pressure Decrease
Dry gas No surface liquids Remains gas
Wet gas >50 40-60 Remains gas
Condensate 3.3-50 40-60 Gas with liquid dropout
Volatile oil 2.0-3.3 >40 Liquid with significant gas
Black oil <2.0 <45 Liquid with some gas
Heavy oil =0 Negligible gas formation

Data from Raymond and Leffler (2006).

where the temperature and pressure are lower. There are a variety of terms for
describing hydrocarbon fluids at surface conditions. Natural gas is a hydrocarbon
mixture in the gaseous state at surface conditions. Crude oil is a hydrocarbon mixture
in the liquid state at surface conditions. Heavy oils do not contain much gas in solu-
tion at reservoir conditions and have a relatively large molecular weight. By contrast,
light oils typically contain a large amount of gas in solution at reservoir conditions
and have a relatively small molecular weight.

A summary of hydrocarbon fluid types is given in Table 1.2. API gravity in the
table is defined in terms of oil specific gravity as

Am:(wj_m_s (L5)
Vo

The specific gravity of oil is the ratio of oil density p_ to freshwater density p_:

y, =Pe (1.6)
P,

The API gravity of freshwater is 10°API, which is expressed as 10 degrees API. API
denotes American Petroleum Institute.

Example 1.2 API Gravity
The specific gravity of an oil sample is 0.85. What is its API gravity?

Answer

141.5 -131.5 :Mj—ISLS =35°API
0.85

API gravity =

o

Another way to classify hydrocarbon liquids is to compare the properties of the
hydrocarbon liquid to water. Two key properties are viscosity and density. Viscosity is
a measure of the ability to flow, and density is the amount of material in a given volume.
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TABLE 1.3 Classifying Hydrocarbon Liquid Types Using
API Gravity and Viscosity

Liquid Type API Gravity (°API) Viscosity (cp)
Light oil >31.1

Medium oil 22.3-31.1

Heavy oil 10-22.3

Water 10 lcp

Extra heavy oil 4-10 <10000cp
Bitumen 4-10 >10000cp

Water viscosity is 1cp (centipoise) and water density is 1g/cc (gram per cubic
centimeter) at 60°F. A liquid with smaller viscosity than water flows more easily
than water. Gas viscosity is much less than water viscosity. Tar, on the other hand,
has very high viscosity relative to water.

Table 1.3 shows a hydrocarbon liquid classification scheme using API gravity and
viscosity. Water properties are included in the table for comparison. Bitumen is a
hydrocarbon mixture with large molecules and high viscosity. Light oil, medium oil,
and heavy oil are different types of crude oil and are less dense than water. Extra
heavy oil and bitumen are denser than water. In general, crude oil will float on water,
while extra heavy oil and bitumen will sink in water.

1.2 LIFE CYCLE OF A RESERVOIR

The life cycle of a reservoir begins when the field becomes an exploration prospect
and does not end until the field is properly abandoned. An exploration prospect is a
geological structure that may contain hydrocarbons. The exploration stage of the
project begins when resources are allocated to identify and assess a prospect for
possible development. This stage may require the acquisition and analysis of more
data before an exploration well is drilled. Exploratory wells are also referred to as
wildcats. They can be used to test a trap that has never produced, test a new reservoir
in a known field, and extend the known limits of a producing reservoir. Discovery
occurs when an exploration well is drilled and hydrocarbons are encountered.

Figure 1.2 illustrates a typical production profile for an oil field beginning with the
discovery well and proceeding to abandonment. Production can begin immediately
after the discovery well is drilled or several years later after appraisal and delineation
wells have been drilled. Appraisal wells are used to provide more information
about reservoir properties and fluid flow. Delineation wells better define reservoir
boundaries. In some cases, delineation wells are converted to development wells.
Development wells are drilled in the known extent of the field and are used to optimize
resource recovery. A buildup period ensues after first oil until a production plateau is
reached. The production plateau is usually a consequence of facility limitations such
as pipeline capacity. A production decline will eventually occur. Production continues
until an economic limit is reached and the field is abandoned.
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FIGURE 1.2 Typical production profile.

Petroleum engineers provide input to decision makers in management to help
determine suitable optimization criteria. The optimization criteria are expected to
abide by government regulations. Fields produced over a period of years or decades
may be operated using optimization criteria that change during the life of the reser-
voir. Changes in optimization criteria occur for a variety of reason, including changes
in technology, changes in economic factors, and the analysis of new information
obtained during earlier stages of production.

Traditionally, production stages were identified by chronological order as
primary, secondary, and tertiary production. Primary production is the first stage
of production and relies entirely on natural energy sources to drive reservoir fluids
to the production well. The reduction of pressure during primary production is
often referred to as primary depletion. Oil recovery can be increased in many cases
by slowing the decline in pressure. This can be achieved by supplementing natural
reservoir energy. The supplemental energy is provided using an external energy
source, such as water injection or gas injection. The injection of water or natural
gas may be referred to as pressure maintenance or secondary production. Pressure
maintenance is often introduced early in the production life of some modern
reservoirs. In this case the reservoir is not subjected to a conventional primary
production phase.

Historically, primary production was followed by secondary production and then
tertiary production (Figure 1.3). Notice that the production plateau shown in
Figure 1.2 does not have to appear if all of the production can be handled by surface
facilities. Secondary production occurs after primary production and includes the
injection of a fluid such as water or gas. The injection of water is referred to as water
flooding, while the injection of a gas is called gas flooding. Typical injection gases
include methane, carbon dioxide, or nitrogen. Gas flooding is considered a secondary
production process if the gas is injected at a pressure that is too low to allow the
injected gas to be miscible with the oil phase. A miscible process occurs when the gas
injection pressure is high enough that the interface between gas and oil phases disap-
pears. In the miscible case, injected gas mixes with oil and the process is considered
an enhanced oil recovery (EOR) process.
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FIGURE 1.3 Sketch of production stages.

EOR processes include miscible, chemical, thermal, and microbial processes.
Miscible processes inject gases that can mix with oil at sufficiently high pressures
and temperatures. Chemical processes use the injection of chemicals such as
polymers and surfactants to increase oil recovery. Thermal processes add heat to the
reservoir. This is achieved by injecting heated fluids such as steam or hot water or by
the injection of oxygen-containing air into the reservoir and then burning the oil as a
combustion process. The additional heat reduces the viscosity of the oil and increases
the mobility of the oil. Microbial processes use microbe injection to reduce the size
of high molecular weight hydrocarbons and improve oil mobility. EOR processes
were originally implemented as a third, or tertiary, production stage that followed
secondary production.

EOR processes are designed to improve displacement efficiency by injecting fluids
or heat. The analysis of results from laboratory experiments and field applications
showed that some fields would perform better if the EOR process was implemented
before the third stage in field life. In addition, it was found that EOR processes were
often more expensive than just drilling more wells in a denser pattern. The process of
increasing the density of wells in an area is known as infill drilling. The term improved
oil recovery (IOR) includes EOR and infill drilling for improving the recovery of oil.
The addition of wells to a field during infill drilling can also increase the rate of
withdrawal of hydrocarbons in a process known as acceleration of production.

Several mechanisms can occur during the production process. For example, pro-
duction mechanisms that occur during primary production depend on such factors as
reservoir structure, pressure, temperature, and fluid type. Production of fluids without
injecting other fluids will cause a reduction of reservoir pressure. The reduction in
pressure can result in expansion of in situ fluids. In some cases, the reduction in
pressure is ameliorated if water moves in to replace the produced hydrocarbons.
Many reservoirs are in contact with water-bearing formations called aquifers. If the
aquifer is much larger than the reservoir and is able to flow into the reservoir with
relative ease, the reduction in pressure in the reservoir due to hydrocarbon production
will be much less that hydrocarbon production from a reservoir that is not receiving
support from an aquifer. The natural forces involved in primary production are called
reservoir drives and are discussed in more detail in a later chapter.
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Example 1.3 Gas Recovery

The original gas in place (OGIP) of a gas reservoir is 5 trillion ft® (TCF). How
much gas can be recovered (in TCF) if recovery from analogous fields is
between 70 and 90% of OGIP?

Answer

Two estimates are possible: a lower estimate and an upper estimate.
The lower estimate of gas recovery is 0.70x5 TCF =3.5 TCF.

The upper estimate of gas recovery is 0.90x5 TCF =4.5 TCF.

1.3 RESERVOIR MANAGEMENT

One definition of reservoir management says that the primary objective of reservoir
management is to determine the optimum operating conditions needed to maximize the
economic recovery of a subsurface resource. This is achieved by using available resources
to accomplish two competing objectives: optimizing recovery from a reservoir while
simultaneously minimizing capital investments and operating expenses. As an example,
consider the development of an oil reservoir. It is possible to maximize recovery from the
reservoir by drilling a large number of wells, but the cost would be excessive. On the
other hand, drilling a single well would provide some of the oil but would make it very
difficult to recover a significant fraction of the oil in a reasonable time frame. Reservoir
management is a process for balancing competing objectives to achieve the key objective.

