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ABSTRACT

This report provides a review of technical pub11cations and pétents in
the field of nitrogen and flue gas flooding in Enhanced 0i1 Recovery (EOR).
The physica1 and chemical characteristics of nitrogen and flue gas are
provided with some comparisons with CO2 related to EOR operations. Experi-
mental research and field based activities using nitrogen and flue gas are
briefly summarized. Cost data for generation of nitrogen and flue gases
are provided. Nitrogen and flue gas costs are approximately one third to
one half that of CO2 The low cost of production and its non- corrdsive
nature are advantages of us1ng nitrogen, whereas the higher m1sc1b111ty

- pressure requ1rement is a d1sadvantage N1trogen f]ood1ng does not work
well with Tow API gravity crudes. Miscible d1sp1acement with nitrogen
seems promising for 0ils containing solution gas. Flue gas flooding can be
applied to low API gravity ciude reservoirs. However, flue gas flooding
creates operating problems dug to its corrosive nature. The report provides
a discussion on process and reservoir parameters that affect nitrogen and/or
flue gaé f]oddingfin EOR. A bibliography of related literature is provided
in the appendices. |

vi ;

O - s -~ o= o ittt ot e, PRI - . P V-~ -~ ‘ - e —-
T OB, - - —— — ol . it i - e — —— ——— i e el AN e — . A - s it i i, At a TP . .- - —— i

PPN,



1. INTRODUCTTON AN SUMMARY

The objective of "this state-of-the-art review of nitrogen and flue gas
flooding as used in enhanced o0il recovery is: ‘

e to assemble all the available Tliterature on this subject and prepare a
bibliography, and

: o: to review the literature and present:
- The physical.and chemical gharacteristicﬁ,
- A summary of applied research and field activftjes,
- Source/supply/cost data,

- Process and reservoir parameters, and

A comparison of N2 and f]ue'gas flooding with C02 flooding.

Literature was searched‘using a two pronged approach. Abstracts as well
as peribdica]s' were reviewed so that if relevant material were missed in
abstract form, it would be noted in periodicals, and vice versa.A -The
literature reviéw wa§ restricted .to the publication period of"1960'thrOUQh the
present. However, cross references in this literature were sought, even if.
published prior to 1960. The journals and beriodica]s that were searched
included: Petroleum Abstracts, Energy Research Abstracts (by DOE), Petroleum
Engineer, Journal of Petroleum Technology (JPT), AIME "Petroleum Transactions,
Petroleum Times, SPE Journals, SPE EOR Field Reports, 0il and Gas Journal, and
World 0Oil. A
_ In aad1t10h, a computer 4as$isted literature search Was conducted Osing
Morgantown' Energy .Technology Center's files on the Petroleum Energy Data
Bases. Various combinations- of key words suéh as gas injection, .nitrogen,
flue gas, stack gas, secondary recdvery, and énhanced recovery.werevuséd.. A
pétent search was also made in order to obtain pertinent information
unpublished in journa]é and pefiodica]s. :

The bibliography of articles that are directTy'or 1hd1rect]y,re1ated to
the_uée of nitrogen and flue gas are presented in Appendices A, B, and C. 1In
-addition, references are provided at the end of ~éach Section.  Appendix A
presents a'bib]iography of articles related to nitrogen f]ooding, Appendix B
presents a bibliography of articles related to flue gas flooding. Appendix C
presents a list of .paténts re1ated to nitrogen and flue gas f]ooding{



Subsections within the abpendices include sets of articles that dre related to -
specific topics such as physical/chemical characteristics, source/supply cost
data, etc. However, an article or a patent may fall into more than one
subsectionc 4 | , ‘
- A1l Tliterature thus collected was reviewed and the results ‘are presented'
in-Sections 2 through 7. |
Section Z presents the physical and chemical properties of nitrogen and
flue gas “and their “significance for use in enhanced 0il recovery (EOR).
Nitrogen is less corrosive than CO2 and flue gas. F]Qe gas is more corrosive
than CO2 because of associated impurities. Pure "nitrogen has a higher
miscibility and dew point pressure than COZ or flue. gas. Nitrogen is less
soluble 1in" water or _brine than ‘CUZ. ~The solubility of -flue gas falls in
between nitrogen and CQZ’ and depends upon its compositiqn.
Injection gas properties such as corrosiveness, miscibility pressure and
solubility are very important in Enhanced 0il Récovery operations because:
o If the gases are corrosive, ‘they will have adverse effects on the
injection and production wells and on surface equipment. »

o There is a direct re]ationShip between the miscibility pressure and:
injection cost. High miscibility pressure requirements will prevent
the process from being applied in shallow reservoirs.

o The solubility of gas in o0il affects the viscosity redﬁction‘of oil.
This 1is important in miscible displacement operations. The solubility
of- injection gas in connate water is important for pressurizing the
reservoir.

These and other physical properties of nitrogen and flue gas and their

significance in EOR are further-discussed in Section 2. '

Section 3 presents a discussion on conceptual process development ~ and
laboratory -experimental tests performed: on miscible displacement using
nitrcgen;Athe use of nitrogen 1njection for pressure maintainance and
retrograde condensétion; and flue gas flooding -and. other gases (excluding 002
and hydrocarbon gases). The results indicate that nitrogen requires higher

" miscibility ‘pressures than CO,. Miscible displacement using nitrogen is

promising when the oil contains solution gas. - However, the technique does not
work wé]] with dead o0ils (containing esSentia]]y'ho solution gas). Thus, . it
appears that N, flooding would be suitable for reservoirs with crude oils of
more than - 35 degrees API, and would require .higher pressures than that

necessary for CO2 flooding. CO2 slugs followed by nitrogen injection ‘appear

2



to be a very promising process for use invlowér'API gravity (less than 359

API) crudes where N2

considerably. This technique does not require very high pfessures. " The use

alone can not be used. This will reduce‘COZ consumption

of nitrogen for pressure maintainance and retrograde condensation is very
promising. Flue gas flooding is suitable for heavy oil reservoirs. Here, the

.C02 component §Qf the flue gas dissolves in o0il and. reduces the .0il's
viscosity. Nitrogen provides the energy for pressure build-up and- "chases

out" the oil. llowever, flue yds flood1hg ¢creates operating problems due to
its -corrosive nature. ' A -

© Section 4 provides a summary of field based projects using nitkdgen, flue
gas and air injection in EOR. Promising resu]ts‘have been obtained from some

- field tests (e.g., Fordoche Field using nitrogen flooding for pressure

maintainance, and Block 31 Field using flué gas flooding for miscible
displacement). The field project discussion includes .available information on
lTocation and general history, geologic and petrophysical data, and reservoir
performance. - ' . o _

Section 5 provides source, supply, and cost data for the use of nitrogen'
and flue gas in EOR operations. Nitrogen is readily available since it can be
manufactured on—sitévfrom the air. CO2 is not readily available. In past

_field operations, flue gas was obtained from either engine exhaust or the
- incineration of lean gas produced from a reservoir.. With the near-future

technological development of synfuels, tremendous amounts of flue gas will be
produced. These could sefve as a source of supply for flue gas or COZ'

The reported costs of nitrogen, COZ’ and flue gas jn EOR are presented in
the Table below. A ‘discussion on various cost components and processes for
nitrogen and -flue gas generation is provided in Section 5.

Reborted_Costs

Gas - ~ $/MCF* _cents/m3 Reference
Nitrogen - 0.40 to 0.51 ~ 1.4 to 1.8 5-2
o , 5-5
co,, '1.00 to 1.25 3.53 to 4.41  5-5
Flue Gases 0.55 to 0.82 1.94 to 2.90 . 5-2
B 5-5

MCF = 10° cubic foot




Section 6 provides a discussion on reservoir and process parameters for
nitrogen and flue gas. A candidate reservoir using nitrogen would be a light
0il reservoir with crude oil of over 35 degrees API, containing solution gas.
The reservoir should be deep enough to withstand miscibi]ity pressures 1in
excess of 4000 psi. Flue gas flooding can be used in a shallow, heavy oil
reservoir with an API gravity of 10 to 2b degrees.

Section 7/ provides a comparison of nitrogen and flue gas flooding with CO2
flooding. It also presents conclusions based on this study. It is suggested
that nitrogen flooding is technically feasible. Nitrogen appears to be better
than natural gas for use as an 1njéction material in pressure maintainance and
retrograde condensation. CO2 slugs followed by nitrogen flooding appears to
‘be the best approach for miscible displacement in EOR, and should be studied
further. Flue gas flooding has been. applied in the past with some success;
however, its corrosive nature requires special treatment to remove corrosive
components (specifically suifur compounds and moisture) and/or special
equipment for handling the flue gas and petroleum products. However, new
large-size fossil fuel plants will be constructed in the next decade, and
thus, large amounts of flue gas will be available at minimal cost. It appears
that if flue gas is to be used, it should be used without much conditioning -or
treatment, except for the removal of moisture (since sulfur compounds are not
corrosive in the absence of moisture). Sulfur compounds (SG2 and HZS) have
positive effects on enhanced o0il recovery, specifically in carbonate
reservoirs where they should not create any problems at production wells and
in separation facilities. In addition to its corrosive nature, another
-disadvantage of flue gas includes the necessity of constructing nitrogen
~ rejection facilities at the product separator facilities. V




2. PHYSICAL AND CHEMICAL CHARACTERISTICS OF NITROGEN AND FLUE GAS

2.1 NITROGEN

The phySica] and chemical properties of nitrogen are presented below. The

- significance of these properties with respect to EOR is discussed.

Parameter

Molecular Weight

Boiling Point_(B;P.)
‘Melting Point (M.P.)
CrifjcaliTemperature (T,)
Critical Pressﬁre'(Pc) |

Critical Volume (Vc)

Density

Specific Gravity

Thermal Conductivity

Compressibility
Factor (ZC)

- Remarks

Conventional

-Units

28.013
-320.4°F
-345.8°F
-232°F

492.8 psi

3996 t/1b

mole .

" L7725 1b/ft°

1.026 st‘

- -422.5°F

U.808 St
-320.47F

. 0.145 Btu/Hr .-
| tE)(OF/ft)

at 68°F

.291

SI Metric

Units

28.013
-195.78%

-209.89°C.

_144.67°C

3.398 (Pa
89,05 cm®/gn

- mole

L001165 g/cm®>

1.026 gt
-252.57C

10.808 gt

-195.8"C
6x10"'5 Cgl/sec
)(

écm

at 207C

.291

C/cm)

Remark

no

Ref
2-1

2-2

2-3

[

[N
1 .
£e =

1. A p]ot'bf the density of nitrogen, COé, and flue gas vs. temperature "and

pressure is

Exhibit .2-1.

The densities of . flue gas were

‘calculated using 87 percent N2 and 13 percent C02.
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2. Nitrogen has. a compressibility factor that is three times that of CO,.
The compressibility factors for flue gas were calculated using a mixture
of 87 percent N, and 13 percent CO,. A plot of the compressibility factor:
for N,, CO,, and flue gas vs. pressure and temperature is shown in Exhibit

2-2. ZNitrogen is shown to have a uniformly higher compressibility than

that of CO2 and flue gas.

- Nitrogen s relatively 1insoluble in water and brine. Pressure and
salinity play a major role here while temperature, although a factor, is not
as 1mportantL' Carbon dioxide and natural gas are more soluble in water than
s nitrogen. (see Ref. 2—2; 2-5). This property 1is important for pressure
maintainance operations; o

,.Nitrogen is more soluble in high-gravity than low-gravity 0ils. The
solubility of nitrogen in oil depends on the composition of the oil. Exhibit
2-3 shows the solubility of nitrogen in 20-40° API 0oils with a temperature
rangelof 100 to 300°F (38 to 113°C) and a pressure range from 3000 to 8000
psig (20.7 to 55.2 MPa) (see Ref. 2-2). ‘ o

The nitrogen gas formation volume factor shows ‘that nifrogen has a
uniformly increasing ‘positive deviation from ideal gas behavior as pressure
increases (Ref. 2-2). The gas formation volume factors for m'trogen,'_CO2 and
" flue gas (87 percent N2land 13 percent C02) vsS. pressure and temperature are
shown in Exhibit 2-4. ‘ ,
4 The viscosities of nitrogen and methane are of the same order of magnitude
"up to a pressure of approximately 6000 psi (41.4 MPa). This property is an
asset in the gravity effect (density) in gas cap replacement. Pure nitrogen
is also inert,'noncombustible, completely dry, non-explosive, and non-toxic.
'Nitrogen has no corrosion problems associated with it while with carbon
dioxide, flue gas‘and.aéid gas f]ooding,~there are some corrosion problems.
(see Ref. 2-2, 2-6, 2-7, 2-8, 2-9, 2:10).
' When nitrogen is commingled with most other fluids, it remains in bubble
form. - ~This’ property is important for<f1u1d'}1fting, and where nitrogen is
_being proposed as a drive gas after surfactant flooding (see Ref. 2-9, 2-11).

Nitrogen is a colorless, odok]ess.gas, whereas flue gas is not. When flue
‘gas containing sulfur compounds is dissolved in o0il, the produced oil has a-
dark yellow color and the f]uid‘cohtaining HZS has a bad odor associated with
it (see Ref. 2-9). ‘ ‘ .
~ Nitrogen liquid weight is 6.74 1b/gal (0.808 kg/1) at STP. One gallon
 (3.7854 1) of 1iquid nitrogen expands to 93.11 SCF (2.637 m°) of gas at STP.
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Nitrogen is only miscible with 'oil at pressures above 5000 psi (34.47
MPa). The miscibility of nitrogen with oil is dependent on the API gravity of
the oil: the lower the API gravity, the lower the miscibility pressure (see
Ref. 2-7, 2-12). |

The viscosity factor of nitrogen is favorable since it is of the samé

order of magnitude as that of gas cap gas (see Ref. 2-6). .
1000 cubic feet (28.317 m3) of nitrogen at 3000 psi- (20.7 MPa) will occupy
about the same reservoir space as one barrel (.159 m3) of oil.

- 2.2 FLUE GAS
Y
The properties of flue gas. are dependent on the composition of its
components. . ' ' - _
The composition of fTue gés (exhaust gas or inert gas) depends on its

source. . For example, 1000 cubic feet (28.32 m3) of flue gas or inert gas
produced from natural gas contains 883 cubic feet (.25'm3)fof nitrogen and 117
cubic feet (3.26 m3) of carbon dioxide; whereas 1000 cubic feet (28.32 m3) of
flue gas or ihert'gas produced from propane contains 863 cubic feet (24.48'm3)
of nitrogen and 137 cubic feet. (3.88 m3) of carbon didxide (see Ref. 2-14,
12-15, 2-16) ‘ |

- The average composition of flue gas wused in Block 31 Field fn Texas was 87
mol percent nitrogen, 12 mol .percent carbon dioxide and 1 mol percent carbon
‘monoxide. At Block 31 Field, flue gas is produced from residue gas. ~ One
cubic foot (.028 m3) of residue gas will make 9 to 1l cubic feet (.25 to .31
m3) of flue gas. The combust ion of'114'cub1c feet (3.23 m3) of natural gas or
45 cubic feet ( 1.27 m3) of propane will produce 1000 feet (28.32 m3) of inert
gas (see Ref. 2-14, 2-15, 2-16). | N

Flue gas has a higher formation volume factor than natural gas or carbon
dioxide. Flue gas occupies abbﬁt 1.2 times'the reservoif volume that would be
6ccup1ed by natural gas (methane) at pressureé of 2500 to 4000 psi (17.23 to
27.58 MPa) and a temperature of 150°F (65.6°C)." This ratio will depend on the
composition of the flue gas (see Ref. 2-17). | .

Flue gas is miscible with crude oil at relatively higher pressures than
natural ‘gas or carbon dioxide. The miscibility of flue gas in 011 depends on
the composition of bgth'the flue gas and the oil. Viscosity reductions are

greatest with heavy crude oils.
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The properties of flue gas 1lie between the properties of N2 and CO2
- depending on its composition. Many of these properties can be calculated (see
Exhibits 2-1, 2-Z, and 2-4) using empirical equations and the properties of
its components (see Ref. 2-19).
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3. APPLIED RESEARCH ACTIVITIES

This ‘section covers a state-of-the-art review of literature related to
conceptual process development and laboratory experimental work performéd by
researchers in EOR using nitrogen, flue gas, and other gases (excluding carbon
dioxide and hydrocarbon gases) 1nc]udihg: , ‘

e Nitrogen 1njection (fnc]udes pure nitrogen and in combinations with

other gases or techniques). '

e Flue gas (exhaust gas, acid gas, inert gas) which generally consists of -
COZ’ nitrogen, and other impurities.

e Other gasés which include air and 302 injection.
3.1 NITROGEN INJECTION

‘Nitrogen has been proposed and used for pressure maintenance, to prevent
retrograde condensation, and as a miscible displacement agent in enhanced oil
and gas recovery.

