the ENSGY lab

N=TL

Carbon Dioxide
Enhanced Oil Recovery

Untapped Domestic Energy Supply
and Long Term Carbon Storage Solution

U.S. DEPARTMENT OF

JENERGY

NATIONAL ENSRGY TECHNOLOGY LASORATORY



Introduction

As the United States grapples with the twin challenges
of reducing dependence on foreign energy sources and
reducing emissions of greenhouse gases, the topic of
carbon dioxide (CO,) enhanced oil recovery (EOR) has
received increased attention. In order to help inform
the discussion, the Department of Energy’s National
Energy Technology Laboratory has published this
“primer” on the topic. Hopefully, this brief introduction
to the physics of CO, EOR, the fundamental engineering
aspects of its application, and the economic basis on
which it is implemented, will help all parties understand
the role it can play in helping us meet both of the
challenges mentioned above.

Disclaimer

Reference herein to any specific commercial product, process, or service by trade

name, trademark, manufacturer, or otherwise does not necessarily constitute or imply
its endorsement, recommendation, or favoring by the United States Government or
any agency thereof. Neither the United States Government nor any agency thereof,
nor any of their employees, makes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, completeness, or usefulness of any

information, apparatus, product, or process disclosed, or represents that its use would

not infringe privately owned rights.
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Oil and water form separate
phases when mixed.

The Basics of Carbon Dioxide EOR

Why It Works

Why does injecting carbon dioxide (CO,) into the pore spaces of a rock help
move crude oil out? CO, has two characteristics that make it a good choice
for this purpose: it is miscible with crude oil, and it is less expensive than
other similarly miscible uids. What does it mean to be miscible? Imagine
that you get oil on your tools while working on your car’s engine. Water will
get a little of the oil 0 , soap and water will do a better job, but a solvent will
remove every trace. This is because a solvent can mix with the oil, form a
homogeneous mixture, and carry the oil away from the tool’s surface. Fluid
pairs like ethanol and water, vinegar and water, and engine “degreasers”
and motor oil exhibit miscibility, that is, the ability of fluids to mix in all
proportions (see page 26 for a glossary). As we know, “oil and water don'’t
mix,” as they are immiscible; and as a result, completely removing oil from
tools or engine parts requires a solvent.

We could use similar miscible solvents to clean the oil from underground
reservoirs, but since these products are re ned from crude oil and therefore
relatively expensive, it does not make economic sense to do so, regardless
of their e ectiveness. The same goes for natural gas enriched with heavier
hydrocarbons like propane; it is miscible with oil but it is also a valuable
commaodity. However, underground deposits of CO, are relatively inexpensive,
naturally occurring sources of the gas that can be extracted in large quantities,
making it a more sensible choice. If CO,
produced by human activities can be
captured inexpensively, it could become
a source as well.

When we inject CO, into an oil reservoir,
it becomes mutually soluble with the
residual crude oil as light hydrocarbons
from the oil dissolve in the CO, and CO,
dissolves in the oil. This occurs most
readily when the CO, density is high
(when it is compressed) and when the oil
contains a signi cant volume of “light”
(i.e., lower carbon) hydrocarbons (typically
a low-density crude oil). Below some
minimum pressure, CO, and oil will no
longer be miscible. As the temperature
increases (and the CO, density decreases),
or as the oil density increases (as the

Oily surfaces can be cleaned if a solvent is used light hydrocarbon fraction decreases),
that is completely miscible with the oil. the minimum pressure needed to attain
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Cross-section illustrating how carbon dioxide and water can be used to ush residual oil from a subsurface rock formation between wells

0il/CO, miscibility increases. For this reason, oil eld
operators must consider the pressure of a depleted
oil reservoir when evaluating its suitability for CO,
enhanced oil recovery. Low pressured reservoirs may
need to be re-pressurized by injecting water (see
page 6 sidebar on water ooding).

When the injected CO, and residual oil are miscible,
the physical forces holding the two phases apart
(interfacial tension) effectively disappears. This
enables the CO, to displace the oil from the rock
pores, pushing it towards a producing well just as a
cleaning solvent would remove oil from your tools.

As CO, dissolves in the oil it swells the oil and reduces
its viscosity; affects that also help to improve the
e ciency of the displacement process.

Often, CO, oods involve the injection of volumes
of CO, alternated with volumes of water; water
alternating gas or WAG oods. This approach helps
to mitigate the tendency for the lower viscosity CO,
to nger its way ahead of the displaced oil. Once the
injected CO, breaks through to the producing well,
any gas injected afterwards will follow that path,
reducing the overall e ciency of the injected uids
to sweep the oil from the reservoir rock.
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Water oodingand
Residual Oil

When an oil reservoir is rst
produced, the pressure that exists
in the subsurface provides the
energy for moving the oil, gas
and water that is in the rock to the
surface. After a while, the pressure
dissipates and pumps must

be used to remove additional
volumes of oil. Depending on
the characteristics of the rock
and the oil, a considerable
amount of the original oil

in place may be left behind
(perhaps 60 percent or more) as
residual oil. Waterflooding is a
process whereby water is pumped
down selected wells to push a
portion of the remaining oil out
of the rock towards the producing
wells. In most cases, CO, enhanced
recovery operations take place in oil
reservoirs where this less expensive
water ooding option has already
been implemented, although the
remaining oil saturation in the
post-water ood reservoir is still
signi cant, perhaps 50 percent of
the original oil in place.

CO, pipeline metering

_ Carbon Dioxide Enhanced Oil Recovery

How It Works

The physical elements of a typical CO, flood operation can be used to
illustrate how the process works. First, a pipeline delivers the CO, to
the field at a pressure and density high enough for the project needs
(>1200 pounds per square inch [psi] and 5 pounds per gallon; for comparison
water density is 8.3 pounds per gallon), and a meter measures the volume
of gas purchased. This CO, is directed to injection wells strategically placed
within the pattern of wells to optimize the areal sweep of the reservoir. The
injected CO, enters the reservoir and moves through the pore spaces of
the rock, encountering residual droplets of crude oil, becoming miscible
with the oil, and forming a concentrated oil bank that is swept towards the
producing wells.

At the producing wells—and there may be three, four or more producers per
injection well—oil and water is pumped to the surface, where it owsto a
centralized collection facility. The pattern of injectors and producers, which
can change over time, will typically be determined based on computer
simulations that model the reservoir’s behavior based on di erent design
scenarios. A well manifold allows for individual wells to be tested to see

how much oil, gas and water is being produced at each location and if the
concentration of oil is increasing as the oil bank reaches the producing wells.

The produced uids are separated and the produced gas stream, which

may include amounts of CO, as the injected gas begins to break through
at producing well locations, must be further processed. Any produced
CO, is separated from the produced natural gas and recompressed for
reinjection along with additional volumes of newly-purchased CO,. In

some situations, separated produced water is treated and re-injected,

often alternating with CO, injection, to improve sweep e ciency (the WAG
process mentioned earlier).

CO, injection wellhead

Production well pump jack
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