An alternate definition (Saleri, 2002) says that reservoir management is a continuous
process designed to optimize the interaction between data and decision making. Both def-
initions describe a dynamic process that is intended to integrate information from multiple
disciplines to optimize reservoir performance. The process should recognize uncertainty
resulting from our inability to completely characterize the reservoir and fluid flow
processes. The reservoir management definitions given earlier can be interpreted to cover
the management of hydrocarbon reservoirs as well as other reservoir systems. For example,
a geothermal reservoir is essentially operated by producing fluid from a geological
formation. The management of the geothermal reservoir is a reservoir management task.

It may be necessary to modify a reservoir management plan based on new
information obtained during the life of the reservoir. A plan should be flexible enough
to accommodate changes in economic, technological, and environmental factors.
Furthermore, the plan is expected to address all relevant operating issues, including
governmental regulations. Reservoir management plans are developed using input
from many disciplines, as we see in later chapters.

1.3.1 Recovery Efficiency

An important objective of reservoir management is to optimize recovery from a
resource. The amount of resource recovered relative to the amount of resource
originally in place is defined by comparing initial and final in situ fluid volumes.
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The ratio of fluid volume remaining in the reservoir after production to the fluid
volume originally in place is recovery efficiency. Recovery efficiency can be
expressed as a fraction or a percentage. An estimate of recovery efficiency is obtained
by considering the factors that contribute to the recovery of a subsurface fluid:
displacement efficiency and volumetric sweep efficiency.

Displacement efficiency E | is a measure of the amount of fluid in the system that
can be mobilized by a displacement process. For example, water can displace oil in
a core. Displacement efficiency is the difference between oil volume at initial condi-
tions and oil volume at final (abandonment) conditions divided by the oil volume at
initial conditions:

(Soi /Boi ) - (Soa /Boa )

E,= 1.7
’ Sni/Bni ( )

where § _ is initial oil saturation and S_ is oil saturation at abandonment. Oil saturation
is the fraction of oil occupying the volume in a pore space. Abandonment refers to
the time when the process is completed. Formation volume factor (FVF) is the
volume occupied by a fluid at reservoir conditions divided by the volume occupied
by the fluid at standard conditions. The terms B ; and B_ refer to FVF initially and at
abandonment, respectively.

Example 1.4 Formation Volume Factor

Suppose oil occupies 1 bbl at stock tank (surface) conditions and 1.4 bbl at res-
ervoir conditions. The oil volume at reservoir conditions is larger because gas
is dissolved in the liquid oil. What is the FVF of the oil?

Answer

. vol at reservoir conditions
Oil FVF =

vol at surface conditions

Oil FVF = 14RB =1.4RB/STB
1.0STB

Volumetric sweep efficiency E,, , expresses the efficiency of fluid recovery from a
reservoir volume. It can be written as the product of areal sweep efficiency and
vertical sweep efficiency:

Ey,=E,xE, (1.8)
Areal sweep efficiency E, and vertical sweep efficiency E,, represent the efficiencies
associated with the displacement of one fluid by another in the areal plane and
vertical dimension. They represent the contact between in situ and injected fluids.
Areal sweep efficiency is defined as

E, - swept area (19)
total area



PETROLEUM ECONOMICS 11

and vertical sweep efficiency is defined as

- swept net thickness (1.10)

V' total net thickness

Recovery efficiency RE is the product of displacement efficiency and volumetric
sweep efficiency:

RE = E, xE,, = E, xE, xE, (1.11)

Displacement efficiency, areal sweep efficiency, vertical sweep efficiency, and
recovery efficiency are fractions that vary from O to 1. Each of the efficiencies that
contribute to recovery efficiency can be relatively large and still yield a recovery
efficiency that is relatively small. Reservoir management often focuses on finding the
efficiency factor that can be improved by the application of technology.

Example 1.5 Recovery Efficiency

Calculate volumetric sweep efficiency E, and recovery efficiency RE from
the following data:

S, 0.75

o 0.30
Area swept 750acres
Total area 1000 acres
Thickness swept 101t
Total thickness 151t

Neglect FVF effects since B ~B_

Answer

(Soi/Boi)_(Soa/Boa) ~ Soi _Soa
Soi/Boi N S

Displacement efficiency: E, = =0.6

oi

Areal sweep efficiency: E, = Sweptarea _ 0.75

total area

swept net thickness 0667

Vertical sweep efficiency: E, = -
total net thickness

Volumetric sweep efficiency: E , =E, xE, =0.5

Recovery efficiency: RE=E, xE,, =0.3

1.4 PETROLEUM ECONOMICS

The decision to develop a petroleum reservoir is a business decision that requires an
analysis of project economics. A prediction of cash flow from a project is obtained
by combining a prediction of fluid production volume with a forecast of fluid price.
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Production volume is predicted using engineering calculations, while fluid price
estimates are obtained using economic models. The calculation of cash flow for
different scenarios can be used to compare the economic value of competing reser-
voir development concepts.

Cash flow is an example of an economic measure of investment worth. Economic
measures have several characteristics. An economic measure should be consistent
with the goals of the organization. It should be easy to understand and apply so that
it can be used for cost-effective decision making. Economic measures that can be
quantified permit alternatives to be compared and ranked.

Net present value (NPV) is an economic measure that is typically used to evaluate
cash flow associated with reservoir performance. NPV is the difference between the
present value of revenue R and the present value of expenses E:

NPV=R-E (1.12)

The time value of money is incorporated into NPV using discount rate r.
The value of money is adjusted to the value associated with a base year using dis-
count rate. Cash flow calculated using a discount rate is called discounted cash
flow. As an example, NPV for an oil and/or gas reservoir may be calculated for a
specified discount rate by taking the difference between revenue and expenses
(Fanchi, 2010):

i onon T ,,qg,, _ZCAPEX +OPEX, + TAX,

1 1+r n=1 (1"1‘}") (1 13)

ﬁ: k.4, +P,q,, —CAPEX —-OPEX -TAX,
n=1 (1 + r)

where N is the number of years, P_ is oil price during year n, g is oil production
during year n, P, is gas price during year n, q,, is gas production during year n,
CAPEX is capital expenses during year n, OPEX  is operating expenses during year
n, TAX, is taxes during year n, and r is discount rate.

The NPV for a particular case is the value of the cash flow at a specified discount
rate. The discount rate at which the maximum NPV is zero is called the discounted
cash flow return on investment (DCFROI) or internal rate of return (IRR). DCFROI
is useful for comparing different projects.

Figure 1.4 shows a typical plot of NPV as a function of time. The early time part
of the figure shows a negative NPV and indicates that the project is operating at a
loss. The loss is usually associated with initial capital investments and operating
expenses that are incurred before the project begins to generate revenue. The
reduction in loss and eventual growth in positive NPV are due to the generation of
revenue in excess of expenses. The point in time on the graph where the NPV is zero
after the project has begun is the discounted payout time. Discounted payout time on
Figure 1.4 is approximately 2.5 years.
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FIGURE 1.4 Typical cash flow.

TABLE 1.4 Definitions of Selected Economic Measures

Economic Measure Definition

Discount rate Factor to adjust the value of money to a base year
Net present value (NPV) Value of cash flow at a specified discount rate
Discounted payout time Time when NPV =0

DCFROI or IRR Discount rate at which maximum NPV =0
Profit-to-investment (PI) ratio Undiscounted cash flow without capital investment

divided by total investment

Table 1.4 presents the definitions of several commonly used economic measures.
DCFROI and discounted payout time are measures of the economic viability of a project.
Another measure is the profit-to-investment (PI) ratio which is a measure of profit-
ability. It is defined as the total undiscounted cash flow without capital investment
divided by total investment. Unlike the DCFROI, the PI ratio does not take into
account the time value of money. Useful plots include a plot of NPV versus time and
a plot of NPV versus discount rate.

Production volumes and price forecasts are needed in the NPV calculation. The
input data used to prepare forecasts includes data that is not well known. Other pos-
sible sources of error exist. For example, the forecast calculation may not adequately
represent the behavior of the system throughout the duration of the forecast, or a
geopolitical event could change global economics. It is possible to quantify uncer-
tainty by making reasonable changes to input data used to calculate forecasts so that
a range of NPV results is provided. This process is illustrated in the discussion of
decline curve analysis in a later chapter.
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1.4.1 The Price of Oil

The price of oil is influenced by geopolitical events. The Arab—Israeli war triggered
the first oil crisis in 1973. An oil crisis is an increase in oil price that causes a
significant reduction in the productivity of a nation. The effects of the Arab oil
embargo were felt immediately. From the beginning of 1973 to the beginning of
1974, the price of a barrel of oil more than doubled. Americans were forced to ration
gasoline, with customers lining up at gas stations and accusations of price gouging.
The Arab oil embargo prompted nations around the world to begin seriously consid-
ering a shift away from a carbon-based economy. Despite these concerns and the
occurrence of subsequent oil crises, the world still obtains over 80% of its energy
from fossil fuels.