3.1.1 MISCIBLE DISPLACEMENT USING NITROGEN

There have been several laboratory scale experiments with the purpose of
recovering o0il wusing nitrogen as a miscible gas. The details ‘of these
experiments are discussed in References 3-1 through 3-4, and results are
summarized below. » _

Laboratory tests have shown that nitrogen injection at higher pressures
have miscibly displaced light crudes resulting in oil recoveries of 90 percent
in a 40 foot (12.2 m) sand pack (Ref. 3-1, 3-2). . This compares favorably with
laboratory test recoveries by miscible displacement with high-pressure natural
gas. O0il recoveries using nitrogen are believed to be due to the extraction
- vaporization of light- and intermediate-hydrocarbons from oil. . After
“injection, pure, high pressure nitrogen will become sufficiently enriched with
light- and intermediate-hydrocarbons for miscibility to occur. Thus, light
ends and Aintérmediates are very important for miscible displacement using
nitrogen. Laboratory tests show that'heavy crudes are not good candidates for
_miscible displacement using nitrogen. Crude oils of 350 API gravjt& and
higher are prospects for miscible disp]acement by high-pressure nitrogen -
“injection. Laborafory tests using a -54.49 ap] gravity oil with a gas oil-
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ratio (GOR) of 700 SCF/bbl (w125 w’/u°) in a 40 foot (12.2 m) sand pack showed

-thét 01l recovery increases with increased injection pressure. At 2500 psj

(17.24 MPa) and 250°F (121OC), recovery was 61 percent. At 3000 psi (20.68
MPa), recovery was 70 percent for temperatures of 72 to 2500F‘(22.2 to 121°¢).

- At 4000 psi (27.58 MPa), recovery was 78 percent at 72°F (22.20C)4and was 85

percent at 250°F (12100). At 5000 psi (34.47 MPa), recoveries ranged from 85
to 72 percent as temperatures ranged from 72 to 250°F (22.2°C to 1210C)a

 Exhibit 3-1 shows the effect of pressure on oil recovery using high pressure

nitrogen at various temperatures and'EXhibit 3-2 shows the effect of.
temperature on oil recovery using high pressure nitrogen at various pressures.

Theée plots show that the oil recovery percentage increases with an increase

in pressure. Exhibit 3-2 shows that recovery is independent of temperature up
to 3000 psi (20.68 MPa), but increases with temperature at 4000 and 5000 psi

(27.58 MPa and 34.47 MPa).

Another set of Tlaboratory ekperiments using oil in a slim tube from
Painter Reservoir Field showed that a nitkogenvinjection system has a greater
than 90 percenf recovery potential, in addition to an economic advantage over
CO2
offers a density-gravity advantage that would accelerate the simultaneous

(Ref. 3-3). The results suggested that a nitrogen-based recovery program

_production of Painter Reservoir oil and its gas¥cap;4 Information on reservoir
characteristics of the Painter Reservoir and planned - field activities are

described in Section 4. . _
Slim tube experiments were performed using Painter Reservoir 0il to

determine miscibﬁ1itylpressures with the multiple contact of reservoir fluids

and injection gases (nitrogen and COZ)' The results of these experiments are

. depicted in Exhibits 3-3, 3-4, and 3-5.

The first set of experiments used condensate fluid with nitrogen as the

~displacing medium at 4180 psi (28.82 MPa).  Fluid recovery was 99 percent.

The second system used Painter. Reservoir oil with nitrogen as the displacing

:medium at 4280 psi (29.51 MPa){ Recovery was 91 percent. This indicates that

N2 miscibility in o0il 1is dependent on o0il composition. The miscibility
presssure is lower and oil recovery 1is higher for o0il containing a higher.

percentage of light crude. Exhibit 3-5 suggests that 4280 psi (29.51 MPa) is-

about the minimum reservoir pressure at which miscibility of Painter Resefvoir.
011 with nitrogen could be generated. In the third system using Painter
Reservoir oil, C0, was injected at 4300 psi (29.65 MPa) and recovery was 100 .
percent.
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Experiment Fluids Used

Number
1 . Condensate
' Fluid-nitrogen
2 " Black oil
Nitrogen
3 . Black oil
: “COZ
Condensate Fluid Composition.
at ‘164°F (73.33°C) and

4000 psia (2.76 MPa)

Component Mole Fraction.
N, 0.0170
.Co, 0.0050
Cy 0.6970
¢, 0.1097
Cy - 0.0604
Cy 0.0327
Cy 0.0141
Ce - 0.0089
€5 - 0.0109
Cy. 0.0143
Cg 0.0079
Clo 0.0054
Cll 0.0040
Cyo 0.0026
13 -0.0023
Cig- 0.0016
Cis -0.0018 -
- Ci6 0.0011
Cy74 0.0038
Total 1.0000

4300

Painter Reservoir Qi (B]ac% 0i1)
‘Composition at 164°F (73.33°C) and o
3990 psia (2.75 MPa)

Pressure -

~psia MPa.
4180 28.82
4280 29.51
29.65

Component
N2 '
CO2
C
C
C
C

C

1
2
3
4

5

P

17+

Total

Percent Recovery

"of Q0IP at 1.2 Pore

Volume Injection

99
. 91

100

Mole Fraction
0.0102

.0040
L5462
.1147
L0733
.0401
.0196 -
0142
.0221
.0423
.0191
.0113
.0081
L0078
.0064
.0071
.0535

cC 0 0Oc 0O 0cococc oo ocococ

1.0000 -

Exhibit 3-3 S1im Tube Experiments on Painter Reservoir 011 Using

.Nitrogen and Carbon Dioxide

Source: Ref. 3-3
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These laboratory data show that C02 is a better displacing medium than.
_nitrogen. prever, N2 is cheaper to generate and transport than COZ' The use
ot C02 also necessitates corrosion control (see Sections 5 and 6).

In another set of experiments (Ref. 3-4) nitrogen and CO2 were injected at
105°F (40.5506) using Leveland crude oil in a 40 foot (12.2 m) unconsolidated
sand pack. There was no solution gas in the crude oil. The results are shown
in Exhibit 3-6. At nitrogen pressures of 1,200 psi (8;27 MPa) and 1,850 psi
(12.75 MPa), recovery was near 62 percent of the stock-tank 0il originally in
place. When C02 was used at 120U psi (18.27 MPa), oil recovery was 86.
percent. At 1,350 .psi (9.30 MPa), the recovery was greater than 90 percent.
This‘shows that at low présshre,ranges nitrogen is not miscible whereas 002.15
miscible and suggests that light ends and intermediates in crude oil are very
important for N, miscibility. This is not true for CO,. ’

When using nitrogen, stock-tank 0oil must be recombined with the wet,
. separator gas to determine the miscibility pressure. Nitrogen drives may
recover less ‘than 70 -percent of the dead stock-tank crude -oil (no gas in
solution). However, nitrogen drives may' recover over 95 percent for light
crude oils at high'temperatures when wet gas is added to the stock tank oil.
Nitrogen drives wiT] pick up intermediates; this induces miscibility.  Thus,
the miscibility obtained using aN2 is generally multiple-contact miscibi]ity
and is due to the vapor extraction of light and intermediate ends of crude
oil. This suggests that nitrogen wf]] be more suited to the recovery of light
oils. - ‘ ‘ .

In another set of tests (see- Ref. 3-4), oil recovery was through the
injection of C02 s]ugs' of ~various, hydrUCarbon pore-volume sizes pushed by
nitrogen. Exhibit 3-7 shows a plot of percent oil recoyeky Vs CO2 sfug size
pushed by nitrogen for the Wasson Crude 0il which contained no solution gas.
The results showed that when using 5 to 10 percent (hydrocarbon ‘pore-volume)
slugs of COZ' followed by 'N,, recoveryA was 90 to 96 percent of the oil f
originally in place. After 1njection of slugs of CO2 equal to approximately
24 percent of the hydrocarbon pore volume, the o0il recovery was approximately
98 percent. ' ‘

Using CO, slugs rather than pure C0, in a tertiary recovery run could

permit a stretching of. COp supplies and a reduction in cost. Because nitrogen

costs about one-half that of C02 per MCF, and because the compressibility
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factor of nitrogen 1is three times that of CO2 under West Texas reservoir
conditions, the cost of nitrogen per barrel of reservoir pore-space may be
only 15 percent that.of COZ'

Conclusions

The miscible displacement of o0il by nitrogen is primarily due to the
extraction vaporization process; that by CO2 is due to both extraction
vaporization and condensation processes. The pressures required for the
miscibility of nitrogen are over 4000 psi (27.58 MPa) and are dependent on-the
hydrocarbon components .of the oil. Light oil reservoirs having some solution
gas would be good candidates for Nr flooding. . Miscible displacement using
nitrogen alone is not feas1b1e for 011 having little or no solution gas
present. However, nitrogen f]ood1ng after an injection of a predeterm1ned'
size of CO2 slug appears to be a good prouess for reservoirs having low '
amounts of solution gas. However, further experimentation and evaluations are
needed to confirm this theory. The source of nitrogen (air) is inexhaustible,
and N, is cheaper ($/MCF) than €O, Therefore, the Tow production cost and
its noncorrqsive nature will favor its utilization for EQR.

3.1.2 N, INJECTION FOR PRESSURE MAINTENANCE AND TO PREVENT RETROGRADE
coNﬁENSATIUN (Ref. 3-5, 3-6, 3-7)

Pressure maintenance is generally kéquired for gas condensate reservoirs
1n order to prevent or minimize retrograde liquid loss. It is also needed for
volatile oil and in black oil reservoirs in order to- improve recovery. Lean
natural gas has been successfully used for many years as an injection fluid in
condensate reservoir cycling, but its limited availability and increasing cost
have made it economically unattractive. :

Nitrogen has been considered for pressure maintenance operations because
it can be produced by air separation plants more. cheaply than natural gas.
The possibility that significant changes in phase equilibria could occur in
reservoir fluids upon the injection of nitrogen had hindered its acceptance
and for as an injection gas. However, recent promising field-test results
have helped it to become accepted as a better a]ternatived(see Section 4, Use
of Nitrogen Injecfion in Fordoche and other fiélds). | :
~ Experimental 1aboratory tests were conducted by Amoco Production Co. with
several different reservoir fluids to determine the effects of contact by
varying amounts of nitrogen (Ref.A3-6). Three gas condensate fluids and one
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black 01l were tested, and thcir propert1es are given in Exhibit 3-8. The gas-
llqu1d ratios for these fluids ranged from about 1.77 MSCF/bbl (315 "standard“
m /m ) for the reservoir oil to 28 MSCF/bb1 (about 4970 “"standard" m /m ) for
the leanest gas condensate.

It was concluded from these éxperiments that the injection of nitrogen
into a gés-cohdensate, reservoir fluid will significantly increase the
dew-point pressure and may cause retrograde liquid condensation where “the
nitrogen' mixes with reservoir gas. Additional contact by nitrogen will
revaporize a significant amount of the condensed retrograde liquid.

It was also concluded that contacting a black oil with nitrogen will strip
the oil of its light and intermediate components. The effect is to decrease
the o0il formation volume factor and to increase the oil viscoéity and density,
but not to extreme limits. Exhibit 3-9 provides experimental evidence that
contact by extreme amounts of nitrogén changes the oil pfoperties to a
reasonab]y expected degree (by strippinygj, but a heavy tar;1ike material does
not result.

The Redlich-Kwong equation-of-state can be used to predict reliably the
effects of n1trogen on phase equilibria and physical properties of reservoir
fluids. The equation can be used in reservoir simulators to predict the
overall effects of n1trogen injection on reservoir performance. A comparison
of experimental resu]ts and those calculated wusing the Redlich-Kwong
equation-of-state is presented in Exhibit 3-10. ‘ .

‘Another set of experiments conducted earlier by Core Laboratories and Air
Products and Chemicals (Ref. 3-5) provided similar results. Computer
calculations indicated that mixing lean, natural gas with condensate reservoir
fluid raised the dew point somewhat and caused some retrograde condensation.
A much mqke significant effect was observed when nitrogen was mixed with .the
condensate. A retrograde-condensate reservoir fluid was chosen for laboratory
exper1ments and its properties are shown in Exhibit 3-11.

The * studies 1indicated that normal pressure dep]et1on would result 1in

recovery of 22.3 percent of the stock-tank liquid and 81.5 percent. of the

primary and second stage separator gases at an abandonment pressure of 700
psig (4.93 MPa). Retrograde loss would reach a maximum of 20 percent of the
hydrocarbon pore volume at 2300 psig (15.96 MPa) as shown in Exhibit 3-12.

" Experiments were conducted comparing the dew point and retrograde behavior
of a lean gas (composition as shown in Exhibit 3-11) versus pure nitrogen. A
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Component

Nitrogen

Methéne

Carbon Dioxide

Ethane

-Hydrogen Sulfide -

Propane

i-Butane

n-Butane

i-Pentane

n-Pentane

Hexanes

Heptanes Plus (C7+)
Total

‘ Properties of C7+:
Molar Mass, 1b/mole/

(kg/mole)

Dens1t§ at bUgF(ZBS 7 K)

1bs/ft™/(kg/m”)

Nominal Prod. Sep. GOR
' 3,3
)

MSCF/bb1/
(“Standard” m”/m

Rgservo1r Temp
F/ '
()

 Dew Point-
Psi/
(MPa)

Bubble Point
Psi/
(MPa)

Gas 1

0.20
67.50
2.01

9.31 -
10,00
© 5,41

1.32
2.21
0.80
0.68

1,51

9.05
100.00

357/
(162)
44.67/
(795.7)

226/
(381)

4453/
(30.7)

Composition (mol %)

| Gas ¢

0.23
73.15
2.12
9.39
0.00
4.86
1.02
1.78
0.60
0.49
0.93

5.43
100.00

357/
(162)
49.67/
(795.7)

8.98/
(1600)

- 226/
(381)

5207/
(35.9)

Gas 3
2.20
74.17
0.06
11.27
1 0.00
5.75
1.34
1.64
0.40
0.59
0.58
2.00
100.00

256/

(116)
46,31/

(741.9)

28/
(4970)

. 140/
(333) .

3002/

(20.7) =

Gas 4
0.65
45.02
0.02 -
12.45.
0.00°
18.93
2.62
3.41
1.63
1.39

- 1,44

22.44
100.00

3002/
(30.7)

Exhibit 3-8 Compositions and Properties of Reservoir-F]uids

| Source:'Ref. 3-6"
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Test Temp ' Before Contact "After Contact by 20 Pore Volume
with‘Addeva2 vN2 at 3000 psi (20.7 MPa) & 333 K

- Density at 1 étm_(O.lO MPa)

N N Ve kg/m> 1o/t kg/m?