Historically, the price of oil has peaked when geopolitical events threaten or dis-
rupt the supply of oil. Alarmists have made dire predictions in the media that the
price of oil will increase with virtually no limit since the first oil crisis in 1973. These
predictions neglect market forces that constrain the price of oil and other fossil fuels.

Example 1.6 Oil Security

A. If $100 billion is spent on the military in a year to protect the delivery
of 20 million barrels of oil per day to the global market, how much does
the military budget add to the cost of a barrel of 0il?

Answer
Total oil per year = (20 million bbl/day) X (365 days/yr) = 7.3 billion bbl/yr

$100 billion/yr

—————=$13.70/bbl
7.3 billion bbl/yr

Cost of military/bbl =

B. How much is this cost per gallon?

Answer

Cost/gal = ($13.70/bbl) x (1 bbl/42 gal ) = $0.33/gal

1.4.2 How Does Oil Price Affect Oil Recovery?

Many experts believe we are running out of oil because it is becoming increasingly
difficult to discover new reservoirs that contain large volumes of conventional oil and
gas. Much of the exploration effort is focusing on less hospitable climates, such as
arctic conditions in Siberia and deepwater offshore regions near West Africa. Yet we
already know where large volumes of oil remain: in the reservoirs that have already
been discovered and developed. Current development techniques have recovered
approximately one third of the oil in known fields. That means roughly two thirds
remains in the ground where it was originally found.
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TABLE 1.5 Sensitivity of Oil Recovery Technology to Qil Price

Oil Price Range
2016$/bbl
Oil Recovery Technology 1997$/bbl 5% Inflation
Conventional 15-25 38-63
Enhanced oil recovery (EOR) 20-40 51-101
Extra heavy oil (e.g., tar sands) 2545 63-114
Alternative energy sources 40-60 101-152

The efficiency of oil recovery depends on cost. Companies can produce much
more oil from existing reservoirs if they are willing to pay for it and if the market will
support that cost. Most oil-producing companies choose to seek and produce less
expensive oil so they can compete in the international marketplace. Table 1.5
illustrates the sensitivity of oil-producing techniques to the price of oil. Oil prices in
the table include prices in the original 1997 prices and inflation adjusted prices
to 2016. The actual inflation rate for oil prices depends on a number of factors, such
as size and availability of supply and demand.

Table 1.5 shows that more sophisticated technologies can be justified as the price of
oil increases. It also includes a price estimate for alternative energy sources, such as wind
and solar. Technological advances are helping wind and solar energy become economi-
cally competitive with oil and gas as energy sources for generating electricity. In some
cases there is overlap between one technology and another. For example, steam flooding
is an EOR process that can compete with conventional oil recovery techniques such as
water flooding, while chemical flooding is one of the most expensive EOR processes.

1.4.3 How High Can Oil Prices Go?

In addition to relating recovery technology to oil price, Table 1.5 contains another
important point: the price of oil will not rise without limit. For the data given in the
table, we see that alternative energy sources become cost competitive when the price
of oil rises above 2016$101 per barrel. If the price of oil stays at 2016$101 per barrel
or higher for an extended period of time, energy consumers will begin to switch to
less expensive energy sources. This switch is known as product substitution. The
impact of price on consumer behavior is illustrated by consumers in European coun-
tries that pay much more for gasoline than consumers in the United States. Countries
such as Denmark, Germany, and Holland are rapidly developing wind energy as a
substitute to fossil fuels for generating electricity.

Historically, we have seen oil-exporting countries try to maximize their income
and minimize competition from alternative energy and expensive oil recovery
technologies by supplying just enough oil to keep the price below the price needed to
justify product substitution. Saudi Arabia has used an increase in the supply of oil
to drive down the cost of oil. This creates problems for organizations that are
trying to develop more costly sources of oil, such as shale oil in the United States.
It also creates problems for oil-exporting nations that are relying on a relatively high
oil price to fund their government spending.
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Oil-importing countries can attempt to minimize their dependence on imported
oil by developing technologies that reduce the cost of alternative energy. If an oil-
importing country contains mature oil reservoirs, the development of relatively
inexpensive technologies for producing oil remaining in mature reservoirs or the
imposition of economic incentives to encourage domestic oil production can be used
to reduce the country’s dependence on imported oil.

1.5 PETROLEUM AND THE ENVIRONMENT

Fossil fuels—coal, oil, and natural gas—can harm the environment when they are
consumed. Surface mining of coal scars the environment until the land is reclaimed.
Oil pollutes everything it touches when it is spilled on land or at sea. Pictures of wild-
life covered in oil or natural gas appearing in drinking water have added to the public
perception of oil and gas as “dirty” energy sources. The combustion of fossil fuels
yields environmentally undesirable by-products. It is tempting to conclude that fossil
fuels have always harmed the environment. However, if we look at the history of
energy consumption, we see that fossil fuels have a history of helping protect the
environment when they were first adopted by society as a major energy source.

Wood was the fuel of choice for most of human history and is still a significant
contributor to the global energy portfolio. The growth in demand for wood energy
associated with increasing population and technological advancements such as the
development of the steam engine raised concerns about deforestation and led to a
search for new source of fuel. The discovery of coal, a rock that burned, reduced the
demand for wood and helped save the forests.

Coal combustion was used as the primary energy source in industrialized societies
prior to 1850. Another fuel, whale oil, was used as an illuminant and joined coal as
part of the nineteenth-century energy portfolio. Demand for whale oil motivated the
harvesting of whales for their oil and was leading to the extinction of whales. The dis-
covery that rock oil, what we now call crude oil, could also be used as an illuminant
provided a product that could be substituted for whale oil if there was enough rock oil
to meet growing demand. In 1861, the magazine Vanity Fair published a cartoon
showing whales at a Grand Ball celebrating the production of oil in Pennsylvania.
Improvements in drilling technology and the discovery of oil fields that could provide
large volumes of oil at high flow rates made oil less expensive than coal and whale oil.
From an environmental perspective, the substitution of rock oil for whale oil saved the
whales in the latter half of the nineteenth century. Today, concern about the harmful
environmental effects of fossil fuels, especially coal and oil, is motivating a transition
to more beneficial sources of energy. The basis for this concern is considered next.

1.5.1 Anthropogenic Climate Change

One environmental concern facing society today is anthropogenic climate change.
When a carbon-based fuel burns in air, carbon reacts with oxygen and nitrogen in
the air to produce carbon dioxide (CO,), carbon monoxide, and nitrogen oxides
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FIGURE 1.5 The greenhouse effect. (Source: Fanchi (2004). Reproduced with permission
of Elsevier Academic Press.)

(often abbreviated as NOx). The by-products of unconfined combustion, including
water vapor, are emitted into the atmosphere in gaseous form.

Some gaseous combustion by-products are called greenhouse gases because they
absorb heat energy. Greenhouse gases include water vapor, carbon dioxide, methane,
and nitrous oxide. Greenhouse gas molecules can absorb infrared light. When a
greenhouse gas molecule in the atmosphere absorbs infrared light, the energy of the
absorbed photon of light is transformed into the kinetic energy of the gas molecule.
The associated increase in atmospheric temperature is the greenhouse effect illus-
trated in Figure 1.5.

Much of the solar energy arriving at the top of the atmosphere does not pass through
the atmosphere to the surface of the Earth. A study of the distribution of light energy
arriving at the surface of the Earth shows that energy from the sun at certain frequencies
(or, equivalently, wavelengths) is absorbed in the atmosphere. Several of the gaps are
associated with light absorption by a greenhouse gas molecule.

One way to measure the concentration of greenhouse gases is to measure the
concentration of a particular greenhouse gas. Charles David Keeling began
measuring atmospheric carbon dioxide concentration at the Mauna Loa Observatory
on the Big Island of Hawaii in 1958. Keeling observed a steady increase in carbon
dioxide concentration since he began his measurements. His curve, which is now
known as the Keeling curve, is shown in Figure 1.6. It exhibits an annual cycle in
carbon dioxide concentration overlaying an increasing average. The initial carbon
dioxide concentration was measured at a little over 310 parts per million. Today it
is approximately 400 parts per million. These measurements show that carbon
dioxide concentration in the atmosphere has been increasing since the middle of the
twentieth century.
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FIGURE 1.6 The Keeling curve. (Source: Scripps Institution of Oceanography, UC San
Diego, https://scripps.ucsd.edu/programs/keelingcurve/wp-content/plugins/sio-bluemoon/
graphs/mlo_full_record.png)

Samples of air bubbles captured in ice cores extracted from glacial ice in Vostok,
Antarctica, are used to measure the concentration of gases in the past. Measurements
show that CO, concentration has varied from 150 to 300 ppm for the past 400 000 years.
Measurements of atmospheric CO, concentration during the past two centuries show
that CO, concentration is greater than 300 ppm and continuing to increase. Ice core
measurements show a correlation between changes in atmospheric temperature and
CO, concentration.

Wigley et al. (1996) projected ambient CO, concentration through the twenty-
first century. They argued that society would have to reduce the rate that greenhouse
gases are being emitted into the atmosphere to keep atmospheric concentration
beneath 550 ppm, which is the concentration of CO, that would establish an accept-
able energy balance. Some scientists have argued that optimum CO, concentration
is debatable since higher concentrations of carbon dioxide can facilitate plant
growth.

People who believe that climate change is due to human activity argue that
combustion of fossil fuels is a major source of CO, in the atmosphere. Skeptics point
out that the impact of human activity on climate is not well established. For example,
they point out that global climate model forecasts are not reliable because they do not
adequately model all of the mechanisms that affect climate behavior. Everyone agrees
that climate does change over the short term. Examples of short-term climate change
are seasonal weather variations and storms. We refer to long-term climate change
associated with human activity as anthropogenic climate change to distinguish it
from short-term climate change.
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Evidence that human activity is causing climate to change more than it would
naturally change has motivated international attempts by proponents of anthropo-
genic climate change to regulate greenhouse gas emissions and transition as quickly
as possible from fossil fuels to energy sources such as wind and solar. Skeptics typi-
cally argue that reducing our dependence on fossil fuels is important, but they believe
that the transition should occur over a period of time that does not significantly harm
the global economy. One method for reducing the emission of CO, into the atmosphere
is to collect and store carbon dioxide in geologic formations in a process known as
CO, sequestration. Recent research has suggested that large-scale sequestration of
greenhouse gases could alter subsurface stress to cause fault slippage and seismic
activity at the surface.

1.5.2 Environmental Issues

Fossil fuel producers should be good stewards of the Earth. From a personal perspec-
tive, they share the environment with everyone else. From a business perspective,
failure to protect the environment can lead to lawsuits, fines, and additional regula-
tion. There are many examples of society imposing penalties on operators for
behavior that could harm the environment or already harmed the environment. A few
examples are discussed here.

Shell UK reached an agreement with the British government in 1995 to dispose an
oil storage platform called the Brent Spar in the deep waters of the Atlantic. The envi-
ronmental protection group Greenpeace and its allies were concerned that oil left in
the platform would leak into the Atlantic. Greenpeace challenged the Shell UK plan
by occupying the platform and supporting demonstrations that, in some cases,
became violent. Shell UK abandoned the plan to sink the Brent Spar in the Atlantic
and instead used the structure as a ferry quay. As a consequence of this incident,
governments throughout Europe changed their rules regulating disposal of offshore
facilities (Wilkinson, 1997; Offshore Staff, 1998).

Another example is shale oil and gas development in populated areas. Shale oil
and gas development requires implementation of a technique known as hydraulic
fracturing. The only way to obtain economic flow rates of oil and gas from shale is
to fracture the rock. The fractures provide flow paths from the shale to the well.
Hydraulic fracturing requires the injection of large volumes of water at pressures that
are large enough to break the shale. The injected water carries chemicals and small
solid objects called proppants that are used to prop open fractures when the fracturing
process is completed, and the well is converted from an injection well operating at
high pressure to a production well operating at much lower pressure.

Some environmental issues associated with hydraulic fracturing include meeting
the demand for water to conduct hydraulic fracture treatments and disposing
produced water containing pollutants. One solution is to recycle the water. Another
solution is to inject the produced water in disposal wells. Both the fracture process
and the water disposal process can result in vibrations in the Earth that can be mea-
sured as seismic events. The fracture process takes place near the depth of the shale
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and is typically a very low magnitude seismic event known as a microseismic event.
Water injection into disposal wells can lead to seismic events, and possibly earthquakes
that can be felt at the surface, in a process known as injection-induced seismicity
(Rubinstein and Mahani, 2015; Weingarten et al., 2015). King (2012) has provided an
extensive review of hydraulic fracturing issues associated with oil and gas production
from shale. Concern about environmental effects has led some city, county, and state
governments in the United States to more closely regulate shale drilling and production.

Oil spills in marine environments can require expensive cleanup operations. Two
such oil spills were the grounding of the 1989 Exxon Valdez oil tanker in Alaska and
the 2010 explosion and sinking of the BP Deepwater Horizon offshore platform in
the Gulf of Mexico. Both incidents led to significant financial penalties, including
remediation costs, for the companies involved. In the case of the BP Deepwater
Horizon incident, 11 people lost their lives. The Exxon Valdez spill helped motivate
the passage of US government regulations requiring the use of double-hulled tankers.

Example 1.7 Environmental Cost

A. A project is expected to recover 500 million STB of oil. The project will
require installing an infrastructure (e.g., platforms, pipelines, etc.) that
costs $1.8 billion and another $2 billion in expenses (e.g., royalties, taxes,
operating costs). Breakeven occurs when revenue =expenses. Neglecting
the time value of money, what price of oil (in $/STB) is needed to achieve
breakeven? STB refers to stock tank barrel.

Answer
Total expenses=$3.8 billion
Oil price=$3.8 billion/0.5 billion STB=$7.6/STB

B. Suppose an unexpected environmental disaster occurs that adds another $20
billion to project cost. Neglecting the time value of money, what price of
oil (in $/STB) is needed to achieve breakeven?

Answer
Total expenses=$23.8 billion
Oil price=$23.8 billion/0.5 billion STB =$47.6/STB

1.6 ACTIVITIES

1.6.1 Further Reading

For more information about petroleum in society, see Fanchi and Fanchi (2016),
Hyne (2012), Satter et al. (2008), Raymond and Leffler (2006), and Yergin (1992).
For more information about reservoir management and petroleum economics, see
Hyne (2012), Fanchi (2010), Satter et al. (2008), and Raymond and Leffler (2006).
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True/False

A hydrocarbon reservoir must be able to trap and retain fluids.
API gravity is the weight of a hydrocarbon mixture.

Separator GOR is the ratio of gas rate to oil rate.

The first stage in the life of an oil or gas reservoir is exploration.

Volumetric sweep efficiency is the product of areal sweep efficiency and dis-
placement efficiency.

Net present value is usually negative at the beginning of a project.
DCFROI is discounted cash flow return on interest.

Nitrogen is a greenhouse gas.

Water flooding is an EOR process.

Geological sequestration of carbon dioxide in an aquifer is an EOR process.

Exercises

Suppose the density of oil is 481b/ft* and the density of water is 62.41b/ft’.
Calculate the specific gravity of oil y_ and its API gravity.

Estimate recovery efficiency when displacement efficiency is 30%, areal sweep
efficiency is 65%, and vertical sweep efficiency is 70%.

Calculate volumetric sweep efficiency E,, and recovery efficiency RE
from the following data where displacement efficiency can be estimated as
ED = (Soi _Sor)/Soi'

Initial oil saturation S, 0.75
Residual oil saturation S 0.30
Area swept 480acres
Total area 640 acres
Thickness swept 80ft
Total thickness 100 ft

A. Iftheinitial oil saturation of an oil reservoir is S, =0.70 and the residual
oil saturation from water flooding a core sample in the laboratory is
§,.=0.30, calculate the displacement efficiency E assuming displace-
ment efficiency can be estimated as Ej =(S,; —S,)/S,;.

B. In actual floods, the residual oil saturation measured in the laboratory is
seldom achieved. Suppose S =0.35 in the field, and recalculate displace-
ment efficiency. Compare displacement efficiencies.
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B.

INTRODUCTION

A project is expected to recover 200 million STB of oil. The project will
require installing an infrastructure (e.g., platforms, pipelines, etc.) that costs
$1.2 billion and another $0.8 billion in expenses (e.g., royalties, taxes, operating
costs). Breakeven occurs when revenue=expenses. Neglecting the time value
of money, what price of oil (in $/STB) is needed to achieve breakeven?
Suppose a fire on the platform adds another $0.5 billion to project cost.
Neglecting the time value of money, what price of oil (in $/STB) is
needed to achieve breakeven?

The water cut of an oil well that produces 1000 STB oil per day is 25%.
What is the water production rate for the well? Express your answer in STB

water per day.
What is the WOR?

Fluid production from a well passes through a separator at the rate of
1200MSCF gas per day and 1000STB oil per day. What is the separator
GOR in MSCF/STB?

Based on this information, would you classify the fluid as black oil or
volatile o0il?

How many acres are in 0.5 mi*?
If one gas well can drain 160acres, how many gas wells are needed to
drain 1 mi??

A wellbore has a total depth of 10000ft. If it is full of water with a pressure
gradient of 0.433 psia/ft, what is the pressure at the bottom of the wellbore?
The pressure in a column of water is 1000 psia at a depth of 2300 ft. What
is the pressure at a shallower depth of 2200 ft.? Assume the pressure gra-
dient of water is 0.433 psia/ft. Express your answer in psia.

Primary recovery from an oil reservoir was 100 MMSTBO where 1
MMSTBO =1 million STB of oil. A water flood was implemented
following primary recovery. Incremental recovery from the water flood
was 25% of original oil in place (OOIP). Total recovery (primary recovery
plus recovery from water flooding) was 50% of OOIP. How much oil (in
MMSTBO) was recovered by the water flood?