60  288.7  49.45 . 792.2 50.69 - 812.1

80 299.8  48.93 783.8 50.19 T 804.0

100 310.9  48.39°  775.5 49,73 ©796.7

120 322.0  47.91 767.5 49.26 789.1

140 333.2  47.38 0 759.1 48,79 8L.T
) Viscosity (cp) at 1-atm. (0.10 MPa)‘

%F Tk cp MPa.$ cp  MPa.S
80 . 299.8 1.6 1.6 2.6 T 2.6
100 - 310.9 1.4 - 1.4 2 2.1
120 322.0 1.2 . 1.2 1.7 T

140 ©333.2 1.0 . 1.0 1.4 1.4
Exhibit 3-9 Effeét of Nitrogen Contact on 011 Propertieé

Source:‘Ref. 3-6
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Cumulative Pore Volumes (PV) of Nitrogen Contacted at 3000 psi (20.7 MPa) & 140°F (333 K)

No N, 1014 PV N, 0.50 PV N, - T.0pv 1.5 PV 1,
Component 0il1 1 Calcd . Exptl Calcd Exptl . Caled Calcd  Exptl
Nitrogen : 0.65 6.60 5.40 13.70 13.31 18.06 ©19.86  21.95
Methane ' 45.02 33.10 35.97 " 17.42 15.68 7.04 2.58  2.60
Carbon Dioxide 0.02 0.02 0.00 0.02  0.00 0.01 0.061  0.00
Ethane 12.45 11.44 11.81 9.22 9.8 6.41 4.17  2.50
Propane 8.93 9.20 9.12 9.20  9.52 8.3 7.19  3.87
i-Butane 2.62 2.81  2.79 3.06  3.20 3.05 2.88  1.50
n-Butane 3.41 3.76  3.71 4.23  4.47 4.44 4.30 2.42
i-Pentane 1.63 1.85 1.83 219 2.41 2.43 2.51  1.50
n-"entane 1.39 1.59  1.58 1.92 2.4 2.19 2.32 1.48
Hexanes 1.44 .77 1.32 2.15  1.87 2.55 2.79  1.83
Heptanes Plus (C;+) 22.44 27.92 26.47 36.91  37.59 45.43 51.33  60.19

TOTAL: ' 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Exhibit 3-10 Effect of Nitrogen Contact on 0il Composition (Mol %)

Source: " Ref. 3-6



Reservoir Fluid Composition

- Comgonént v - Mole Percent
Hydrogen Sulfide .‘ o Nil
Carbon Dioxide - 1.21
Nitrogen | - 1.94
Methane : : 65.99
Ethane 5 | 8.69
Propane 5.91
1so-Butane'- _ , : 2.39:
normal-Butane ' - 2.78
iso-Pentane ' NV
normal-Pentane- -. , . 1.12

Hexanes _ : - ©1.81
Heptanes plus _ . 6.59 '
100.00
Dew point ' ‘ 3418 psig (23.64 MPa)
»Reéervoir'temperature 200°F (93.30C)
Stock tank liquid gravity 61.6°API

Gas/liquid ratio 4812 SCF/Separator Barrel
. ' (857 m°/m3)

| Exhibit 3-11 Reservoir Fluid Composition |

Source: Ref. 3-5
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total of 2467 SCF of lean gas per barrel of original reservoir fluid (440 m3

of lean gas. per m3 of reservoir f]uid) was’ added, ‘increasing the dew-point
from 3428 to 4880 psig (23.73 MPa to 33.74 MPa). A total of 940 cubic feet of
nitrogen was injected per barrel (167.4 m3 nitrogen per m3 of 0il), -increasing
the dew point- to 7100 psig (49.04 MPa). The results are depicted in Exhibit
3-13. The dew point pressure elevation with nitrogen mixtures 'was much
‘greater than with lean gas mixtures. ‘ ' ’

, Equilibrfum mixing tests, of the displacing phase with the reservoir fluid
at the displacing front, indicate that the dew point of the mixture will
increase and that retrograde loss will occur if the reservoir pressure is near
the original - dew point pressure. If the injection gas 1is nitrogen, the
retrograde loss will be muchvgreater. L ‘

Laboratory santhube'experiments clearly demonstrated that Tlittle mixing
occurs during~gas/gas-dispiecement. Retrograde drop-out'will only result inb‘
Tiduid loss if it occcurs as a result of mixing in the reservoir. A]though'
mixing in the production wells may cause condensation, the liquid will be
recovered. The results also suggest that mixing within the reservoir can be -
affected by the fol]owfng factors: mobility ratio, molecular- diffusion and
intergranular dispersions, pore size distribution, changes. in flow pattern,
and changes in reservoir pressure. v '

An economic evaluation of cyclic gas-condensate with nitrogen was
conducted by Donohoe, et al., (Ref. 3-7). The effects of different reservoir

fluid compositions ‘and the degrees of reservoir heterogenity upon the economic

potential of this. depletion mechanism were considered. The performance -

. projections were made for a hypothetical reservoir. The properties of the
'hypothetical reservoir and the three reservoir fluids 1nvest1§ated are
‘depicted in Exhibit 3-14. -

Fluid "A" was selected because of dits high 11qu1d'y1e1d and retrograde
loss . characteristics. Fluids "“B" and "C" are the compositions  of the-
equilibrium ‘gas obtained during the depletion of Fluid "A" at 4015 psia (27.68
MPa) and. 3415 psia (23.85 MPa), respectively. The three fluids exhibited
stock-tank liquid contents of 220.7, 138.6, and. 76.1 bbl/MMCF (1.24, .778 and
.428 m3/Mm3) at their respective dew poihts and pressures. Exhibit 3-15 shows
the refrogrede behavior and stock-tank liquid content of the three fluids
investigated as a function of reservoir pressure.
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BASIC RESERVOIR PROPERTIES

Average Depth, ft (m) _
‘Initial Reservoir Pressure, psia (MPa)
Reservoir Temperature, Of (OC)

Total Field Area, acres (106 m2)
Average Thickness, ft (m)

Average Porosity, percent

. Average.Water Saturation, percent

Hydrocarbon Pore Volume, MM bbl (10b m3)

DIAII ‘
Original Volumes in Place
Gas, Billion cu. ft. © 200.506
(Billion w) : (5.6777)
Condensate, Million bbl 44,252

(Million m°) (7.0355)

10,000 (3048)

4,475 (30.85)

194 (90)

2,880 (11.65)
50 (15.24)

19.8
34.9

144.0 (22.89)

~ FLUID

IIBII

208.307
(5.8986)
28.871
(4.5901)

IIC'II

212.300
(6.0117)
16.150
(2.5676)

Exhibit 3-14 Properties of Hypothetical Reservoir and Three

Reservoir Fluids

Source: Ref. 3-7
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Exhibit 3-15
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Performance projections were made for each of the three reservoir fluid . -

systems  previously described, assuming three different depletion methods: 1)
pressure depletion - no 1njectien, 2) pressure maintenancé - nitrogen
injection, and 3) pressure maintenance - res1due and makeup gas injection. It
was assumed that a 33.0 MMCFD (934 56 Mm /day) processing plant would be used.
Injection rates were limited by this capacity. ~ Observations indicated that
cycling becomes less attractive economically as the reservoir f}uids become
leaner, and as the reservoir becomes more heterogeneous.

An economiic eva]uat1on showed that the cost of nitrogen is dependent upon
energy costs, cap1ta1 and operating costs varying with Tocation, and the
nitrogen reJect1on facility required to remove n1trogen from products.
throgen production economics are discussed in Section 5 of this report.
Conclusions _

Nitrogen injection is an economically attractive and effective gas
displacement technique for gas condenéate reservoirs. The dew point pressure
is higher for nitrogen than for natura] gas. An extremely unfavorable
mobility ratio or pore size ‘distribution could lead to significant mixing
within the reservoir. Therefore, fluid and rock properties should be-
evaluated to determ1ne if mixing caused by these phenomena 1s~11ke]y to be
unacceptably high. It may be desirable to plan and control injection and’
~ production rates in order to minimize the occurrence of flow pattern changes.
"~ Diffusion and dispersion will not, by themselves, be ‘serious problems. Severe
retrograde loss will occur where the nitrogen ~and condensate mix. ' Packed
column displacement studies indicate that. very little mixing will actually
occur, and that for all practical purposes, nitrogen is as effective as lean
natural gas in displacing condensate from porous media. V

3.2 FLUE GAS.INJECTION (Ref. 3-8 through 3-12)

Flue gas (1nert'gaé, exhaust gas) is a loosely used industry ferm for a-
gas consisting mainly of COp and nitrogen with some impurities. Sometimes
nitrogen is also referred to as an inert gas. The terminology is based
usually - on the source of the  gas. When the gas is produced by the
incineration'or burning of fuel such as natural gas (or cher'fossf] fuels),
the effluent is referred to as flue gas. When the gas is produced from the
exhaust of ﬁnterna] combustion engines (that'are required for compression of
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the injection gas), it is _réferred to as exhadét gas (see Ref. 3-8 for a
differentiation between flue gas and exhaust gas). In general, the
composition of filue gas ranges from: COZ——lO to 15 percent; nitrogen--80 to 85
percent; and the rest small amounts of inpurities.

Flue gas has been used (see Section 4-2) as an injection gas in EOR. The
effectiveness of flue gas falls in between CO2 and nitrogen, depending on its
composition and several specifit reservoir and process parameters (see Section
6). Flue gas 1is preferred for heavy o0il reservoirs (over nitrogen). The
method is founded on the viscosity réducing effe;t of CO2 (which is a
component of flue gas) dissolved in heavy (low API gravity) crude oil (Ref.
3-9). Exhibit 3-16 shows the results of laboratory tests of various gravity
crude 0ils when subjected to CO2 at various pressures. These curves show that
drastic reductions in viscosity are obtained with small amounts of CO2
dissolved in the o0il at relatively low saturation pressures. The viscosity
reduction is considerably greater with CO2 in solution than through thermal
effects.

Flue gas has also been proposed as a chase gas. In this application, the
flue gas is used either to push a slug of hydrocarbon gas in a high-pressure,
gas-injection operation, or to push a propane slug in a miscible-slug process.
laboratory experiments were conducted using nitrogen instead of flue gas in
order to show the effectiveness of this process. As the CO2 from flue gas
dissolves in oil, for practical purposeés N2 is used to study the effectiveness
of the process. The reservoir fluid (properties are shown in Exhibit 3-17),
was displaced by nitrogen and lean gas through a 123. foot (37.5 m)
unconsolidated sand-packed column at various pressures. The f]ué gas front
was considered to be 100 percent nitrogen since CO2 was stripped from the gas
stream by solution in the interstitial water. The miscibility pressure for
hitrogen was 3870 psi (26.68 MPa), which was only 370 psi (2.55 MPa) greater
than the miscibility pressure for lean gas. Results with other gases
indicated that a dilution of the nitrogen with relatively small amounts of
hydrocarbon gas can be helpful in reducing the miscibility pressure (Ref.
3-10).

Flue gas has a volumetric advantage over hydrocarbon gas. A given volume
of lean hydrocarbon gas uses ten-times the volume of air for combustion. The
resulting flue gas, after removal of water vapor, still has nine times the-
original volume of Tean gas. Flue gas also has a greater compressibility
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Exhibit 3-16
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Reservoir Fluid Designation

Composition = A B - c

D
N, . 0.8 0.3
o ' 42.7 13.0 21.2 51.4
C, 12.5 13.2  © 10.0 11.2
C, 10.2 13.3 11.3 8.8
Cy 9 6.2 8.4 85 5.4
Ce 3.8 6.1 6.2 2.6
Ce 3.3 4.5 5.2 1.8
Cot 21.3 . 40.7° . - 371.3 18.9
©100.0 100.0 100.0 100.0
MG+ - 191 - 197 194 142
Bubble pt. 4
Psig/ 2,760/ 905/ . . 1,240/ - 3.780/
(MPa) (19.03) (6.24) (8.55) (26.06)
TemperatUre . .
F/ 140/ 176/ 176/ 237/
¢ (60) (80) . (80) (114)
GAS. COMPOSITION
Component Flue Gas ' Lean Gas
N, : 88.0 - C 1.0
C, 88.0
C2 8.6
Cy , , 0.3
0, 12.0 2.1

100.0 . 100.0

Exhibit 3-17 Properties of.Reservoir'Fluids and Gas Composition

Source: Ref. 3-10 ,
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factor. A .unil volume Qf flue gas occupies about 1.2 times the reservoir
volume of that occupied by methane at pressures in the 3500 to 4000 psi (24.13
to 27.58 MPa) range and at "a temperature of 105°F (87.2°C). ‘An alternative
approach 1in the application of exhaust gas to a 'heavy oil reservoir is
-discussed in Ref. 3-9 and 3-13. In this approach, conditioned -exhaust gas or
- flue gas 1s'1njected in the injection well. This gas consists of about 87
percent- nitrogen, and~ 11 to 13 percent COZ_‘and inert gases. The CO2 is
readily absorbed into the reservoir o0il ‘surrounding the wellbore. Inert
nitrbgen is not absorbed but fills available pore space further back into the
reservoir.  The CO2 not only reduces the reservoir oil viscosity around the
wellbore, but also induces 'a swelling of the o0il. The injection process is
then reversed,  and the injection well is converted into a producing well.
Reservo1r pressure is artifically induced by the Tlarger volumes of nitrogen
which prov1de the .necessary energy to easily .push the thinned-out oil around
the well. When carbonated oil production reaches -a low level, the process is
reversed again, and the producing' well becomes an injection well.  The
producéd carbonated oiT around the wellbore 1is replaced by the heavier
~ reservoir oil‘ which migrates 1into -the pressure sink caused by production.
Movement of reservoir oil toward the wellbore is a result of the natural
reservoir energy, supplémented by the energy supplied by the compressed
nitrogen. - | | ‘

As exhausp’gas enters. the oil reservoir, a relative bermeability is formed
immediately around the wellbore in the reservoir rock.  With heavy 0il
saturat1ng the rock pore- space, the gas saturat1on remains quite low. As the
gas continues to move out into the reservoir, the oil swells with the solution
of LO , and the gas saturation remains very low with 0il saturation high. At
the t1me of reversal of the flow of carbonated o0il back into the same well,
the swelling effects of. the o0il have left the reservoir rock with a. high
re]atﬁve permeabi]ity to oil and therefore, a Tow gas-oﬁl ratio. This means
that the nitrogen is retained in the resérvoir'away froﬁ the producing well,
until a considerable amount of treated oil is back-flowed through the well and
recovered. '

Flue gas f1oodfng in EOR has been app]ied in the field with mixed success.

Field applications of flue gasvflooding are diSCusseq fn Section 4.2.
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3.3 OTHER GASES (EXCLUDING C02 AND HYDROCARBON GASES) .
Other gases such as air, 802, and acid gas (containing HZS) have been
proposed and used as - injection gases in EOR (see Section 4.3). ‘

3.3.1 AIR INJECTION (Ref. 3-14) . _

Air is approximately 79 percent nitrogen and 21 percent oxygen. -When air
is injected into warm reservoifs over a period of time, spdntaneous ignition
occurs. This conyerts oxygen into COZ' As this gas. moves throughA the
reservoir, 602 is dissolved by residual 0oil and connate water, leaving
nitrogen as the -piercing gas. _

The possibility of obtaining a miscible drive with air can- be seen from
convergence pressure or miscible ‘chart for methane and petfo]eunl fractions
(see Exhibit 3-18) assuming nitrogen in air can also achieve miscibility with
petroleum fractions. The convergence pressures are fairly high. However, it
is possible to achieve miscibility at a lower pressure in a~reservoir-because
of the continuous enrichment process of the piercing gas. '

0il recoveries in excess of 90 percent have been obtained from a 43° API
gravity crude oil using a 40 foot (12.2 m). sand pack in the Tlaboratory.
Initial tests were made at pressures up to 8000 psi (55.16:MPa), but it is
believed that substantially thé same recovery could be achieved at lower
pressures, perhaps as low as 4000 psi (27.58 MPa), depending on the
characteristics of the crude oil and the reservoir temperature. .

Field applications of air injection in EOR are discusséd.inVSection 4-3.

3.3.2 SULFUR DIOXIDE FLOODING FOR EOR (Ref. 3-15) .

The concept of this process is to inject a slug of 502 in liquid or
gaseous.fonn in the reservoir, generally followed by a water or a gas drive
(CUZ’ N, or natural gas -can be used) that pushes the bulk of 502 through the
formation. Propane - or butane can . be used as a 1light hydrocarbon, Tliquid
solvent vehicle, breferab]y carrying a major weight proportion of the 502‘

Pure dry 302 gas or liquid is noncorrosive, and may be safely hand]ed in
copper lines with copper or brass fittings. However, very small amounts of
water vapor in S0, gas or very small amounts of S0, dissolved in water are
highly corrosive mixtures and must be handled in specially designed systems or
in materials fabricated with special alloys or linings. For example? pure dry
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liquid or gaseous 502 can be 1nJected by smal] diameter tubing directly into a
well bottom and will commingle and dissolve any solvent vehicle (when such
vehicle is pumped down by another tubing). In order to avoid corrosion of the
casing ‘above the tubing, a packer may be employed near the the well bottom to
close off the area of the well above the packer. This should be done wherever
there is a possibility of 502 corrosion. Piping{ fittings, valve seats and
plugs, gauges, and control elements may be fabricated of, or lined with, lead,
p]astic, or with an alloy such as "Hastelloy", “Stellite" or Monel metal..
These are resistant to corrosive action by SO | '
In carbonate reservoirs, carbon dioxide wou]d be generated in situ through

reactions of weak acids (generated by 502) with carbonate rocks. Thus, CO2
will help to sustain formation -pressure and lower oil viscosity as it is
dissolved in oil. 502 disse]ved in. water produces sulfurus acid (H2503)
which reacts with the limestone or dolomite producing bisulfites, and
liberates CO2 as shown in the following reactions. .