What was the OOIP (in MMSTBO)?

A core contains 25% water saturation and 75% oil saturation before it is
flooded. Core floods show that the injection of water into the core leaves
a residual oil saturation of 25%. If the same core is resaturated with oil
and then flooded with carbon dioxide, the residual oil saturation is 10%.
What is the displacement efficiency of the water flood? Assume displace-
ment efficiency can be estimated as E) = (S, —S.)/S,;.

What is the displacement efficiency of the carbon dioxide flood?

The revenue from gas produced by a well is $6 million per year. The gas drains an
area of 640 acres. Suppose you have 1 acre in the drainage area and are entitled to
25% of the revenue for your fraction of the drainage area, which is 1 acre/640
acres. How much revenue from the gas well is yours? Express your answer in $/yr.
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THE FUTURE OF ENERGY

The global energy mix is in a period of transition from fossil fuels to more sustainable
energy sources. Recognition that oil and gas are nonrenewable resources, increasing
demand for energy, concerns about the security of oil and gas supply, and possibility
of anthropogenic climate change are among the factors that are motivating changes
to the global energy mix. In this chapter, we describe the global distribution of oil and
gas production and consumption, introduce M. King Hubbert’s concept of peak oil,
and discuss the role oil and gas will play in the future energy mix.

2.1 GLOBAL OIL AND GAS PRODUCTION AND CONSUMPTION

The global distribution of oil and gas production and consumption is illustrated by
presenting the leading nations in production and consumption categories. Lists of top
producing and consuming nations change from year to year. For example, Figure 2.1
shows the five countries with the largest production of oil in 2014. The United States
was the top producer in the 1980s, while production in Saudi Arabia was relatively
low. By the 1990s, Saudi Arabia replaced the United States as the top producing
country. The development of techniques for economically producing hydrocarbons
from shale, which is rock with very low permeability, made it possible for the United
States to become the top producing country in the 2010s.

Introduction to Petroleum Engineering, First Edition. John R. Fanchi and Richard L. Christiansen.
© 2017 John Wiley & Sons, Inc. Published 2017 by John Wiley & Sons, Inc.
Companion website: www.wiley.com/go/Fanchi/IntroPetroleumEngineering
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FIGURE 2.1 Top five oil-producing nations as of 2014. (Source: U.S. Energy Information
Administration Petroleum (2015).)

Figure 2.2 presents the five countries with the largest consumption of petroleum
in 2014. The United States is the top consuming nation, followed by China, Japan,
India, and Russia. We can see if a country is a net importer or exporter of oil and
gas by comparing production and consumption in a particular country. The United
States is a net oil-importing nation, while Saudi Arabia is a net oil-exporting nation.

Figure 2.3 shows the five countries with the largest production of dry natural gas
in 2014. The discovery of drilling and completion methods capable of producing
natural gas from very low-permeability rock such as tight sandstone and shale has
helped the United States increase its production of natural gas.

Figure 2.4 presents the five countries with the largest consumption of dry natural
gas in 2014. The United States is the leading consumer of natural gas. The global
demand for natural gas is expected to increase as countries like the United States
replace coal-fired power plants with power plants that burn cleaner, dry natural gas.

2.2 RESOURCES AND RESERVES

The distribution of a resource can be displayed using the resource triangle illustrated
in Figure 2.5 (Masters, 1979). Masters suggested that the distribution of a natural
resource can be represented by a triangle with high-quality deposits at the top and
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FIGURE 2.2 Top five oil-consuming nations as of 2014. (Source: U.S. Energy Information
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FIGURE 2.4 Top five dry natural gas-consuming nations as of 2014. (Source: U.S. Energy
Information Administration Petroleum (2015); BP, 2015.)
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FIGURE 2.5 Illustration of a resource triangle.
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lower-quality deposits at the lower part of the triangle. A resource deposit at the top of
the triangle has a relatively large concentration of resource that is relatively inexpen-
sive to extract. A resource deposit at the lower part of the triangle has a lower
concentration of resource, so the extraction is more difficult or expensive. For example,
a large, shallow, light oil reservoir that is onshore would be at the top of the triangle,
while a small, deep, heavy oil reservoir in an offshore environment would be at the
base of the triangle. The amount of resource that is both easy to extract and has a high
concentration is expected to be small, while the amount of resource in a low-
concentration deposit is difficult or expensive to extract and is expected to be large.

2.2.1 Reserves

Resource size tells us how much of a resource is present in a deposit. The amount of
the resource that can be extracted is discussed in terms of reserves. The definition of
reserves is presented in the Petroleum Reservoir Management System maintained by
the Society of Petroleum Engineers (SPE-PRMS, 2011). Reserves classifications are
summarized in Table 2.1.

The probability distribution associated with the SPE-PRMS reserves definitions
recognizes that there is a statistical distribution of resource deposits in nature. For
example, oil reservoirs vary in size from reservoirs with relatively small volumes of
oil to reservoirs containing relatively large volumes of oil. If we plot the volume of
oil in the reservoir versus the number of reservoirs with that volume, we can develop
a distribution of reservoirs as a function of size. This distribution can be represented
by a frequency distribution and can be interpreted as a probability distribution
of reservoir size. If we combine reservoir size and recovery factor, we can obtain
a probability distribution of reserves. As an illustration, suppose we assume the
probability distribution of reserves is a normal distribution. Normal distributions

TABLE 2.1 SPE-PRMS Reserves Definitions

Proved reserves Those quantities of petroleum, which by analysis of geoscience and
engineering data, can be estimated with reasonable certainty to be
commercially recoverable, from a given date forward, from known
reservoirs, and under defined economic conditions, operating
methods, and government regulations

There should be at least a 90% probability (P, ) that the quantities
actually recovered will equal or exceed the low estimate

Probable reserves  Those additional reserves which analysis of geoscience and engineering
data indicate are less likely to be recovered than proved reserves but
more certain to be recovered than possible reserves

There should be at least a 50% probability (P, ) that the quantities
actually recovered will equal or exceed the best estimate

Possible reserves ~ Those additional reserves which analysis of geoscience and engineering
data suggests are less likely to be recoverable than probable reserves

There should be at least a 10% probability (P, ) that the quantities
actually recovered will equal or exceed the high estimate
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are characterized by the mean y and standard deviation o of the distribution.
Based on the SPE-PRMS reserves definitions for proved, probable, and possible
reserves, we have

Proved reserves = P, = u—1.28c

Probable reserves = P, = u 2.1

Possible reserves = P, = u+1.28c

for a normal distribution with mean y and standard deviation o.

Example 2.1 Reserves

Figure 2.6 shows a distribution of reserves for a normal distribution with mean
of 200MMSTB oil and three different standard deviations: 20 MMSTB,
40MMSTB, and 60MMSTB. What are the proved, probable, and possible
reserves assuming a normal distribution with standard deviation of 20 MMSTB?

Answer
We can read the values from Figure 2.6 or calculate the values using
Equation 2.1:

Proved reserves = P, =175 MMSTB
Probable reserves = P,; =200 MMSTB
Possible reserves = P, = 225 MMSTB

1.00 o l l
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FIGURE 2.6 Distribution of reserves.
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2.3 OIL AND GAS RESOURCES

Oil and gas resources may be characterized as conventional and unconventional
resources. Snyder and Seale (2011) defined conventional oil and gas resources as
formations that can be produced at economic flow rates or that produce economic
volumes of oil and gas without stimulation treatments or special recovery processes
and technologies. Unconventional oil and gas resources refer to formations that
cannot be produced at economic flow rates or do not produce economic volumes of
oil and gas without stimulation treatments or special recovery processes and technol-
ogies. Figure 2.7 presents a classification of oil and gas resources that is consistent
with these definitions. Following Fanchi and Fanchi (2016), more information about
several unconventional oil and gas resources near the base of the resource triangle in
Figure 2.7 is provided in the following text.

Large oil and gas fields can be characterized as giant or supergiant fields. A giant
oil field contains from 500 million barrels to 5 billion barrels of recoverable oil. Oil
fields with more than five billion barrels of recoverable oil are supergiant oil fields.
A giant gas field contains from 3 to 30 trillion ft® of recoverable gas. Gas fields with
more than 30 trillion ft* of recoverable gas are supergiant gas fields.

2.3.1 Coal Gas

Gas recovered from coalbeds is known as coal gas (Jenkins et al., 2007). The gas
can be present as liberated gas in the fracture system or as a monomolecular layer
on the internal surface of the coal matrix. The composition of coal gas is predomi-
nately methane but can also include constituents such as ethane, carbon dioxide,
nitrogen, and hydrogen (Mavor et al., 1999). Gas content in coal can range from
approximately 20 standard cubic feet (SCF) gas per ton of coal in the Powder River

Conventional:
Smaller volume
Easy to develop Medium quality

) Low perm oil  Tight gas sands
Unconventional:
Larger volume

Difficult to develop

Gas shales Heavy oil  Coal gas

Gas hydrates Oil shales

FIGURE 2.7 Resource triangle. (Source: Adapted from Snyder and Seale (2011) and
Holditch, 2007.)
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Basin of Wyoming (Mavor et al., 1999) to 600 SCF per ton in the Appalachian
Basin (Gaddy, 1999).

Coal gas was historically known as coalbed methane. The term coal gas is used to
better convey that gas from coalbeds is usually a mixture. Other terms for gas from
coal include coal seam methane, coal mine methane, and abandoned mine methane.
The practice of degasifying, or removing gas, from a coal seam was originally used
to improve coal miner safety. Today, people recognize that coal gas has commercial
value as a fuel.

Coal gas bound in the micropore structure of the coalbed can diffuse into the
natural fracture network when a pressure gradient exists between the matrix and the
fracture network. Fractures in coalbeds are called “cleats.” Flow in the fractures is
typically Darcy flow which implies that flow rate between two points A and B is pro-
portional to the change in pressure between the points.

The ability to flow between two points in a porous medium is characterized by a
property called permeability, and a unit of permeability is the darcy. It is named after
Henry Darcy, a nineteenth-century French engineer. Permeability typically ranges
from 1 millidarcy = 1 md (or 1.0x 10~*m?) to 1 darcy =1 D= 1000 md (or 1.0 x 10-2m?)
for conventional oil and gas fields. Permeability in the cleat system typically ranges
from 0.1 to 50 md.

Recovery of coal gas depends on three processes (Kuuskraa and Brandenburg,
1989). Gas recovery begins with desorption of gas from the internal surface to the
coal matrix and micropores. The gas then diffuses through the coal matrix and micro-
pores into the cleats. Finally, gas flows through the cleats to the production well. Gas
flow rate through the cleats depends on such factors as the pressure gradient in the
cleats, the density of cleats, and the distribution of cleats. The flow rate in cleats
obeys Darcy’s Law in many systems but may also depend on stress-dependent per-
meability or gas slippage (the Klinkenberg effect).

The production performance of a well producing gas from a coalbed will
typically exhibit three stages. The well produces water from the cleat system in the
first production stage. The withdrawal of water reduces pressure in the cleat system
relative to the coal matrix and establishes a pressure gradient that allows coal gas
to flow into the cleat system. The gas production rate increases during the first
stage of cleat system dewatering and pressure depletion. The amount of water
produced during the second stage of production is relatively small compared to
gas production because there is more gas present in the cleat system relative to
mobile water. Consequently, the gas production rate peaks during the second stage
of production and gradually declines during the third stage of production as coalbed
pressure declines.

The injection of carbon dioxide into a coal seam can increase coal gas recovery
because carbon dioxide preferentially displaces methane in the coal matrix. The
displaced methane flows into the cleat system where it can be extracted by a pro-
duction well. The adsorption of carbon dioxide in the coal matrix can be used to
sequester, or store, carbon dioxide in the coal seam. Sequestration of carbon
dioxide in a coal seam is a way to reduce the amount of carbon dioxide emitted into
the atmosphere.
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2.3.2 Gas Hydrates

The entrapment of natural gas molecules in an ice-like crystalline form of water at
very low temperatures forms an ice-like solid called a gas hydrate. Gas hydrates are
also called clathrates, which is a chemical complex that is formed when one type of
molecule completely encloses another type of molecule in a lattice. In the case of gas
hydrates, hydrogen-bonded water molecules form a cage-like structure around low
molecular weight gas molecules such as methane, ethane, and carbon dioxide. For
more discussion of hydrate properties and technology, see Sloan (2006, 2007) and
references therein.

Gas hydrates have historically been a problem for oil and gas field operations. For
example, the existence of hydrates on the ocean floor can affect drilling operations in
deep water. The simultaneous flow of natural gas and water in tubing and pipelines
can result in the formation of gas hydrates that can impede or completely block the
flow of fluids through pipeline networks. The formation of hydrates can be inhibited
by heating the gas or treating the gas—water system with chemical inhibitors, but
these inhibition techniques increase operating costs.

Today, the energy industry recognizes that gas hydrates may have commercial
value as a clean energy resource or as a means of sequestering greenhouse gases. The
potential of gas hydrates as a source of methane or ethane is due to the relatively
large volume of gas contained in the gas hydrate complex. In particular, Makogon
et al. (1997) reported that 1 m? of gas hydrate contains 164.6m? of methane. This is
equivalent to one barrel of gas hydrate containing 924 ft* of methane and is approxi-
mately six times as much gas as the gas contained in an unimpeded gas-filled pore
system (Selley, 1998, page 25). The gas in gas hydrates occupies approximately 20%
of the volume of the gas hydrate complex. Water occupies the remaining 80% of the
gas hydrate complex volume.

Gas hydrates are naturally present in arctic sands, marine sands, and nonsand-
stone marine reservoirs. They are common in marine sediments on continental mar-
gins and below about 600ft in permafrost regions. Ruppel (2011) reported that
approximately 99% of gas hydrates occurs in the sediments of marine continental
margins. Methane hydrates form when both methane and water are present at appro-
priate pressure and temperature. The size of the hydrate resource is not well known.
Boswell (2009) said that gas hydrates may contain approximately 680000 trillion ft*
of methane. Development of technology for commercially producing the hydrate
resource is ongoing.

2.3.3 Tight Gas Sands, Shale Gas, and Shale Oil

Low-permeability hydrocarbon resources include tight gas sands (Holditch, 2007)
and shale (Kuuskraa and Bank, 2003; King, 2012). Both tight gas sands and shale are
characterized by very low permeability. The permeability of tight gas sand is on the
order of microdarcies (1 microdarcy is 1 thousandth of a millidarcy), while the per-
meability of shale is on the order of nanodarcies (1 nanodarcy is 1 millionth of a
millidarcy).



FIGURE 2.8 Selection of shale plays in the contiguous United States. (Source: Adapted from U.S. Energy Information
Administration (August 18, 2015).)
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Economic production of hydrocarbons from shale or tight sand became possible
with the development of directional drilling and hydraulic fracturing technology.
Directional drilling is the ability to drill wells at angles that are not vertically down-
ward. Hydraulic fracturing is the creation of fractures in rock by injecting a water-
based mixture into a formation at a pressure that exceeds the fracture pressure of the
formation. The orientation and length of the induced fracture depends on formation
characteristics such as thickness and stress. Once fractures have been created in the
formation, a proppant such as manmade pellets or coarse grain sand is injected into
the fracture to prevent it from closing, or healing, when injection pressure is removed.
The proppant keeps the fractures open enough to provide a higher permeability flow
path for fluid to flow to the production well.

Shales are typically rich in organic materials and often serve as source rock for
conventional oil and gas fields. Production of oil and gas from shale is considered
unconventional because shale functions as both the source rock and the reservoir.
Shale deposits can be found throughout the world. Figure 2.8 shows shale plays in
the contiguous United States. Shale gas deposits include the Barnett Shale in North
Texas and the Marcellus Shale in Pennsylvania. Shale oil deposits include the Bakken
Shale in North Dakota and the Eagle Ford Shale in South Texas.

Holditch (2013) and McGlade et al. (2013) provided estimates of the global
volume of unconventional gas resources. Table 2.2 summarizes their estimates of
technically recoverable reserves for coal gas, tight gas, and shale gas. The differences
in tight gas and shale gas estimates illustrate the range of uncertainty.

Example 2.2 The Darcy Unit

Express the following permeabilities in darcies: 1 md, 1 ud (microdarcy), and
1 nd (nanodarcy).

Answer
Imd =1mdx 1D =1x107°D
1000md
1D
lud = 1pd x (10 md/pd x| ———— |=1x10°D
d = 1pdx( hd) (1000mdj
. 1D "
1nd=1nd><(10 md/nd)x =1x10°D
1000md

2.3.4 Tar Sands

Sand grains that are cemented together by tar or asphalt are called tar sands. Tar and
asphalt are highly viscous plastic or solid hydrocarbons. Extensive tar sand deposits
are found throughout the Rocky Mountain region of North America, as well as in
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TABLE 2.2 Global Estimate of Technically Recoverable Reserves of Unconventional
Gas Trillion Standard Cubic Feet

Source Coal Gas Tight Gas Shale Gas Total
Holditch (2013) 1453 43551 12637 57641
McGlade et al. (2013) 1384 1914 6823 10121

other parts of the world. Although difficult to produce, the volume of hydrocarbon in
tar sands has stimulated efforts to develop production techniques.

The hydrocarbon in tar sands can be extracted by mining when they are close
enough to the surface. Near-surface tar sands have been found in many locations
around the world. In locations where oil shale and tar sands are too deep to mine, it
is necessary to increase the mobility of the hydrocarbon.

An increase in permeability or a decrease in viscosity can increase mobility.
Increasing the temperature of high API gravity oil, tar, or asphalt can signifi-
cantly reduce viscosity. If there is enough permeability to allow injection,
steam or hot water can be used to increase formation temperature and reduce
hydrocarbon viscosity. In many cases, however, permeability is too low to
allow significant injection of a heated fluid. An alternative to fluid injection is
electromagnetic heating. Radio frequency heating has been used in Canada,
and electromagnetic heating techniques are being developed for other parts of
the world.