3H,S05 + 2CaC0, &= 2H,0 + 2C0, + Ca(HSO4), -

C0, + H,0 &= H,C04

H,C04 + CaCO; &= Ca(HCO4),

Ca(HCO,), + 250,&=2 Ca(Hs05), + 2C0,

64,50, + 2C'aC03MgCO3F2 CaSO; + Ca(HSO;), + MgSO, + Mg(HSO5), +

2773
4H,0 + 4L0

The ;ioducts are COZ’ calcium bisulfite, and magnesium b1su1f1te all of
which are readily soluble in water. At reservoir conditions, the equilibrium
of the above reactions is highly stable, and precipitation (and plugging of
channels) is therefore, a relatively insignificant possibility. Permeability
of the rock is increased due to reactions of the weak acids with rocks. Any
generated CO, assists in reducing the viscosity of the crude oil in which it
dissolves. In addition, because the SOZ is used up in the above reactiohs, it
is not part of the produced oil. Thus, there is no poss1b1]1ty of corrosion
problems at the production well or in surface equipment.

The process has been successfully tested in the laboratory using cores
from various reservoir rocks and crude oils. These laboratory studies showed
that 502 added to flood water in a proportion as low as one part. per thousand
by volume results in an improved recovery, amounting to as much as 50 percent
of total recovery compared with a -que water flood. The Tlaboratory
experiments and the results are further described in Ref. 3-15. The results

suggest that the process may be promising for use in EOR.
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4.0 FIELD BASED ACTIVITIES

Gas injection Ahas long been used in oil ‘recovery. The reinjection of
natural .gas to maintain pressdre'and extend the life of solution gas drive
production has long been a commercial practice. CO2 injection in gas miscible
~displacement is a more recent practice and presently is being used at pilot-
and demonstration-scales, primarily because it 1is  cheaper than natural gas.
In the last several yearé, attention has focused on other -gases such as
nitrogen and f]ue'gas as possible injectidn gases. Their adVantage is thatj
they are even cheaper than COZ' ‘Their use has increased from only dne project‘
- in 1974 to eight projects in 1980, as shown in Exhibit 4-1. This Exhibit
shows - the downward trend in the use of hydrocarbon miscible gas and the
upward ‘téend in the utilization of CO This Section dea]s w1th the use of
gases other than C0, and hydrocarbon gas for EOR in the field. ‘

EOR METHODS : NUMBER OF ACTIVE PROJECTS

1971 1974 1976 1978 1980

Thermal Methods . .

Steam 53 64 85 99 133

Combustion in situ 38 19 21 16 17
Chemical Methods ' ;' o

Micellar-polymer 5. 7 13 - 22 14

Polymer , 14 9 14 21 22

Caustic 0 2 1 ‘ 3 6

" Gas Methods |

€0, miscible 1 6 9 14 17

Hyérocarbon miscible 21 12 15 15 9

Other gases 0 1 1 6 8

_ - Exhibit 4-1 Active Enhanced 011 Recovery Projects in the .
- Unlted States by EOR Method

| - Source: Ref. 4-1
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4.1 NITROGEN INJECTION

Nitrogen can be used as a miscible agent in EOR if reservoir pressures are
kept high enough (above 5000 psia or 34.47 MPa). However, most current field
projects -use nitrogen for pressure maintenance, or to prevent retrograde
condensation in the additional recovery of o0il from a reservoir. The
location, general history, geologic and petrophysical characteristics, and
- reservoir performance for the following specific projects are summarized below:
o Nitrogen flooding in Fordoche Field, Louisiana ‘

o Nitrogen flooding 1anyckman Creek, Uinta County; Wyoming
o Potential use of nitrogen injection in Painter Reservoir, South Wyoming
0 Potential use of nitrogen WAG injection in Jay/LEC Field

o Potential use of nitrogen injection in Stoneb]uff Field, Oklahoma

4.1.1 NITROGEN FLOODING IN FORDOCHE FiELD,»LOUISIANA (Ref. 4-1,4-2,4-3)
Location and General History

The Fordoche Field was discovered in 1965 in southwestern Pointe Coupee
Parish, Louisiana (Exhibit 4-2). It is being operated by Sun 0il Combany. _
Forty-seven oil and seven gas completions were registered for the field with a
160 acre (.6475 ka) spacing. 0il production from the W-8 and W-12 reservoirs |
peaked- at about 9000 barrels of oil per day (BOPD) (1431 m?/d) in 1969. By
1972 it had declined to 500 BOPD (79.5 m3/d). Natural gas injection began in
1971, but natural gas supplies and prices forced Sun 0il Company to look into
nitrogen injection as an alternative to natural gas injection. There are 19
f produéing and 3 injection wells in the field. |

‘Geologic and Petrophysical Data

The W-8 and W-12 sandstone reservoirs are Wilcox sand. of deltaic -origin.
They vary from slightly shaley and fine-grained to silty sandstone, and they
contain varying amounts of clay. They are generally persistent throughout the
field and-are horizontally continuous. Permeabilities range from 6 to 10 md

(5.92 x 1073 to 9.89 x 10-3 umz) and the average porosity is 16 percent. The
~depth of the formation is at 13,250 feet (4039 m); the formation tempgrature
is 270° F (132° ).  The 44° API oil has a viscosity of 13 cp (1.3 x 107
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Where Sun is injecting nitrogen
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Exhibit 4-2 The Location of Fordoche Field

Source: Ref. 4-2
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Pa.S). The residual oil saturation at the start of natural gas injection was
53 percent and was 28 percent when gas'injection was completed.
Reservoir Performance

Sun 0il Company initiated a nitrogen injection program in two reservoirs

in Fordoche Field on January 31, 1977. ~ Sun 011 expects the program to add
18 to 20 million bbl (2.86 to 3.18 million m3) to the -field's ultimate
production, and anticipétes substantial savings from the substitution of
nitrogen for natural gas. There is one nitrogen plant presently producing in
the field with plans for a second. Sun 0il is injecting nitrogen at at rate
of 6.1 miliion cubic feet per day (MMCFD) (.17 MMm3/d) and is recovering field
produced gas at 15 MMCFD (.425 MMm3/d). The nitrogen injection rate will
increase to 10 MMCFD (2.83 MMm3/d) upon comb]etion of the second plant. The
bottom-hole pressure is being maintained at 7000 psig (48.26 MPa) in the two
 reservoirs.
' 0i1 production was 1,100 BOPD (175 m3/d) in 1977, and was expected to rise
to 3000 BOPD (477 m3/d) upon completion of the second plant. 1979 EOR
production was 2,027 BOPD (322 m3/d). Nitrogen injection was in progress as
of March 31, 1980. The project has been profitable, and is considered
successful. , o '

The injection program is expected to keep the field producing at least for
another 20 years; 1f the project were shut down now, the field would be
unable to produce in about 1 1/2 years.

Sun 0il chose nitrogen over natural gas because it offers a fast and
economical means of boosting the low reservoir pressures that were cutting oil
production. ' ' '

4.1.2 NITROGEN FLOODING IN RYCKMAN CREEK, UINTA COUNTY, WYOMING (Ref. 4-4)
- Location and General History :

The Ryckman Creek.Fie1d is located in Uinta County, Wyoming on a complex
overthrust belt (Exhibit 4-3). The discovery well was completed in September

1976. The well test showed gas at rates above 3000 MCFD' (84.95 Mm3/d) from an

overlying gas-cap, and oil at 500 BOPD (79.5 ms/d) and gas_ at 700 MCFD (19.82
Mmj/d) from the oil zone. Development was begun on an 80 acre (.324 kma)
spacing. The original oil in place is estimated to be 78 million stock tank

barrels (STB) (12.4 MMm3) with 110 billion cubic feet (BCF) (3.12 bi]]ion'm3)
| 501ution‘gas and 90 BCF (2.55 billion mj) gas-cap gas. - High purity nitrogen
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Wi]]gbe manufactured. at 12 MMCFD (.34 MMm3/d) and will -be injected into the
top of the gas cap. The gas cap will then be simultaneously produced with the
0i1 column. Predictions indicate that a 27 year improvement will be made in
the timing of gas-cap gas sales and a minimum of 15 BCF (+415 billion mj) gas
reserve increase should be seen over the blow-down period.

Geologic and Petrophysical Data '

The Ryckman Creek Field is an asymmetr1ca1 ant1c11ne conta1n1ng a th1ck
‘gas cap, an oil zone, and a water zone (see Exhibit 4-4). The anticline is
approximately three miles long (4828 m) and one and one-half miles (805 m)
~wide. The overall sand thickness is 815 feet (248.4 m). The maximum gas cap
thickness is approximately 400 feet (122 m) and the o0il column is about 200
feet (61 m) thick. The field is completely underlain by water, and a strong
water drive is expected. The average porosity is 14.7 perceht and the average
permeab1]1ty is 90.2 md (. 089¢1m2). The initial reservoir pressure was 2900
psi (20 MPa) the reservoir temperature is 140°F (60°C).
Rock and Fluid Properties »

. The Ryckman Creek Field produces a sweet crude oil w1th an API grav1ty of
47°, “The solution gas-0il ratio (GOR) is 1420 SCF/bbl (752.9 m /m ) and the
0il formation volume factor is 1.705. The connate water saturation in the
field is 20.6 percent. The producing sand is very clean, containing
practically no clays or other impurities. Although the sand is cross-bedded,
it 1s shown to be continuous by the almost. complete lack of shale breaks in
well 1logs. The cores that were taken showed consistent poroéity and
permeability, and a high water displacement efficiency.

Reservoir Performance

The oil zone is being produced by a water drive as shown in a computer
study. This study also indicated that there would be a severe loss in oil
reserves_if the gas-cap were blown-down within the f%rst 27 years of
depletion. Tests indicated that there would be a very high residual gas
saturation of 55 percent if the gas were displaced by water. This would result
in gas recovery of 37 1/2 percent in areas contacted by water. An evaluation
program was undertaken to find a §atisfactory replacement gas which would
allow the gas-cap to be immediately placed on production.

Nitfogen was chosen as the replacement gas for the following reasons:

. FaQorab]e physical properties - denéity,‘viscosity, and volume.

® Relatively bhre, and therefbre, corrosion free.
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e Readily and dependably available.

e Non-polluting.

¢ No adVerse phase behavior effects.
) Easé of gas processing and cleanup.
e Price.

Nitrogen Injection Project Results

Estimates for gas' production rates without nitrogen injection indicate
that the gas-cap blow-down will not commence unt11 the year 2000, when o0il
production will have decreased to 500 BCPD (79.5 m /d) Blow-down will occur
from nine wells at 3000 MCFD (84.95 Mm3/d), and will be complete by the year
2013,  Ultimate recovery will reach 105 BCF (2.973 billion m3)w1th a large
percentage -.obtained in the last few years of the gas cap blow-down. With
nitrogen injection of 12 MMCFD (.34 MMm3/d) starting January 1, 1980, an
incremental 16 MMCFD (.453 MMm3/d) of hydrocarbon gas can be produced from the
gas cap, and ultimate recovery would then reach 120 BCF (3.398 billion m3) in
1995, Thus, by January 1, 1990 an incremental 15 BCF (.425 billion m3)w111
have been recovered with the use of nitrogen. When the field is blown-down,
much of the gas trapped by the water drive will be inexpensive n1trogen rather
than hydrocarbon gas.

Conclusion

The nitrogen injection project at Ryckman Creek will significantly
increase gas reserves and will provide gas to the public more than 27 years
- earlier than would be the case using historical dep]etion’techniqués. Gas
reserves will increase by at least 15 BCF (.425 billion m3). This process
should be applicable at other solution gas gas-cap drive fields located along
the Overthrust Belt as well in other areas of the United States. Higher
natural gas brices should allow the economic - production of much of the
hydrocarbon gas now being retained for pressure maintenance.

4.1.3 POTENTIAL OF NITROGEN FLOODING IN PAINTER RESERVOIR SOUTHWEST WYOMING
(Ref. 4-1, 4-2)
Location and Genera] History

The production zone in the Painter Reservoir. Field is the Jurassic- -
Triassfq Nugget sand. The reservoir is located near Ryckman Creek Field in
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South Wyoming (Exhibit'4—3). In one particular Well, sand at the top of the
formation was at the depth of 9728 feet (2965 m).
Geologic and Petrophysical Data

The Nugget sandstone is typ1ca]1y a massive, cross-bedded, Cross-
laminated, ‘uniform1y porous sandstone.. The sand grains are very fine to
medium, subrounded, and weT] sorted. It is about 90 to 95 percent quartz and
about 5 to 10U percent feldspar with minor amouhts-of calcitic, dolomitic, and
illitic cTay. Cores indicate -an average porosity of 13 percent and ‘an average
permeability of 20 'ind. "

Rock and Fluid Properties

| The Painter Reservoir discbvery well was officia]]y reported to produce
410 BOPD (65.18 m>/d). The initial solution GOR was 2100 SCF/STB (374 m>/m’.
The initial formation volume factor was 2.13 bb1/STB (2.13 mo/mS).  There is
no HZS in either the o0il or the gas. o
Reservoir Performance

Laboratory studies conducted by Chevron uéing'Painter Reservoir crude oil
showed that CO2 would be considered as a good d1sp]acement medium and N as
possibly a better one. Again, the costs of processing and transport1ng COZ’
and the -probable costs of corrosion control, are well above the costs of
production and use associated’ w1th N2 injection. The Painter Reservoir Field
was be1ng deve]oped on an 80 acre (. 324km2) spacing at the end of 1978. At
that time, core analyses and other mechanical studies were underway to
determine the qptimum method of operation. It appeared that N2 had a high
potential for utilization in EOR. ' ‘ 4

A rew major project is being studied for initiatioh in 1981. " This will be
the largest N2 injection program ever. proposed. The initial phase of the N2
injection will be at a rate of 44 MMCFD (1.246 MM m /d) The proposal is to
inject NZ into the gas-cap and to phase out natural gas injection. The
project will allow for the sale of approx1mate1y 100 MMCFD (2 832 MM m3/d) of
natural gas. A large, air separation plant will have to be constructed.
Injection pressure will be at 4800 psig (33.1 MPa), compared to 4200 psig.
(28.96 MPa).for natural gas.
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4,1.4 POTENTIAL OF NITROGEN WAG (WATER ALTERNATING GAS) FLOODING IN JAY/LEC
o - FIELD (Ref. 4-6)
Location and General History

The Jay/LEC field, located in Florida and Alabama, is producing o0il under
unitized water flood operations. The field test was undertaken as part of an
engineering evaluation of injecting nitrogen and water alternately into. the
Jay/LEC Field Smackover Reservoir to determine the effect on a tertiary
miscible gas process. '

Geologic and Petrophysical Data

The initial reservoir temperature was 185°F (85°C). Reservoir pressure  is
7100 psi (48.95 MPa) and the average porosity is 14 percent. The average core
permeability is 95.5 md, and the net thickness of the formation is 12 feet
(3.66 m). '
Predicted Reservoir Performance-

Water injectivity decreased significantly in two miscible WAG projecté
after gas injection, and operators speculated that the precipitation of
asphaltenes, the trapped residual gas saturation, or the movement of fine
granules of reservoir rock caused these declines. These projects were unable
to achieve the forecasted oil production rates because of the additional time
required to inject the‘pl&nned water volumes.- ‘ A

If a reduction in water injectivity occurs due to'trappedAC0245aturation;
the high so]ubi]ity.of CO2 in water should allow water Tnjectivity'to increase
rapidly during the succeeding water injection cycle.. In addition, injection
wells may experience a slight permeability ‘and porosity increase due to the
solution of CO2 in water forming a weak acid. In a nitrogen WAG project, the
low solubility of nitrogen in water will prevent the trapped gas saturation
from changing significantly during the water injection phase. _WAG projects
using Tow water soluble gases have shqwn significant reductions in water
injectivity, while reductions 'wefé not documented when wusing high water
soluble gases. ' ‘

The results of laboratory experiments performéd with cores from- the
Jay/LEC Field to determine if water injectivity could be reduced if nitrogen
and water were injected alternately were inconsistent, possibly due to
changing rock wettability and the moVement of formation fines. Since these
laboratory tests were inconsistent, a fie]d'test.was initiated in August 1978.
Reservoir injectivities and water and nitrogen transmissibilities were
observed during three cycles of nitrogen followed by water injection. A
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Horner analysis did not provide definitive answers. . The p]otting of
transmissibility versus the square root of shut-in time was useful in
opserving.fluid banks in the reservoir, and in evaluating changes in water and
‘gas injectivities. ' ' '
Conclusions . : :

A substantial decline (40 percent) in'well water injectivity indices would
occur after nitrbgen injection in the Jay/LEC Field. Following nitrogen
injection, water injectivity indexes would decline as the fess mobile water
‘moves out from .the wells, displacing the highly mobile njtrogen. The water
_injectivity indices would increase as a result of the disappearance of trapped
nitrogen due to its solution in the injected water. However, a typical WAG
cycle "is not long enough to offset the initial decline. The percentage of
Toss in Jay/LEC Field injectivity could be largely of fset by installing larger
“tubing in a limited number of injection wells. A water,f]nod following the
. nitrogen WAG project would increase the water injectivities 1n the Jay/LEC
Field to at least pre WAG levels.

The Jay/LEC .data do not support attr1but1ng the water injectivity decrease
to asphaltenes deposition or the movement of formation fines.

4.2 FLUE GAS INJECTION

The idea of ntilizing flue gas (i.e., exhaust gas, inert gas, acid gas) to
- recover oil from a reservoir is not new. The idea has been tried in various
reservoirs since the 1960s but with mixed results. With the rise in the
synthetic fuels industry, large quantities of flue gases will be produced.
- These gases will have to be expelled into the atmosphere wnich will pollute
the air. These gases are potential injection gases in EOR (which would reduce
~the air pollution). The use of these gases in EOR processes is discussed in
Sections 3, 6 and 7. The - location, general 'history, geologic and
petrophysical characteristics, and reservoir performance for the following
spec1f1c progects are summarized below: '
"o Flue gas flooding at Block 31 F1e1d Crane County, Texas.

® Flue gas f1ood1ng atheale Field, Beauregard Parish, Louisiana.

¢ Inert gas flooding in E]k Basin Field, Park County, Wyom1ng and Carbon
County, Montana. ,
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¢ Acid gas floeding and N2 Chase Gas Injection in Slaughter Field,
. Hockley County, Texas.

® Flue gas flooding in West Heidelberg Field, Jaéper County, Mississfppi.
e Inert gas flooding in Iberia Field, Iberia Parish County, Louisiana.

. Fiue gas flooding at East Binger Fié]d, Oklahoma.

e Flue gas flooding at Hawkins Field, Texas.

- o Inert gas flooding in the Bayou Des Glaise Field, Iberville Parish,
Louisiana.

e Flue gas flooding at West Heidelberg Field, Mississippi.

@ Exhaust gas injection in Weir Sand of Mingo County, West Virgihia.

4.2.1 FLUE GAS FLOODING AT BLOCK- 31 FIELD, CRANE COUNTY, TEXAS (Réf. 4-1,
4-3, 4-7 through 4-11)
Location and General History

The Block 31 Field, nine miles (14.48 km) northwest of Crane, was
discovered in 1945, Partial-pressure maintenance was begun .in 1949 'by

reinjecting produced gas. The field was unitized for full-pressure
maintenance in 1952. .

Beginning in 1955, a high pressure, gas drive process - -was used in the
reservoir. Extensive research showed that EOR, which would increase u]tfmate
recovery to an estimated 60 percent of the 00IP, could be achieved by
injecting lean hydrocarboh gas into the reservoir. This indicated that
pressures above 3500 psi (24.13 MPa) were needed to maximize the recovery
efficiency of this process. These experiments also indicated that flue gas
was almost as good as lean gas for use in this process. ‘

A flue gas generation plant was installed in 1966 that manufactured flue
gas consisting of 88'mole percent nitrogen and 12 mole percent C02.

The unit began an infill drilling program in 1973 which increased
production from 12,000 to 16,000 BOPD (1908 to 2544 m3/d). The 1injection
pattern was a 320-acre (1.295 km3) nine spot. There were 125 producing and 36°
gas injection wells as of March 31, 1980. :

Reservoir pressure declined from 1946 to 1949, and it continued to decline
from 1950 to 1955 because reinjection was not sufficient to ‘replace
production. However, after 1955 the injection program steadily increased
field pressure. '
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Geologic and Petrophysical Data

The Block 31 unit is a reservoir of Middle Devonian age. The structure on
top of the Devonian strata is a northeast-southwest trending anticline bounded
on the south and southeast by normal faults (Exhibit 4-5), The unit has three
reservoirs: upper, middle, and lower. The major reservoir (the middle)'is at
a depth of 8500 feet (2591 m) with a nét pay zone averaging 170 feet (51.8 m).
This pay 7one consists of 65 percent trfpo]itic chert and 20 percent fine
crystalline, sucrosic limestone. The remainder of the rock is variable

‘amounts of lime mud, skeletal material, pellets, and quartz silt. - The
porosity is intercrystalline and averages 15 percent, and the permeability
averages 1 md. Connate water saturation is 35 percent. The o0il viscosity at
initial pressure of 4105 psi (28;3 MPa)AwasiO;ZS cp (250 x 10-4 Pa.S) and the
0il gravity was 48° API. The reservoir temperature is 140°F (60°C)..

Reservoir Performance Data |

- Miscible -displacement was started in Block 31 many years ago, and is
continuing using flue gas instead of purchased hydrocarbon gas. This has
increased oil recovery and has conserved hydrocarbon gas. In the high
pressure gas injection process, miscibi]ity'is relatively independent of the
composition of the' injected gas. . The gas ‘acquires the intermediate
hydrocarbons needed fo; miscibility through an exchange of components with the
reservoir oil. Thus, the injected gas need not be a hydrocarbon'gas. An inert
gas such as flue gas is equally effective in displacing certain reservoir oils.

The change to flue gas injection in Block 31 results in a S]ug operation,
since the hydrocarbon gas already injected -is about 30 percent of the pore
volume. This hydrocarbon gas buffer is an added feature of this operation.

"Conclusions .

High ultimate recovery from this reservoir has been achieved by
maintaining reservoir pressure. The projected ultimate recovery is greater
than 65 percent of the 00IP. Natural gas liquids are. recovered at Block 31
and put through a gas plant that is producing a product at about one-third the
rate of o0il production. To date, about two-thirds of the ultimate oil
‘recovery has Been produced, whereas only about one-half of the ultimate gas
“plant product has been recovered. ‘ .

57




LEGEND

r * o
. i i
smeamw UNIT QUTLINE - -
A&\ INJECTION WELLS
e PRODUCTION WELLS /9
1
1
o
]
1
fsimimiasimmianran oy r
' i A " BLOCK 31 FIELD
! i T CRANE COUNTY, TEXAS
LTS N CONTOURED ON T0P DEVONIAN

/ . 0 . 2000’

| U W W S|

SI Metric Conversion'Factors

ft. x 3.048 E - 01 =.m

Exhibit 4-5 Structure Map of Devonian Formation of Block 31 Field

Source: Ref.‘4-7

- 58




4.2.2 FLUE GAS FLOODING AT NEALE FIELD (Ref. 4-12)
Location and General History '

Neale Field is located in Beauregard Parish, Louisiana (Exhibit 4-6). .The
field was discovered in 1940 and reached a peak oil production of about 7500
BOPD (1192 m3/d) in 1944, However, later productivity became so low in
individual - zones that it was not economical to ‘Operate most middle Wilcox
completions on a single zone  basis. After wunitization 1in 1953, common
completions were made in the middle zones of the Wilcox basin, and plans for
secondary recovery were initiated. _ | ' ‘

A high pressure miscible gas injection program was begun in -the sand at a
depth of 10,400 feet (3170 m) in 1956. In 1962, a 'pilot miscible slug
recovery program was started in the Lilliedoll Sand using’ propane enriched
hydrocarbon gas. This was successfui, and in 1964 plans were made to expand
the process to the whole reservoir. It was decided that flue gas would
replace the more expensive hyd?ocarbon gas as the displacing medium. A flue
gas plant was installed in 'Jénuary 1966. The gas has been used: (1) to
displace hydrocarbon gas durin§ blow-down of the sand at 10,400 feet (3170 m);
(2) for the displacing phase behind the Lilliedoll Sand, rich gas slugs; and
(3) for a high pressure, miscible, flue gas pilot-test in the Upper Spiers oil
reservoir. Siugs of water were alternated with slugs of flue gas in'order to
control mobility.
Geoiogic Data

Neale Field fé on an east-west trending anticline and is about five miles
(8.045 km) long. There are 14 productive sands in the formation. The Whitmer
.. and Lower Whitmer reservoirs near a depth of 8400 feet (2560 m) are 1n»the
Upper Wilcox Formation and are‘ characterized by good water drives, high
productivity, and good recovery. The LiT]iedq1] sand at a depth 6f' 10,100
feet (3078 m) and the Frazar sand at a depth of 11,600 feet (3536 m) are in
the Middle Wilcox Formation. These sands have low permeability, weak water
drives, and low recovery. '

Reservoir Performance Data ,

Flue gases"were injected at a rate of 4 MMCFD (113.27 mm3/d) and a
pressure of 4500'psi'(3l MPa) to displace hydrocarbon gas in the Neale Field.
Corrosion prob]ehs were encountered in the injection wells. A dual string
injection well.serving the Lilliedoll and the Upber Spiers Sands was pulled'
out twice in a two year period (1966-67) because of tubing failure. The

59



Q

NEALE FIELD, BEAUREGARD PH, LA

() PRODUCING WELL (LILLIEDOLL)
& PRODUCING WELL (UPPER SPIERS)
£ INJECTION WELL |

Exhibit 4-6 Well Locations in Neale Field

Source: Ref. 4-12

60




pipings were internally coated and smé]] quantities of inhibitors were
injected to minimize the corrosion threat. .

Conclusions

The introduction of flue gas to an oil field injection program can result
1n‘perp1exing and costly problems in the generating and compression system, in
addition to prob]ems.in the field. The brief exﬁefience at Neale Field has
shOwN that given a good basic design, and given attention to -system control,

it is possible to operate and Mmaintain a relatively tﬁoub1e?free flue gas

plant.

4,2.3 INERT GAS FLOODING IN ELK BASIN FIELD, PARK COUNTY, WYOMING AND
CARBON COUNTY, MONTANA (Ref. 4-13, 4-14)
Location and General History

The Elk Basin Field is in the north central portion of the Big Horn Basin

in Carbon County, Montana and Park County, Wyoming. The field is
approximately 50 miles (80 km) east of Yellowstone Park and 200 miles (320 km)

north of Casper, Wyoming. In 1915 the discovery well was completed in the

Frontier Sand. Gas. reserves were discovered in the Dakota Sand in 1922, the
Embar-Tensleep 0il reserve was discovered in 1942, and the Madison limestone

- 011 reserve was d1scovered in 1946,

Geologic and Reservoir Fluid Data

The Elk Basin. Field lies on an elongated asymmetricél,antjé]ine with the
major exis trending northwest-southeast (Exhibits 4-7 ahd”4—8),
The two sands in the Frontier Formation range in depth from 1100 to 1700

feet (335 to 518 m) and produce 43% APT oil. The Second Frontier has produced

90 percent of the Frontier o0il to date. The average thickness of this sand is
50 feet (15.24 m) and it has a productive area of over 400 acreé (1.6 kmz).

The Dakota Formation is approximately 45 feet -(13.72 m): thick and lies at
an averageAdepth of 2500 feet (760 m). It has a proven productive area of
1080 acres (4.37 km2) and, ‘since it is nearly dep]eted:'it is now being used
as a storage facility. . ‘ ' ' .

The Embar-Tensleep 0il reserve lies at an average depth of 4900 feet (1494
m) and has a proven product1ye area in excess of 6000 acres (24.28 kmz). The

subsurface structure includes more than 2000 feet (610m) of oil filled

closures, with strata dipping at an average of 21 degrees on the west flank

and 45 degrees on the east. The 30% API crude oil has a high sulfur content

and was undersaturated w1th gas at the or1g1na1 pressure. At present, an
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inert gas is generated from the produced gas and is injected into the crest of
the structure.

The Mississippian age Madison Limestone is 920 feet (280 m) thick, has a
productive area in excess of 5000 (20,23 kmz) acres, and lies at an average
depth of 5150 feet (1510 m). The 26% API crude oil has a high sulfur content,
and was undersaturated at the time of recovery. An active water drive is the
producing mechanism in the reservoir.

Reservoir Performance Data

The Embar-Tensleep producing and pressure maintenance program is one of
the first projects to use inert gas successfully for maintaining reservoir
pressure. Prior to the unitization, reservoir pressure was falling rapidly,
even though the oil production rate was only 10,000 BOPD (1590 m3/d). With
selective production following unitization, the rate of pressure decline was
reduced, even though the producing rate was increased by 50 percent. The
leveling of the pressure decline from the years 1946 through 1949 was
attributed to shutting in high gas-oil ratio wells, and selectively producing
low gas-oil wells which were producing oil down dip of the reservoir.

Since the commencement of inert gas injection, bottom hole pressure had
increased approximately 100 psi, even though oil production rates were stepped
up to 19000 BOPD (3020 m3/d). GORS remained near the solution GOR that would
be obtained if natural gas were used. The gas-cap expanded uniformly with no
channeling of injected gas.

In such processes the dominant producing mechanism is gravity segregation
which should result 1in high recovery efficiency. The injection program
results in a high producing rate from the existing wells, and allows the oil
drained by gravity to be recovered with fewer producing installations.

4.2.4 ACID GAS FLOODING AND N, CHASE GAS INJECTION IN SLAUGHTER FIELD, TEXAS*
(Ref. 4-1, 4-2, 4-15)
Location and General History

Slaughter Field, located on the North Basin Platform in Cochran, Hockley,

and Terry Counties, Texas, is one of the largest fields in west Texas, having

2858 wells in a productive area of 87,150 acres (352.7 kmz). Production is

*This project is reported as a CO, flood project since acid gas injected in
the field consisted of 70 percent %02.
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from the San Andres Dolomite at a depth'of'4950 feet (1510 m). Discovéred in 3
1937, it had produced 642,687,400 bbl (102.18 MMmS)of 0il through 1975. HWater
flood operations were initiated in the Slaughter Estate Unit -in 1963. The
Central Mallet Unit was formed in 1964, and a pilot project using enriched gaS
injection is 'underway; Amoco is the operator of both units. Previous
~production was from a water flood that started with 53 percent residual oil-
saturation, and ended with 33 percent.’ '

Geologic and Pctrophysical data

The San Andres formation is in the -lower Guadalupe Series of :the middle
Permian system, is productive over a large area of West Texas, primarily on
the Central Basin Platform, the Northwest Shelf, and the North Basin Platform.
It is estimated that one-half of the o0il production in the Permian Basin is.
from Guadalupe-age reservoirs. ' _ '

S]aughter Field is separated from Levelland Field by a narrow regioh'of
nonporous carbonates. It is slightly downdip of Levelland Field. Production
is from porous intervals 700 to 800 feet (213 to 244-m) below the top of the
San Andres formdtion. One or two of the four zones of porosity development
usually constitute the dominant pay. ' ’

Core data indicate that the producing interval is anhydritic dolomite with
no fracturing or permeability orientation. The grbss pay averages a thickness

of 149 feet (45.4 m) while the net pay is 89 feet (27.13 m), with an average

porosity and permeability of 10 percent and 8.1 md (7.99 x 10'3

Umz)’
}espective]y, ‘
Reservoir Fluid Data

Slaughter Field produces essentially thfough solution gas drive. The
original bottom hole pressure was 1710 psi (11.8 MPa); formation temperature .
is 104°F (69°C). The o0il ‘has a 32° API gravity, viscosity of 1.382 cp
(1.382 x 107° Pa.S), and a formation volume factor of 1.228.

Acid Flood Project Data _ SR ' .

Amoco initiated the pilot-test.in the Slaughter Estate Unit in ‘November

1972 comprising . two 6.6-acre  (26.7 Mm?) five-spot pétterns.  Water was

injected into six injectors until August 1976 in order to ensure that the area
had been completely watered out. . Between Auguét 76 and September 79, acid gas

(30 percent Hys and 70 percent C0,) and -water were injected simultaneously:
into different wells (i.e., water is injected in three wells, gas in three
wells, and the injection is alternated). The acid gas was injected at a rate
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of 27 MMCFD (765 MMm3/d), which was obtained from Amoco's Slaughter gasoline
plant. The acid gas injection phase was completed on September 13, 1979; the
N2 chase gas injection phase was initiated on October 5, 1979. The
performance plots of the two pilot producing wells and six pilot injection
wells are shown in Exhibit 4-9, 4
~Conclusions:

As of January 1, 1980, EOR from the pilot test was 75 STB/acre ft. (9.67 x

10 m3/m3). It is anticipated that ultimate 0il recovery due to this EOR
project will be about 116 STB/acre ft. (14.95 X 10_3 m3 oﬂ/m3 reservoir rock).