2.4 GLOBAL DISTRIBUTION OF OIL AND GAS RESERVES

The global distribution of oil and gas is illustrated by presenting the size of a nation’s
reserves. Table 2.3 lists 15 countries with the largest proved oil reserves and 15 coun-
tries with the largest proved gas reserves. National reserves are found by summing
the reserves for all of the reservoirs in the nation.

Table 2.4 shows the regional distribution of oil and natural gas reserves. It is
notable that the Middle East is at the top of both lists, and Europe is at the bottom
of both lists. Political instability in the Middle East, which is home to many oil and
gas exporting nations, has raised concerns about the stability of the supply. The
lack of oil and natural gas reserves means that Europeans cannot rely on oil and
natural gas as primary energy sources. Concerns about the security of their energy
supply and the impact of fossil fuel combustion on the environment have helped
motivate the European Union to become a leader in the development and installa-
tion of renewable energy facilities such as wind farms and solar plants. France has
adopted nuclear fission energy as its primary energy source for electricity genera-
tion and has enough installed nuclear fission capacity to export electricity to other
European nations.
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TABLE 2.3 Nations with Largest Crude Oil and Natural Gas Proved Reserves in 2014

Crude Oil Reserves (Billion Barrels) Natural Gas Reserves (Trillion Cubic Feet)
World 1656 World 6972
Venezuela 298 Russia 1688
Saudi Arabia 268 Iran 1193
Canada 173 Qatar 885
Iran 157 United States 338
Iraq 140 Saudi Arabia 291
Kuwait 104 Turkmenistan 265
United Arab Emirates 98 United Arab Emirates 215
Russia 80 Venezuela 196
Libya 48 Nigeria 181
Nigeria 37 Algeria 159
United States 36 China 155
Kazakhstan 30 Iraq 112
Qatar 25 Indonesia 105
China 24 Mozambique 100
Brazil 15 Kazakhstan 85

Source: U.S. Energy Information Administration Petroleum (2015).

TABLE 2.4 Regional Distribution of Crude Oil and Natural Gas Proved
Reserves in 2014

Crude Oil Reserves (Billion Barrels) Natural Gas Reserves (Trillion Cubic Feet)
World 1656 World 6972
Middle East 804 Middle East 2813
Central and South America 328 Eurasia 2178
North America 220 Africa 606
Africa 127 Asia and Oceania 540
Eurasia 119 North America 422
Asia and Oceania 42 Central and South America 277
Europe 12 Europe 136

Source: U.S. Energy Information Administration Petroleum (2015).

Figure 2.9 shows that world proved crude oil and natural gas reserves have
increased from 2000 to 2014. Much of the recent increase in reserves is associated
with advances in technology that made the development of unconventional resources
economically viable.
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FIGURE 2.9 World proved reserves from 2000 to 2014. (Source: U.S. Energy Information
Administration Petroleum (2015).)

2.5 PEAK OIL

Efforts to change from an energy mix that depends on fossil fuels to a more sustain-
able energy mix are motivated by environmental concerns and by the concern that
oil production is finite and may soon be coming to an end. M. King Hubbert studied
the production of oil in the contiguous United States (excluding Alaska and Hawaii)
as a nonrenewable resource. Hubbert (1956) found that oil production in this limited
geographic region could be modeled as a function of time. The annual production
of oil increased steadily until a maximum was reached and then began to decline as it
became more difficult to find and produce. The maximum oil production is considered
a peak. Hubbert used his method to predict peak oil production in the contiguous
United States, which excludes Alaska and Hawaii. Hubbert predicted that the peak
would occur between 1965 and 1970. Hubbert then used the methodology that he
developed for the contiguous United States to predict the peak of global oil produc-
tion. He predicted that global oil production would peak around 2000 at a peak rate of
12-13 billion barrels per year or approximately 33—36 million barrels per day.

Crude oil production in the contiguous United States peaked at 9.4 million barrels
per day in 1970. A second peak for the United States occurred in 1988 when Alaskan
oil production peaked at 2.0 million barrels per day. The second peak is not consid-
ered the correct peak to compare to Hubbert’s prediction because Hubbert restricted
his analysis to the production from the contiguous United States. Many modern
experts consider the 1970 oil peak to be a validation of Hubbert’s methodology and
have tried to apply the methodology to global oil production. Analyses of historical
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FIGURE 2.10 World oil production rate forecast using Gaussian curves.

data using Hubbert’s methodology typically predict that world oil production will
peak in the first quarter of the twenty-first century.

2.5.1 World Oil Production Rate Peak

Forecasts based on an analytical fit to historical data can be readily prepared using pub-
licly available data. Figure 2.10 shows a fit of world oil production rate (in millions of
barrels per day) from the US EIA database. Three fits are displayed. The fit labeled
“Gaussian Fit 2000” matches peak data at year 2000, the fit labeled “Gaussian Fit 2008”
matches peak data at year 2008, and the fit labeled “Gaussian Fit 2014 matches peak
data at year 2014. Each fit was designed to match the most recent part of the production
curve most accurately. The fits give oil production rate peaks between 2010 and 2030.
The increase in actual world oil production rate between 2000 and 2010 is due to a
change in infrastructure capacity in Saudi Arabia. This period coincided with a significant
increase in oil price per barrel, which justified an increase in facilities needed to produce,
collect, and transport an additional one to two million barrels per day of oil. The increase
in actual world oil production rate since 2000 is largely due to an increase in oil produc-
tion from shale oil in the United States. Technological advances have added hydrocarbon
resources to the global energy mix and shifted the date when peak oil rate occurs.

2.5.2 World Per Capita Oil Production Rate Peak

The evidence for a peak in world oil production rate is inconclusive. On the other
hand, suppose we consider world per capita oil production rate, which is annual
world oil production rate divided by world population for that year. Figure 2.11
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FIGURE 2.11 World per capita oil production rate through 2014.

shows world per capita oil production rate (in barrels of oil produced per day per
person) for the period from 1960 through 2014.

Figure 2.11 shows two peaks in the 1970s. The first peak was at the time of the
first oil crisis, and the second peak occurred when Prudhoe Bay, Alaska, oil produc-
tion came online. World per capita oil production rate has been significantly below
the peak since the end of the 1970s. The increase in 2000 is largely due to the increase
in production in Saudi Arabia and the United States. It appears that world per capita
oil production rate peaked in the 1970s. We do not know if another higher peak is
possible given the continuing growth in world population.

Example 2.3 Future Power Demand

Assume 10 billion people will consume 200000MJ energy per person per year
in 2100. How many power plants will be needed to provide the energy consumed
each year? Assume an average power plant provides 1000 MW power.

Answer
200000 MJ/person/yrx (10x 10° people) =2.0x 10> MI/yr
Power in MW: (2.0x 10" MJ/yr) x (1yr/3.1536x 107s)=6.34x 10" MW

;
Number of powerplants needed: 6:34x10° MW, ~ 63400 plants
1000 MW/plant
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2.6 FUTURE ENERGY OPTIONS

Future energy demand is expected to grow substantially as global population increases
and developing nations seek a higher quality of life (Fanchi and Fanchi, 2016). Social
concern about nuclear waste and proliferation of nuclear weapons is a significant
deterrent to reliance on nuclear fission power. These concerns are alleviated to some
extent by the safety record of the modern nuclear power industry. Society’s inability
to resolve the issues associated with nuclear fusion makes fusion an unlikely contrib-
utor to the energy mix until at least the middle of the twenty-first century. If nuclear
fusion power is allowed to develop and eventually becomes commercially viable, it
could become the primary energy source. Until then, the feasible sources of energy for
use in the future energy mix are fossil fuels, nuclear fission, and renewable energy.

Concerns about the environmental impact of combustible fuels and security of the
energy supply are encouraging a movement away from fossil fuels. Political insta-
bility in countries that export oil and gas, the finite size of known oil and gas supplies,
increases in fossil fuel prices, and decreases in renewable energy costs, such as wind
energy costs, are motivating the adoption of renewable energy. On the other hand,
the development of technology that makes unconventional sources of fossil fuels
economically competitive is encouraging continued use of fossil fuels, especially as
the natural gas infrastructure is improved. These conflicting factors have an impact
on the rate of transition from fossil fuels to a sustainable energy mix. A key decision
facing society is to determine the rate of transition.

2.6.1 Goldilocks Policy for Energy Transition

Fanchi and Fanchi (2015) introduced a Goldilocks policy for determining the rate of
transition from one energy source to another. An appropriate rate can be estimated
using the historical energy consumption data from the United States shown in
Figure 2.12 (US EIA Annual Energy Review, 2001). The United States is a devel-
oped country with a history of energy transitions over the past few centuries.