-3

4.2.5 [INERT -GAS FLOODING AT IBERIA FIELD, LOUISIANA (Ref. 4-16) _

Texaéo, Inc. is trying to produce oil trapped in the attics (updip) of
two steeply dipping reservoirs in Iberia Field, Iberia Parish, Louisiana. The
target of the project is oil that is updip from the higher producing wells in
the Gralino "A" Sandstone and the Bullock-Burke Sandstone. (Exhibit 4-10).
General History ' o

The two reservoirs scheduled for the attic recoveryvproject were operating
under a strong natural water drive, making it impossible.to produce oil
without forming an artificial gas-cap. The downdip wells in the Gralino "A"
Sandstone were producing water with oil, while the Opdip wells were still
producing clean oil.. Experience shows that that was the best time to inject
gas for updip o0il recovery (i.e., before the updip'wells started to produce
water). This defers, and perhaps minimizes, the high lifting costé associated
with high water cuts. ’

Predicted Reservoir Performance

By injecting gas updip, oil will be displaced for recovery from
structurally lower wells. Texaco is éonserving natural gas by displacing the
0oil with an inert gas mixture. The inert gas generator will prbduce about
1.33 MMCFD (.377 MMm3/d). Recovery 1is expected to increase by about 10
percent. ‘ : ' - ‘

4.2.6 .FLUE GAS FLOOD AT EAST BINGER:- FIELD, OKLAHOMA (Ref. 4-1, 4-17)

. The East Binger Field, located in Caddo County, Oklahoma, was started in
1977 by Phillips Petroleum. The 12960 acre (42.55 ka) field has 61 producing
wells, 17 injection wells, and produces: from a 27 foot (8.23 m) thick
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sandstone. It has a porosity of .7.5 percent and.a permeability of 0.2 md
(1.947 x 10°* n). The pay zone is at a depth of 10,000 feet (3048 m). The
.0il has a API gravity of 38°, with a viscosity of 0.3 cp (3 x 10'4 Pa.S). The
_reservoir temperature is 1900F‘(87.8°C). o
The 1initial injection rate into the Marchand Sand, was 6 MMCFD (17 MM
_ m3/d). “With the addition of four other injection units, this rate will jump
to 30 MMCFD (85 MMm3/d). Phillips éxpects production from the field to
‘triple, boosting ultimate recovery from416 million to 44 million bbl (2f54 to
-.6.99 MMm3). The- Binger flood has experienced early breakthrough of the flue
gas and expected production increase will not be.obtaihed. Phillips will use

~one-third of .the-gas, production to fuel the compressors.

4.2.7 FLUE GAS FLOOD AT HAWKINS FIELD, WOOD COUNTY, TEXAS (Ref. 4-1, 4-23)

The Hawkins Field is located 20 miles (32 km) north of Tyler Texas. There
are 351 production wells and 38 injection wells in- the 10,590 acre (42.86 ka)
field. The producing formation is the Woodbine Sandstone which is at a dépth
of 4530 feet (1381 m). The porosity and perméabi]ity are 27.9 percent and
3400 md (3.36 m2), respectively. . The reservoir temperature is 168°F

‘}(75.500), and the 24° API oil has a viscosity of 3.7 cp (.0037 Pa.S).

Extensive reservoir studies prior to the Hawkins Field unitization

indicated a need -to use a gas drive rather than a natural water drive to
maximize field recovery and to minimize and then prévént residual oil loss as
a result of oil movement into the gas cap, .because of the gradual decline in
the gas cap pressure. Because of the cost.and availability of natural gas, it
was decided to use steam boiler exhaust gas for pressure maintenance injection
‘needs. The Hawkins Inert Gas Plant was designed-.and pohstructed to inject an
average daily volume of 100 MMSCFD (approx. 3.40 MMm%/d) of boiler flue gas.
- The Hawkins Field project was initiated in April 1977 by -Exxon 0il Co. Some
‘start up and operatihg problems were initially encountered in;the operation of
-the inert gas plant. HoweVer, the project appears to be-promising.

- 4,2.8 ,INERT GAS FLOODING IN THE BAYOU DES GLAISE FIELD, IBERVILLE PARISH,
LOUISIANA (Ref. 4—18) :
Location and General History
The Bayou des Glaise Field is located about 40 miles (64 km) west of Baton
Rouge, Louisiana. The field lies: on the flanks of a piercement salt dome.
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Steep]yﬂdipping 0il and gas producing sands are found at depths between 8000
and 12,000 feet (2438 and 3658 m). - Individual sands are divided into separate
reservoirs as-a result of radial faulting.

In reservoirs ofathis type which have strong water-drive producing
mechanisms, it is common that updip oil remains after the wells water-out.
This o0il is uneconomical to recover through additional drilling.

To recover attic oil at Bayou des Glaise, a secondary recovery program was
initiated.  This included injecting inert gas into existing wells.

Reservoir Performance

Inert gas injection was begun in.April 1960 and continued through
September 1964, with a total injection of 350 MMCF (9.91 MMm3). ‘Although this
was not a large volume, it was large enough'tO‘determine if corrosion‘problems'
existed. Most problems were mechanical and concerned eithek cooling water or
electricity. ‘

Conclusions

Humble (now Exxon) concluded that inert gas is practicé] for high pressure
gas injection. In the 1960's inert gas. use required a larger investment.and
higher operating expenses than natural gas. Because of these factors, the use
of 1inert gas was restricted to fields where the natural gas supply was.
limited. However, with the increase in natural gas prices in recent years,
" inert gas should be economical. A large gas engine that drives both the gas
compressor and an electric generator wou]d.brovide sufficient exhaust gas for
injection, and it would supply .the unit's own electricity. The use of air
cooling could reduce the water circulation rate by 90 percent and would
practically eliminate any water problems. )
4.2.9 FLUE GAS FLOOD AT WEST HEIDELBERG FIELD, MISSISSIPPI -(Ref. 4-19)

The Cotton Valley Unit of West-Heide]berg Field is being operatéd.by GU]f
0i1- Company. TheVWest Heidelberg Field was unitized in April 1970. This EOR
project was -originally started as an in situ combustion project. Compressed
air was injected, beginning in December 1971. In May 1977 flue gas was added
to the air injection in Cotton Valley No. 5 Sand.” Flue gas injection was‘
started in the Cotton Valley No. 4 sand in June 1978. The performance plot of
the Cotton Valley No. 4 sand flue gas project 15 shown in Exhibit 4-11.
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4,2.10  EXHAUST GAS INJECTION IN WEIR SAND OF MINGO COUNTY, WEST VIRGINIA
(Ref. 4-22)
Exhaust gas generated from an -engine was injected in the Weir Sand of

Mihgo County, West Virginia by Wieser 0il Company in 1969. The formation had
a porosity and a permeability of 14 to 16 percént and less than 1 md (.001
m2), respectively. The residual o0il.saturation was 35 to 40 percent. The
exhaust gas was injected for six months. It was not economical, and the
project was aborted.

4.3 AIR INJECTION

When air is injected in a warm reservoir, the oxygen content of the air
will react with the oil if spontaneous combustion occurs. This will produce
CO2 which will dissolve in the oil. N2 will act as a piercing gas and thus,
additional o0il may be recovered. Air is much cheaper to use than any other
gas as only compression and injection costs are - involved.

The use of air injection in EOR has been attempted at Willow Draw Field by
011 Services Company, with sponsorship from the U. S. Department of Energy.

4,3,1 ATTIC AIR INJECTION, WILLOW DRAW FIELD, WYOMING (Ref. 4-1, 4-2, 4-21)
Reservoir Data ' ’ )

Willow Draw Field is located in Park County, Wyoming. It Tlies on 400
acres (1.62 kmz), and has ten producing and two injection wells. The pay
zones are the Dinwoody, Phosphoria, and Tensleep Formations which are
primarily limestone at a depth of 4400 feet (1341 m) (Exhibit. 4-12). The
average porosity and permeability are 10.6 percent and 20 md (.02 ]sz),
respectively. The reservoir oil is 16° API and has a viscosity of 37 cp (.037
Pa.S). The reservoir temperature is 146°F (63.30C).

Predicted Reservoir Performance

This project will demonstrate the technical and economic feasibility of
0il- recovery from a low productivity reservoir using the attic air injection
process. The project is expected to increase the ultimate recovery from oné
to four percent of the 00IP. Air is injected into the upper portion of the
0il reservoir in order to djép]ace the attic or updip oil downward, to replace

the produced o0il and maintain reservoir presshre, thereby preventing water
~influx from below the oil zone. Plots of the oil and water production are
shown in Exhibit 4-13. '
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Air injection was started on December'14, 1976. Adverse weather
conditions ‘and mechanical failures caused some delays. Air is injected at 183
VMCFD (5.18 Mm3), or 2.6 times ;he current oil withdrawal rate. Cumulative air

injection is 20 percent of the cumulative oil production. Air breakthrough

occurred in October 1977. Nine wells were recompleted, and air injection was

restarted in December 1977. In January 1978, the air compressor was destroyed

due to fire. Injection was halted until August 1978 when the new compressor

arrived. By December 1978, all primary oil had been produced. Henceforth,
all oil production if any will be through EOR' methods, and approximately 3.5
STB of oil/acre ft. of-reservoir rock (4.51 x 10‘4~m3/m3)'1s expected to be

produced if the project continues.
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5.0 SOURCE, SUPPLY AND COST DATA FOR UTILIZING NITROGEN
AND FLUE GAS IN EOR OPERATIONS

In order to promote the commercial acceptance and widespread use of
nitrogen and flue gas in EOR, their availability and costs of production and
use must be evaluated. A thorough cost analysis is beyond the scope of this
Task. However, available information suggests that successful recoveries may
be achieved with lower costs using nitrogen or flue gas injection than using
CO2 or hydrocarbon gas injection. )

Although inadequate information is available on the relative economics of
nitrogen and flue gas injection EOR operations, a generic comparison of cost
components in different production scenarios is preéentéd, based on data
obtained from selected literature.

Cost ranges for four basic recovery alternatives are presented and
_compared: ‘ ‘ '

1. On site .production and utilization of N, for .use in nitrogen injection
operations assuming nitrogen productioﬁ and rejection facilities are
owned by the field operator or service contractor (see Section 5.1).

2. On site production and utitization of flue gas for use in injection
operations assuming the flue gas is .generated in an on-site plant
(boiler flue gas) owned by the field operator (see Section 5.2).

3. Production and utilization of flue gas produced as exhaust (engine
exhaust gas) from diesel or other on site engines (see Section 5.2).

4, Utilization of flue gas recovered in an electric utility and
transported to the. reservoir by pipeline for -use in injection
operations (see Section 5.2). : :

A1l cost estimates are pre]iminary in nature and are drawn primarily from

the literature. When possible, data were collected and/or verified through
communication with industry sources.

5.1 AVAILABILITY AND COST OF NITROGEN
The production of nitrogen through cryogenic separation of air compoﬁents
has been in use since the early part of this century and constitutes a

flexible and economical method for producing large quantities of pure
nitrogen. = Nitrogen can be produced by other methods such as the burning of
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the oxygen from air Using.a carbon source, and then removing CO2 by

ébsorption.' Such a gas will not be as pure as the nitrogen from the cryogenic
* separation_of air. ‘Cryogénic nitrogen plants for nitrogen brovide a flexible
- source because the generat1on process depends on a read]ly available source
(a1r) whose supp]y is unlimited.

The fundamental concept in hitkogen generation 1is to cool air to its -
]iquefaction temperature and then distill it. To provide Tow témperatures, a
reffigeration‘ cycle is wused, typically consisting of the following: air
compressor, heat exchangers, “and  an expansion turbine. 'The _disti]]ation
column makes up the fourth major component of the cycle. Centrifugal or
reciprocating compressbrs are used to compress the nitrogen to 1njecfion
pressuré. Cryogenié nitrogen plants are typically powered by e]éctricity;
natural, gas or diesel fuel. A schematic representation of the cryogenic
nitrogen process is presented in Exhibit 5-1. ‘

The costs of nitrogen generafion exhibit a wide range because of thé
sensitivity of process. economics to the following parameters: '

e Plant capacity

e Energy costs per unit of output

° Project'duration
e Injection pressure

] P]dntAlocation

® Reservoir characteristics.

) P]aﬁt complexity

®  Process re]iabf]ity

Technfca] risk or the curreht‘expense of'vénture cabita] incréase is also
. a factor in the "uncertain" econom1cs of production. '
The costs of nitrogen as used .in EOR processes. are aptly d1scussed in an

article by Keith Wilson (Ref. 5-2). The fixed cost (1978 dollars) component.
of a cryogenic nitrogen* generation pkocess based on a 10 year project life

*The. term cryogenic nitrogen used ih this report only indicates that the
nitrogen is produced by the cryogenic separation of air.
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and a delivery pressure of 3000 psig (20.7 MPa) is shown in Exhibit 5-2. It
is .assumed that the nitrogen facility is electricaily driven. Cryogenic
nitrogen plant sizes typ1ca11y range from 1 MMSCFD (.283 million,mj/d) to more

" than 100 MMSCFD (28.31 million m /d) The fixed costs per unit of production

capac1ty are higher in smaller plants but steadily decrease in an exponential
manner in plant sizes greater than 60 MMSCFD (1.7 m1]11on m /d)

- The capital costs for a 25 MMCFD ( 7 million m /d) N2 generation  plant
built on the Gulf Coast would probably exhibit a cost range of $10 to 15
million. Investmént costs would typiéa]]y be broken down as fdl]qws (Ref.
5-9): ' ' '

Percentage

A1r compressor ' 10
2,500 psig (17.24 MPa) N2 Compressor) ‘ 16
Warm Process Equipment 5
Cold Equipment 20
Off Sites (utilities) 5
Buildings ' 2
Miscellaneous 4
Subtotal 62
Engineering 9
Construction 25
Start-up (and spares) 4
Subtotal 38

The costs of the energy necessary to produce and compress the nitrogen
will frequently exceed fixed costs. The large nitrogen generators usually
used for injection application require about 14.5 HP-HR/MCF (1.375 MJ/m3) to
produee 3000 psig (20.7 MPa) nitrogen. Using a gas engine conversion rate of
8,000 Btu/HP-HR (3145 W/KW) this cbrresponds to 116,000 Btu/MCF (4.322 Md/m3).
If electric motors are used, about 11.2 kwh/MCF will be needed. Assuming a
gas fired utility witﬁ an energy conversion rate of 10,000 Btu/kwh and
moderate transmission losses, energy consumption will" edué] 117,900 Btu/MCF

,(4.393 Md/ms). Energy costs, as a function of the unit price of electricity
are shown in Exhibit 5-3. ‘ ' E

" The summation of the fixed costs (Exhibit 5-2) and energy costs (Exhibit
5-3) roughly approximate the total costs/MCF of different sized nitrogen
injection operations subject to the process and project parameters described
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above. For example, total costs (1978 dollars) for a 40 MMCFD (1.133 MM m3/D)
nitrogen injection 'operation of 10 years duration uti]izing an injection
pressure of 3000 psig (20.7 MPa) and electricity valued at 2 cents/kwh is
shown to range from 48 cents/MCF (1.7 cents/m3) to 51 cents/MCF (1.8 cents/ms)-

Indeed, industry reports N2 injection costs precisely in this range.
Costs of 50 cents/MCF (1.765 cents m3) are reported (Ref. 5-8) for:

e Chevron's 44 MMCFD (1.25 MM m3/d) electrically driven N2 injection

facility in Painter Reservoir, Wyoming.

® Sun 0il's 6 MMCFD (170 ™ m3/d) N2 injection facility in Fordoche Fie]d;

~Louisiana.

Since the costs of nitrogen generating equipment and supporting apparatus
are high, it 1is more economical in some cases for an operator to purchase
nitrogen” from a supplier in order to avoid the initial capital outlay.
Charles Donohoe and Robert Buchanan have evaluated the economics of leasing
nitrogen injection operations to maintain pressure 1in gas condensate
reservoirs exhibiting losses through retrograde condensation (Ref. 5-1). The
‘potential use of nitrogen in such operations is important because the current
value of natural gas and its relative shortage of supply has made its use to
maintain pressure in a gas condensate reservoir uneconomical. The economic
analysis showed that reservoirs with fluid systems with Tiquid content between
65 and 96 bbl/MMCF (365 and 540 m° liquid/MM m° gas) responded to nitrogen
injection economically - generating a net income greater than pressure
depletion and/or residue gas cycling techniques. The economic analyses
assumed costs for purchase of N2 in a leasing agreement covering a 33 MMSCFD
(0.934 MM m3/d) all electric plant. Exhibit 5-4 shows the cost breakdown (in
1978 dollars) by cost component in this leasing arrangement. As shown, total
costs of injection were estimated to be 49 cents/MCF (1.73 cents /m3). It was
assumed that the leased facility ran at 100 percent capacity and produced
99.99 percent N2 with all water vapor removed. The injection pressure -was
5000 psig (34.47 MPa). ‘

The attractiveness of purchasing nitrogen from suppliers 15; of course, a
direct function of the financial position of the operator, the potential
duration and production Tlevel of the recovery project, and capital costs.
However, purchasing nitrogen- from a supplier is a realistic alternative that
should be considered in the-economic evaluation of any injection operation.
This is indicated in the following quotation (Ref. 5-5): ‘
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'Exhibitb5—4 Typical Cost Component of Nitrogen

Source: Ref. 5-1
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"Price: Nitrogen will be purchased on a contract
basis at the required 2750 psi (19 MPa) injection
pressure from a cryogenic plant being built in the
field. - Overall cost, including manufacturing,
compression and power cqft, will be. approximately
40 cents per MCF (28.3 m”) igjected. This amounts
to 29 cents per MCF (28.3 m~) of hydrocarbon gas
produced, because of the favorable nitrogen
formation volume factors mentioned earlier.

Estimated costs for other gases gpnsidered weré 55
cents per injected MCF (28.3 m for flue gas,
$1.00 - 1.25 per MCF (28.3 m") 3for €0, and
approximately $2.00 per MCF (28.3 mS) for fakeup
hydrocarbon gas if it had been desirable to only
cycle the gas cap for NGL* and condensate
recovery". :

The value of leasing for small operators is apparent in the following cost
approximation for a 1 "MMCFD (283,100 m3/d) efectrically driven -nitrogen
injection facility provided by AIRCO, a nitrogen supply company. The main
facilities included in the cost approximation were:

e Cold box (cryogenic unit)

e Compressors (3500 psia or 24.13 MPa)
e Standby storage tanks (6000 gallons or 22.71 m3)
° jVaporizer '

The costing assumed a 10 year agreement where the monthly facility fee was
$35,000. The power reduirement of the ‘plant including compression was
~estimated to be approximately 2700 kwh. Assuming the price of e]éctricity fo,
be $.0414/kwh, the total costs of nitrogen injection were calcuated to be
$.38/MCF (1.342 cents/m°). |

Having approximated the general cost range of nitrogen injection, the
costs of actual recovery remain to be considered. Since €0, and water content
in cryogenic nitrogen is virtually non-existent, there are no costs connected
with po]Tution or corrosion control. However, there will frequently be costs
for a nitrogen rejection plant to recover gases such as methane and butane
and, in some cases, to recycle the nitrogen. The costs of such a rejection
plant vary widely and are very hard to estimate. The cost of rejection plant

*Natural Gas Liquids
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as a component of total injection and recovery costs is estimated to be
between 5 and 40 cents/MCF (28.32 m3){ This large variation is a result of
the following factors: ‘

e Feed composition of gas - a CO2 component can greatly increase costs.
o Feed gas pressure.

e Rejection facility must usually be integrated with other gas processing
facilities. ‘

e Energy cost to power the rejection facility.

~ o Composition of recovered gas frequently changes during the life of-fhe
project, thus, changing the rejection plants requirements and costs.

In order to provide a rough. estimate of capital investment expense, .the
_costs for a 25 MMSCFD (0.71 MM m3/d)'nitrogen rejection plant are approximated
below. Costs are for a plant built on the Gulf Coast that will accept a feed
of produced gas containing 5-SQ percent N2 and 1.5 percent COZ' The feed -
pressure of the recovered gas is assumed to be 800 psig (5.5 MPa) while the
product pressure- is considered to be 1000 psig (6.9 MPa). Total capital
investment for the plant - is estimated to range from $12 to $20 million (Ref.
5-9). The cost combonents are: '

A Percentage
MEA Unit | .15

Molecular Sieve Unit 15
‘Natural Gas Liquid (NGL) Plant - 25
Cold Box A 30
Compression - 15

Total 100

AS previously stated, total costs may vary significantly for plants of
'sim11ar size. For example, if thgre were no CO2 in the gas, MEA would not be
"needed and the costs. of the molecular sieve unit would be much lower. If the
‘feed and pkoduct pressures ‘were different, compression costs could change by a
factor of two in either direction. Similarly, costs for the NGL facility are
wide]y}véridb]e dependihg on the specifications for Tiquid recbvery-and the
degree of separation. Finally, details of site location can affect all of
these costs. | |
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5.2 AVAILABILITY AND COST OF FLUE GASES
m Alternate sources of flue gases for use in EOR operations. are:

® Generation of flue gas from combustion or incineration of lean gas or
other fuel 1in the boiler (boiler gas) built on the site of the recovery
operation. : .

® Generation of flue gas (exhaust gas) from diesel and/or other engines
on site of the recovery operation. .

e Generation of flue gas from an electric utility (or other industrial
source) and p1pe11n1ng of that flue gas to the site of the recovery
operation. A

This Section attempts to evaluate the economics of the these generation
processes that are potentially useful in EOR operations.

An article by Keith Wilson .(Ref. 5-2) is very useful in assessing the
costs of boiler and exhaust gas operations. Exhaust gas and boiler gas |
systems (Exhibifs 5-5 and 5-6) are similar in design but differ in components

~and in size of operation. The former-uti1izes the exhaust from diesel and/or
other on-site engines as energy sources, while the boiler gas system reduires
the installation of a combustion chamber to generate the inert gas used in
recovery operafions. Both processes generate flue gas through the combustion
of such products as natural gas, coal, diesel fuel, or-gasoline. The sources

of such raw materials are, of course, less reliable than air required for the
cryogenic nitrogen generation.  However, sources of fuel gas are denerally
more sensitive to economic considerations than to an actually Timited supply.

Exhibit 5-7 displays ranges of fixed costs that operators of various sized
flue gas operations could expect to incur. Costs are in 1978 "dollars and

| assume a delivery pressure of -3000 psig (20.7 MPa) and a project duration of
. ten years. Because of the differences in system design and expense, boiler gas
1s probably 1mpract1cal in operations that utilize Tess-than 30 MMSCFD (.85 MM
m /d), while the largest practical gas engine exhaust train is eff1c1ent for
less than 10 MMSCFD (.2832 MM m3/d) Both systems require that the gas stream

be dryed before injection into the reservoir in order to control the corrosive '
nature of the gas oxide components. However, once the gas is injected into
" the reservoir, it may come into contact with water, thus, potentially

‘revitaTizing its .corrosive components and subjecting production wells to
.problems of CO2 and NOX corrosion, Corrosion problems may be greatly
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exacerbated if equipment malfunctions allow the presencé of liquid in the
1njéction phase. In addition, the use of some fuels as an energy source may
require environmental control systems in order to satisfy ambient air quality
standards. ‘ .

The costs of the energy used to generate flue gas‘will frequenf]y exceed
the fixed costs of the flue gas pfocess. Exhibit 5-8 estimates the
approximate energy costs of flue gas injection as a function of the unit price
of natural gas burned. An injection pressure of 3000 psig (20.7 MPa) is
assumed. The costs of natural gas can serve as a rough approximation of
energy costs assuming the use of alternative fuels such as diesel or gasoline.
Note that flue gas plants (boiler) have inert gas to fuel ratios of 5.5 or 6
to one (based on the experience of ARCO's Block - 31 "and Exxon's Hawkins
- operations). Compared to the 8.5 to one ratio common for cryogenic injection
operations, the boiler tlue gas process is a very inefficient converter of
energy. The range of total flue gas injection costs for both boiler and
exhaust gas operations can be approximated by adding the fixed costs (Exhibit
5-7) and energy costs (Exhibit 5-8) for any size facility. Assuming a natural
gas price of $2.50/million Btu the total injection costs for a 40 MMSCFD (1.13
MM m3/d) boiler flue gas facility will range from 75 to 82 cents/MCF (2.649 to
2.896 cents/mS). The costs for a 80 MMSCFD (2.265 MMm>/d) injection facility
decrease to a rangé of 66 to 72 cents/MCFD (2.33 to 2.543 cents/m3).

The lack of scale economics in exhaust gas processes probably make all but
the smallest operations uneconomical. The total injection costs of a 10
MMSCFD (.2832 MM m3/d) facility range from 61 to 66 cents/MCFD (2.154 to 2.33
cents/m3).

The injection cost ranges quoted above are very rough approximations. The '
cost of any one injection facility will vary as a function of a host of
Afactors including location and reservoir characteristics. However, these
approximations do provide a basis from which more detailed cost analyses could
be generated. A '

“In addition to injection costs, there are special recovery costs that can
be reasonably expected in flue gas (boiler and exhaust) operations. Problems
of corrosion and environmental -control could add substantial costs to the
operation. In addition, since nitrogen will be the dominant recovered inert
gas, a cryogenic unit for nitrogen rejection will be required to maintain the
_heating value of the sales gas. This will add conside%ab]y to gas treating
costs. ‘
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. The utilization of flue gas recovered from power plants and piped tovthe
field has been suggested as a viabie production alternative in EOR operations.
Its viability, though,. is greatly restricted because most large flue gas
sources are electric generating facilities that are located near Targe cities,
" not crude oil producing areas. Studies (Ref. 5-7) have shown that pipelines
of distances greater than 10 miles (16.0km) would probably be prohibitive in
any flue gas injection EOR project. However, for those isolated cases where
only small distances separate -the field and the utility, the pipelining of
flue gas from power plant to field may be economical.

A study by Lawrence-Allison and Associates (Ref. 5-7) conducted in 1979
for DOE analyzes the use of power plant flue gas to generate co, for EOR
operations. Some of the processes used and costs described 'are directly
applicable to a determination of flue gas generation, compression, and
utilization costs.

The composition of the power plant flue gas used in the analysis is:

' Percentage

Nitrogen - 74,62
Oxygen 3.30
Carbon Dioxide o 12.27
Water 9.80
Sulfur Dioxide : .01

: 100.00

In order to uti]izé'flue gas as a flooding mechanism in EOR operations,
" all water must be removed. Other conditioning is not necessary since sulfur
compounds are not ‘corrosive in the absence of water. Exhibit 5-9 shows the
process used to compress, dry, and transport the flue gas.

The capital costs of compressing and drying the flue gas in preparation
for pipeline transmission is estimated to be approximately $8.5 million. The
capital costs of bui]ding a 9 mile (14.5 km)~1ong pipeline to deliver the flue
gés is -estimated at $45/foot ($137.16/m) or more than $2- million total. It
should be noted that the costs of pipeline construction are very sensitive to
terrain ‘and could be more than doubled. However, assuming the basic economic
parameters out]fned above and the amortization of pipeline equipment over a 10
year period, the total cost of flue gas injection from this  process and
pipeline structure is approximately 71 cents/MCF (2.5 cents/m3)._ This cost-
figure implies that for isolated cases where the operator and power plant are
in close proximity, pipelining 'utility_ generated flue gas ‘may be a viab]e
economic alternative. ' '
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5.3 COST COMPARISON OF N2/FLUE GAS INJECTION FOR EOR

Exhibits 5-10 and 5-11.display the'ranges of fixed costs and energy costs
operators. of cryogenic, exhaust flue gas, and boiler flue 'gas injection
projects can expect to incur. Exhibit 5-12 compares the total costs for these
three processes assuming a per unit cost of energy (natural gas) of
$2.50/MMBtu (.237 cents/Mega Joule). Costs are adopted from Ref. 5-3 and Ref.
5-9 and are presented for different sized facilities. Costs are based on a 10
year projeet life and a delivery pressure of 3000 psig (30.7 MPa). The costs
of pipelinihg flue gas recovered are not included.

The summation of fixed costs and energy costs roughly approx1mates the
total costs of 1nJect1on. In terms of fixed costs, on]y in the 20 to 70
MMSCFD (0.5 to 2 MM m /d) range does there appear to be significant
'»differences in the costs of the three processes. The cryogenic process seems
* Tikely to represent the lower range of fixed costs for all but the smallest
~pltant size. In terms of energy costs, the cryogenic process usually
represents the most competitive a]ternat1ve Within a framework where energy
. Costs vary s1gn1f1cant1y by region and by type of fuel used, the flexibility
of the c¢ryogenic process in terms of its source and supply parameters greatly
- increases its ‘economic viability. The total costs of any ofi the three
~ processes are very competitive with CO2 injection costs. It is probable that

in many cases nitrogen or flue gas would be less costly than COZ’

5.4 CONCLUSIONS

¢ In view of the above considerations, it seems probable that nitrogen
and flue gas injection costs compare very favorably with CO, injection
costs - and in fact -are cheaper by 30 to 60 percent. owever, a
detailed cost analysis should be coqgucted to determine the cost of
nitrogen, flue gas, and CO2 per bbl (m”) of additional 011 recovered.

& Nitrogen-is more readily available than C02.

e Flue gases would only be economical in regions close fo industrial

plants, or at in situ combustion oil field operations.

It is recommended that a detailed cost analysis be performed in order to
determine the relative costs of nitrogen and flue gases for specific cases.
It is also recommended that an economic analysis of flue gas obtained from the
byproducts of various fossil fuels and chemical industries be performed.
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- 6. DISCUSSION ON PROCESS AND RESERVOIR PARAMETERS

The process and reservoir parameters considered in this report are
restricted to those directly involving gasfinjectibn processes. In general,
these parameters are derivéd from the physical and chemical properties of‘thé
gas, the results of laboratory experiments, and field tests. .

6.1  PROCESS PARAMETERS

1
The parameters of interest  are depéndent on the type of process to be
used. Nitrogen and flue gas are applicable in the following processes:
¢ Gas Cycling

® Pressure Maintenance o L
e Attic 0i1 Recovery

e¢. High Pressure Miscible Disp]écement

e DUriving Gas for CQZ Slugs

e Foam Fracturing

o Gas Lift

Process parameters and their significance with respect to EOR‘aFe.

discussed below:

Process Parameters’ . Significance - ) ‘References
‘Viscosity of injection Nitrogen has a viscosity 6.1
gas . factor the same order

of magnitude as that of
the gas-cap (natural gas)

gas.
Formation volume -factor " N, occupied 38 percent 6.1,6.2,
of an injection gas. . © more pore space per unit - 6.3
In general, a larger volume than in-place gas,
volume of natural gas ‘and the flue gas displaces
will be displaced from 18 percent more pore
a reservoir than the = - space than in-place gas.

volume of N2 or f] ue
gas that is injected.
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- Flue gas can cause
corrosion and fouling

problems, depending on

the composition of
the gas.

High flame temperature
in engines to produce
exhaust gas may pro-
duce nitrogen oxides,
and finally nitric
acids that could be
corrosive.

Flue gas flooding

has provided positive .
results for 10 to 25
degrees API crudes
having viscosities.

of over 100 centi-
poise (.01 Pa.s).

Flue Gas Components .

Under some -condi-
tions, flue gas in-
jection may cause
tight emulsion for-
mation.

Nitrogen acts as a
source of energy -
within injected

fluids; N, also .
pressurizes reservoirs.

. An 1increase in reservoir

Flue gases must be dried )
to avoid corrosion; intro- 6.
duction of moisture at any

point promotes corrosion

of injection and production
equipment.

A sulfur-removal plant for

treatment of residual gas
prior to combustion in the
flue gas generator may be
required to avoid this
problem. A catalyst or a
chemical compound such as
NH,OH may be used to neutralize
carbonate and nitric acids.
Ammonium- carbonate plugging
may be a problem over 600 psi
(4.14 MPa) in coolers.

Flame temperatures may be =~ 6.4
lowered by cycling the
exhaust gas.

This may be attributed to 5.8,6.9
the solution of CO, .
components of flue gas

in oil.

Injection well plugging 6.9
can occur due to ’
compressor lubricants

and FeS formed by the

mixing of flue gas and

sour crude in the injec-

tion well.

This could be due to 6.9
reactions of gas com- '

ponents of flue gas with

formation rock and/or
petroleum constituents.

6.10, 6-11,
6.12, 6.13,
6.14, 6.15

pressure increases the
production life of a
reservoir.
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Nitrogen is miscible
with oil at high

. pressures (generally
over 4000 psi or 27.58

_MPa).. The miscibility
pressure.is highly.
dependent .on the
reservoir fluids.

The ability of high-
pressure das drive
processes to form a
conditionally miscible
zone is dependent on:
- crude's intermediate
(C,-C.) content
- prgcegs efficiency
decreasing with
decrease in pressure
- instabilities in
“transition zones
- reservoir fractures
in various strata.

Nitrogen is an effective
displacing gas for
condensate reservoir
cycling.

NitrOgén has a favorab]e‘

density-gravity factor.

Nitrogen is more soluble
in light (higher API
gravity) oils.

Pressure and salinity
are important in the

~solubility of Né in

water and brine

In general, pressure
requirements for
miscibility of N, are
higher than for %isci-
bility of 002 in oil.