The data in Figure 2.12 are presented in Figure 2.13 as the percent of total US
energy consumption by source. Wood was the principal energy source when the
United States was founded in the eighteenth century. Coal began to take over
the energy market in the first half of the nineteenth century and peaked in the
early twentieth century. Oil began to compete with coal during the latter half of
the nineteenth century and became the largest component of the energy mix by the
middle of the twentieth century. The period of time from the appearance of an
energy source in the market place to its peak can be seen in Figure 2.13 for coal
and oil. Historically, energy transition periods in the United States last approxi-
mately 60-70 years.

Our future energy mix depends on choices we make, which depends, in turn, on
energy policy. Several criteria need to be considered when establishing energy policy.
We need to consider the capacity of the energy mix, its cost, safety, reliability, and
effect on the environment. We need to know that the energy mix can meet our needs
(capacity) and be available when it is needed (reliability). The energy mix should
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FIGURE 2.2 US energy consumption by source, 1650-2010 (quadrillion BTU).
(Source: U.S. Energy Information Administration (2001).)
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FIGURE 2.13 Coal and oil transition periods based on US energy consumption by source,
1650-2010 (%). (Source: Fanchi and Fanchi, 2015.)

have a negligible or positive effect on the environment, and it should be safe. When
we consider cost, we need to consider both tangible and intangible costs associated
with each component of the energy mix.

The transition from wood to coal and from coal to oil has been interpreted as a
trend toward decarbonization or the reduction in the relative amount of carbon in
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FIGURE 2.14 Fraction of US annual energy consumption by source, 1950-2014.
(Source: U.S. Energy Information Administration (2015).)

combustible fuels. Figure 2.14 shows the fraction of annual energy consumption in
the United States since 1950. Fossil energy includes coal, oil, and natural gas; nuclear
energy refers to fission energy; and renewable energy includes hydroelectric, wind,
and solar. The next step in decarbonization would be a transition to natural gas.
A greater reliance on natural gas rather than wood, coal, or oil would reduce the
emission of greenhouse gases into the atmosphere.

The twenty-first-century energy mix will depend on technological advances,
including some advances that cannot be anticipated, and on choices made by society.
There are competing visions for reaching a sustainable energy mix. Some people see
an urgent need to replace fossil fuels with sustainable/renewable energy sources
because human activity is driving climate change. Others believe that it is necessary
to replace fossil fuels with sustainable/renewable energy sources, but the need is not
urgent. They argue that the economic health of society outweighs possible climate
effects. If the energy transition is too fast, it could significantly damage the global
economy. If the energy transition is too slow, damage to the environment could be
irreversible.

The “Goldilocks Policy for Energy Transition” is designed to establish a middle
ground between these competing visions. We need the duration of the energy
transition to be just right; that is, we need to adopt a reasonable plan of action that
reduces uncertainty with predictable public policy and reduces environmental impact.

Based on historical data, we could plan an energy transition to a sustainable
energy mix by the middle of the twenty-first century. The European Union is
operating on this timetable with the EU Supergrid. In addition, natural gas could
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serve as a transition fuel because it is relatively abundant, continues the trend to
decarbonization, halves greenhouse gas emissions relative to oil and coal
combustion, and requires reasonably affordable infrastructure changes that take
advantage of available technology. A natural gas infrastructure would be a step
toward a hydrogen economy infrastructure in the event that hydrogen becomes
a viable energy carrier. The development of a game-changing technology, such
as commercial nuclear fusion, would substantially accelerate the transition to a
sustainable energy mix.

The twenty-first-century energy mix will depend on technological advances,
including some advances that cannot be anticipated, and on choices made by society.
For the foreseeable future, oil and gas will continue to be a key source of energy in
the global energy mix as society makes a transition to a sustainable energy mix.

2.7 ACTIVITIES

2.7.1 Further Reading

For more discussion about the future of petroleum, see Fanchi and Fanchi (2016) and
Yergin (2011).

2.7.2 True/False

2.1  Gas hydrates are clathrates.

2.2 Shale gas is produced from reservoirs with high permeability.

2.3  Coal gas production requires gas desorption from the coal matrix.
2.4  Coal gas is primarily propane.

2.5  The first oil crisis began in 1973.

2.6 M. King Hubbert predicted that global oil production would peak between
1965 and 1970.

2.7  Per capita global oil production peaked by 1980.

2.8 Recovery factor is the fraction of original fluid in place that can be produced
from a reservoir.

2.9  Shale oil and gas are unconventional resources.

2.10 Probable reserves are more likely to be recoverable than possible reserves.

2.7.3 Exercises

2.1 Complete the table that follows and estimate proved, probable, and possible
reserves. Assume the reserves are normally distributed.
Hint: Reserves=0OIP times recovery factor.
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2.2

2.3

24

2.5

2.6

Model OOIP (MMSTB) Recovery Factor Reserves (MMSTB)
1 400 0.30
2 650 0.43
3 550 0.48
4 850 0.35
5 700 0.38

A. A geothermal power plant was able to provide 2000MWe (megawatts
electric) power when it began production. Twenty years later the plant is
only able to provide 1000 MWe from the geothermal source. Assuming the
decline in power production is approximately linear, estimate the average
annual decline in power output (in MWe/yr).

B. Suppose the plant operator has decided to close the plant when the electric
power output declines to 10MWe. How many more years will the plant
operate if the decline in power output calculated in Part A continues?

A. A coal seam is 600 ft wide, 1 mile long, and 15 ft thick. The volume occu-
pied by the fracture network is 1%. The volume of coal is the bulk volume
of the coal seam minus the fracture volume. What is the volume of coal in
the coal seam? Express your answer in ft>.

B. If the density of coal is 1.7 Ibm/ft>, how many tons of coal are in the coal
seam?

C. The gas content G, of gas in the coal matrix is 500 SCF methane per ton
of coal. What is the total volume of methane contained in the coal seam?
Neglect any gas that may be in the fracture.

Porosity (fraction) is related to bulk density by p, =(1-¢)x(p,.)+(@x p;)
where bulk density p, is 2.40 g/cc from the density log, density of rock matrix
... 18 2.70 g/cc, and fluid density p_ is 1.03 g/cc for brine. Estimate porosity.

A. A news article reported that 535 MMSCF gas could supply gas to 8150
homes for a year. Calculate the value of gas. Note: | MMSCF=1 million
standard cubic feet.

Gas Volume (MSCF) Gas Price/Volume ($/MSCF) Value of Gas ($)
535000 2.50
535000 5.00

B. If the price of gas to the consumer is $5.00 per MSCF, how much does the
average home have to pay for gas each year?
Hint: First estimate the volume of gas in MSCF that is used by each
home each year, where ]| MSCF=1000SCF.

Typical energy densities for coal, oil, and methane are shown in the table.
The relative value of the energy in each material can be estimated by using



44

2.7

2.8

2.9

THE FUTURE OF ENERGY

energy density to calculate the cost per unit of energy. Use the information in
the table and unit conversion factors to complete the table.

Fuel Price Energy Density $ per MJ
Coal $50 per tonne 42MlJ/kg

Oil $60 per barrel 42000 MJ/m?

Methane $3 per MSCF 38 MJ/m?

Suppose Country A imports 55% of its oil. Of this amount, 24% is imported
from Region A. What is the percent of oil imported into Country A from
Region A?

A. A national oil company (NOC) reports that it has 700 billion bbl OOIP. The
resource is classified in the table that follows. Fill in the % OOIP column.

Classification Category Volume (billion bbl) % OOIP
Produced 99
Remaining proved 260
Probable 32
Possible 71
Contingent 238

B. How long can the NOC produce at a production capacity of 10 million
bbl/day using remaining proved reserves? Express your answer in years.

C. How long can the NOC produce at a production capacity of 15 million
bbl/day using remaining proved reserves? Express your answer in years.

Estimate the year when peak oil occurs using Gaussian fits to data for years
2000, 2008, and 2014 shown in Figure 2.10.

2.10 A. Use Figure 2.13 to estimate the length of time (in years) it took for the

transition from wood to coal.

B. Use Figure 2.13 to estimate the length of time (in years) it took for
the transition from coal to oil.

C. What will be the next transition and how long will it last?



PROPERTIES OF RESERVOIR FLUIDS

A key question to ask upon discovering oil and gas is, “How much is there?”
In addition to oil or gas, there will be water and probably some gas dissolved in the
liquids. Gas also may appear as a separate phase along with oil. Properties of these
fluids are used to determine their amounts in a formation and their fluid flow charac-
teristics. This chapter describes the origin and the common methods for classifying
oil and gas resources, introduces keywords and definitions of fluid properties,
provides methods for estimating fluid properties, and shows how these properties are
measured and used in petroleum engineering.

3.1 ORIGIN

The details of the formation of oil and gas are largely unknown. From about 1860
to 1960, some debate centered on whether these fluids derived from biological or
nonbiological sources. Geochemical analysis has uncovered many molecules in
oils that share structure with chemicals in living organisms. These molecules, or bio-
markers, are fossil remains of life from millions of years ago. Hence, it is generally
accepted that oil and gas have biological origin. Many geochemists around the world
continue to research the processes of oil and gas formation. Although the details are
still being determined, we can describe the process in broad-brush terms.
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