The flue gas miscible © b.16
drive process works in a
similar manner to that of

CO, miscible drive. This
prgcess will leave a heavy -
residual oil stripped of

its Tight components. In
a laboratory test using N

as an injection gas in a
54.4° API 0il that had a

gas o0il ratio (GOR) gf 3

700 SCF/bbl (124.7 m”/m”),

‘had an increase in recovered

oil with an increase in
injection pressure.

Nitrogen can be easily 6.3, 6.17
removed from the produced
gas to increase its Btu
content.
Generally lighter than the - 6.1, 6.15
gas-cap gas. :
Greater than 35° API oil, 6.1, 6.18

N, is 1ess-solub1e in water 6.2
a%d brines than flue '

. gas and carbon dioxide,

Other process parametérsl that are important to nitrogen or flue ‘gas

injection include: -

e Blowdown effects and timing.

o Fuel or energy requirements for the producﬁion of injection gas.

e Additional absorbed capacity requirements.

e Nitrogen removal from produced gas and the capacity of cryogenic plant

to remove nitrogen.
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6.2 RESERVOIR PARAMETERS ' b

Reservoir parameters also play an important role in the applicability of a
‘specific process to a specific reservoir. Reservoir paraneters and their
significance with respect to specific gas injection processes are discussed
below. '

Reservoir Parameters Significance : References .

Temperature Nitrogen compressibility is less 6.2, 6.7, 6.16
temperature dependent.than CO, or
methane. Lower temperatures requir
higher gas injection. ~

Porosity If-average net porosity is considered,
nitrogen and flue gas flooding
would be applicable in a reservoir
that is suitable for CO, flooding.

Heavily fractured reservoirs are not
desirable. Reservoirs with consistent -
porosity (homogeneity) are desirable.

Permeability The average horizontal permeability 6.19
and the relative permeability behavior
of a reservoir are important parameters
in determining the applicability of a
gas injection process. Reservoir
heterogenity is very important as it
affects the conformance or vertical
sweep efficiency of the flocd. High
permeability zones in a reservoir could
result in high mobility, resulting in
early break through and Tow sweep. In
general, gas injection processes can.
be applied in lower permeabﬂity_3 w
reservoirs (e 10md or 9.87 x 107~ um")
than can chemical flooding (~ 50 md or
49.3 x 1073 um2) and thermal recovery
(~s300 md or 296.1 x 10-3 un2) processes. -

Connate Water Salinity and the composition of connate

: water are important in gas injection
processes. - These are more important
in flue gas injection processes,
because the reaction of the flue gas .
and connate water components can react
to form compounds that may plug a
reservoir. '
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Saturation Pressure

Pressure .

Crude 011
Composition and -
Properties

~ Crude Viscosity
and Gravity

Saturation pressure is important in
determining injection pressure,

and whether the gas drive will be
miscible or non-miscible.

Nitrogen and methane viscosities
are of the same order of magnitude,
to 6000 psig (41.37 MPa).

The solubility of nitrogen in water
and brine is pressure sensitive.

The N, dew point change is more
pronounced than that for natural
gas, given a s1m1]ar pressure
d1fferent1a].

The miscibility pressure of an injected

gas is highly dependent on the
reservoir depth and pressure.

The slow loss of bottomhole pressure
is advantageous .as' it will not require
" a large volume of injection gas for the
rebuild-up of pressure due to process
equipment failure. Thus, it will allow

6.16 -

N Ce

for down-time of process equipment without

a big penaity.

'If reservoir pressure drops below

the bubble point of the injection
gas, phase separation will. occur.

N, oil miscibility occurs if the
crude contains sufficient inter-
mediates (C,-C.). The miscibility
is believed to be due to the vapor
extraction phenomena.

Low viscosity and high API gravity oils

are preferred for N, 1nJect1on
processes.

The viscosities and API gravities
suitable for CO., miscible processes
(Tess than 10 cé (.001 Pa.S) and
greater than 35° API) are also’
suitable for nitrogen and flue

gas - f1ood1ng :
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Stratification and For condensate reservoirs the
Fracture Hetero- .unfavorable increase in dew
geneity ' " point due to nitrogen.injection
is limited to those areas where
nitrogen contacts oil. Mixing
is influenced by:
" - mobility ratios,
-'molecular diffusion and
intergranular dispersion,
- pore size distribution,
- changes in flow pattern, and
- change in reservoir pressure.

oo
L] .
N O
—w

Depth T A shallow reservoir will not tolerate 6.21, 6.19

high pressures. The preferred reservoir
depth for CO2 flooding is grealer than
2500 feet ( “760 m). Flue gas and
nitrogen require a higher pressure for

" miscible displacement. This may require
that the reservoir be deeper than
3000 feet ( 915 m). '

0i1 Saturation For reservoirs having less than 20 to
’ 25 percent oil saturation the process
may not be effective. Other reservoir
parameters that are important for N,
and flue gas include: : -
Lithology of the reservoir,
Thickness of the reservoir,
Reservoir fluid properties
{(PVT relationship),
Natural water drive, and
Gas-cap.

In general, the most critical reservoir parameters for EOR gas recovery
processes -when considering the gas/reservoir interaction are pressure,
temperature, permeability, porosity, and the effects on petroleum fluids of
the gas utilized at various pressures.

' Gas volumes required for injection will increase with lower temperatures
and pressures. When flue gas is used, the volume of CO2 absorbed by connate
water is a factor. Nitrogen compressibility is less temperature dependent
than that for COZ’ A o N ‘

Both nitrogen and CO2 can be used for miscible flooding, although nitrogen
requires. much higher pressures for miscibility. If a miscible drive is
indicated, consideration should be given to the mixing bf'the nitrogen with

reservoir f]ufds,<’ Mixjng and therefore, miscibiiity, will be enhanced by
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those aspects of the reservoir that cause turbulence in the gas- or
‘liquid-driven phase. If reservoir pressures drop below the bﬁbb]e point of -
‘the gas being used, phase separation will occur. Miscibility pressure is also
dependent on reservoir temperature. For an o0il of a givén compositioh,
.miscibility pressure increases.as systems temperature increases. '
Shallow reservoirs will not tolerate high injection pressures, so that a
miscible drive using flue gas (13% COZ) is more advantageous than that using
nitrogen. Flue gas flooding can be app]icab]e in <25° APT gravity oils.
Gas condensate reservoirs with liquid contents greater than 100 bb1/MMCF
(560 m>/MMmS)
injection. Solut1on gas drive reservoirs with greater than 35° API grav1ty

should be considered for. pressure maintenance by nitrogen
oil should be considered for miscible displacement by N2 flooding.
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7. COMPARISON -AND CONCLUSIONS
7.1 "COMPARISON

In comparing nitrogen and flue gas flooding with respect to CO EOR;‘
emphasis in this report has been given -to: '
e Comparison of source, supply, and cost;

] Comparison of physical'and chcmical propertios; and

° Compar1son of process performance using n1trogen flue gas, or CO2
. based on Tlaboratory and field data.
~ Nitrogen has been considered as pure'gas (99.995 percent pure) obtained by
methods such as cryogenic separation. F]ue'gas can be obtained from various.
sources and ‘its compositioo varies from.10 to 15 percent CO 80 to 85 percent
nitrogen, with the remainder being other gases or 1mpur1t1es @dependihg.oh the .
source). '

The major distinction between the phys1cal and chemical - properties of
nitrogen -and (O, .are discussed.  The properties of a flue gas Tie between‘
these two, depending on its composition. The major differences 'between CO2
and Np lie in their volumetric, m1sc1b111ty, v1scos1ty, and gravity factors.
These -are discussed below. . ’ :

e Nitrogen has a compress1b111ty factor that is three ‘times that of CO2

. at average reservo1r temperatures and pressures

e Nitrogen is re]at1ve1y insoluble 1n most fluids while CO is  soluble 1in
reservoir fluids.

is somewhat miscible with oil (miscibi]ity is dependent on oil
co%pos1t1on and reservoir pressure) as is nitrogen. However, nitrogen
requires a higher miscibility pressure than CO,, given a spec1f1c oil.
First contact miscibility occurs with -C0, Sn reservoir. condensate
fluids at pressures of >4000 psi (27.58 MPa)j first contact miscibility
‘between nitrogen and oil does not occur below 6000 psi (41.37 MPa).

° Lab 'studies have shown that heavy crudes will not be good candidates

for miscible displacement with nitrogen. Crudes of 359 API and higher
make better prospects for miscible displacement -with high pressure
nitrogen injection. ‘ :

® N, is inert and non-toxic; €O, is not inert. C0, is corrosive in the
presence of an aqueous phase. Flue gas is generally more corrosive
.than COn. Flue gas plants suffer corrosion problems at start-up due to
moist a1r.
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N, is generally less dense than the gas- cap gas, CO2 is more dense
under 1nJect1on conditions.

Co. 1ncreases the oil volume through solubilization by 10 to 40
percent; nitrogen effects on oil volume are neg]igib]e,(O to 2 percent).

CO0, reduces o0il viscosity much more than does N is also reported
to“reduce the viscosity of heavy oils (less than 25 Rél

N, and flue gas are much more readi]y available than CO,. = N, can be
p?oduced from air using cryogenic plants. Flue gas™ can "be made
available from various fossil fuel plants and chemical industries.
Cryogenic nitrogen processes are environmentally nondestructive.

N, is better for pressure maintainence and gas condensate drive
réservoirs than CO, or flue gas because it is less soluble and requires
less injection gas. The latter two are soluble both in oil and connate
water. : : \

More CO, is required to pressurize a reservoir than that required by
N2. Flue gas falls in between these two. :

The cost of €O, is reported to be $1.00 to $1.25/MCF (3.53 to 4.41.
cents/my). F?ue gas costs are $0.55 to $0.85/MCF (1.94° to 3.0
cents/my), and those of N, are $0.40 to'$0.60/MCF (1.41 to 2.12
cents/m”), depending on the fressure and total amount required.

‘Cryogenic plants have 97 to 99 percent on-stream time; thus, they are

more reliable. Operating costs are low compared to those for flue
gas plants.

Flue gas needs treatment before injection, the severity of the
treatnent being dependent on the source of the flue gas (i.e., exhaust
gas from an engine, power plant using coa], or refineries).

Relatively more energy is requ1red to compress n1trogen than for C02 or
flue gas.

A 1aboratory study showed that at relatively low pressures (1200 to

1800 psi or 8.27 to 12.41 MPa), nitrogen driven, CO, slugs produced
more 0il than nitrogen alone. This laboratory study was conducted us1ng
31.4% API crude which showed a 62 percent recovery using N2 at 1200 psi
(8.27 MPa) and 1850 psi (12.75 MPa); 86 percent recovery using N + CO

at 1200 psi (8.27 MPa); and over 90 percent recovery using N2 + CO2 a%
1850 psi (12.75 MPa).
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7.2 CONCLUSIONS

Nitrogen f]ooding appears to have several advantqges over flue gas and C02'
flooding. The reduced cost ‘and noncorrosive nature of nitrogen is in its
favor, while the high miscibility pressure requirement is a disadvantage.
However, this disadvantage may be -overcome by using nitrogen in combination
with small amounts of,CO2 in a process where CO2 s]ugé are followed or pushed
by nitrogen injection. To obtain high efficiency in a gas drive process, it
is necessary for the injected gas be miscible with oi]._ N2 by itself requires
higher pressure for miscibility than does C02. Because of this, the

compression cost would be high. However, the low cost of nitrogen is
advantageous, and may offset the cost of compression and the higher volume
requirement in Specific cases. In order to compare nitrogen, flue gas, and-
COé flooding as used in EOR, one must know the,requirementsAof 1njéction gas
per barrel of oil recovered and the cost of the gas for the operations. The
COé requirements are reported to range‘from 5 to 25 MCF/bbl; hoWever, this is
still a debatable issue. There has not been enough experience using N2 as a
miscible flooding agent, and no realistic comparison can be made without such
‘data. ‘ : '
Flue gas flooding falls- between N2 and CUZ flooding aS far as the
effectiveness of the gas drive is concerned. The cost of flue gas .is reported
to be about one-half that of COZ' However, flue gas .may create more corrdsion
problems, depending on the amount of sulfur compounds present. This requires
special construction material and/or linings of noncorrosive -material in pipes
and equipment. Cleaning the flue gas of sulfur éompounds and moisture is an’
a]terhative. However, this could be.cost]y. Probably the best approath would
be to use the flue gas with 1ts.§u1fur compounds but to remove the moisfure.
Sulfur compounds in the absence of moisfure are noncorrosive, although special
equipmént still may be needed for handling sulfur compounds, specifically SOZf
The major disadvantage of flue gas is that the effectiveness of the drive due
T to its CO, components (miscibility), is reduced because of the presence of
large quantities of‘Nz. N2 needs to be removed from the product gases. .This .
necessitates a cryogenic plant at the product recovery area which could be
costly. o .
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Thus, it seems that flue gas, although available at one-half the cost of
C02, may not be attractive because of associated problems. However, flue gas
- may be a good alternative for shallow heavy oil reservoirs.

Again, the selection of a specific type of gas injection for a specific
reservoir depends on several criteria, including the availability and cost of
the gas, and its effectiveness. Nitrogen by itself requires higher pressure,
and thus, may be applicable for deep (deeper than 3000 feet or,~ 915 m)
reservoirs. - A COZ slug followed by nitrogen seems to.be a promising process
based on laboratory resu]ts, Flue gas is cheaper than COZ’ but has . more
problems. More nitrogen and CO2 injection schemes for use in EOR processes
are being proposed and funded every-year. Nitrogen is still new, but its use
is expected to rise because it is readily available and is cost competitive.
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APPENDIX C BIBLIOGRAPHY ON PATENT LITERATURE

Patents that are directly or . indirectly related to the utilization of

nitrogen, flue gas and, other gases (excluding CO.

and Hydrocarbon gases) in

EOR are alphabetically listed below with a brief d1§cussion of their relevance.

1.

Allen, Joseph C., "Method for Recovering Viscous Petro]eum,“ US Patent No.
4,099,568, July 11, 1978.

Use of steam 'in combination with nitrogen and/or flue gas in .EOR -
Describes a process that uses a non-condensible, non-oxidizing gas ahead
of and/or in combination with steam in heavy o1l recovery. Nitrogen and
flue gases are among proposed gases. _

“Allen, Joseph, C., "Carrier Gas Vaporized Solvent 0il Recovery Method," US

Patent No. 4,008,764, February 12, 1977. Also Canadian Patent No.
1,024,066, January 10, 1978. :

Use of solvent in combination with nitrogen as a carrier gas in heavy oil
recovery. The gaseous mixture injected in the formation consists of a
solvent (pentane, hexane, heptane, octane, carbon disulfides, etc.) and
nitrogen. '

Allen, Joseph C., "Recovery of 0il by a Vert1c1e M1sc1b1e Flood, "'Canad1an

‘Patent No. 1,060,785, August 21, 1979.

Discloses a miscible displacement process suitable for recovering oil from
steeply dipping oil formations. The process consists of injection of a

solvent (propane LPG or lean gas containing C,- components) sufficient

to form a slug or blanket at the top of the 014 column, or at the gas-oil

transition zone. After the blanket has been established, the driving

fluid is injected to displace the slug- downward through the reservoir,

thereby displacing the oil ahead of it. The driving fluids proposed
include COZ’ 2 f]ue gas, air, and mixtures thereof.

Allen, -Joseph, C., "Recovery of 0il by a Verticle Miscible Flood," US
Patent No. 3,845,821, November 5, 1974.

Describes a process in which light hydrocarbons are injected to form a
miscible slug which is then pushed by -driving fluid (see Canadian Patent
No. 1,060,785 by same inventor). Nitrogen and flue gas proposed as
driving fluids. ‘

Allen, Joseph, C., and David A. Redford, "Combination Solvent -
Noncondensible Gas Injection Method for Recovering Petroleum from Viscous

. Petroleum Formations including Tar Sand Deposits," US Patent No.

4,109,720, August 29, 1978. Also Canadian Patent No. 1,018,058, September
17 1977 - A .

Solvent in combination with nitrogen and/or flue gas flooding. Describes
a process for heavy 0il or tar sand reservoirs that utilize a solvent for
solvent extraction along with non-condensible gas for the gas drive to
recover bitumen. The proposed non-combustible gases include nitrogen and
flue gas. . .
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9.

.- Braden, William B. Jr., and George H. Agnew, "Method of 0il Recovery

Employing Enriched Gas Drive with -Control of Evo]ved Gas," US Patent No.
4,086, 961 May 2, 1978. :

Utilization of nitrogen and flue gas as supplemental gas. and flue ges
are proposed as make-up gas to supplement reinjected gas 1% enriched gas

.drive for use in EOR.

Bringham, W1111am E., and. John N. Dew, "Tert1ary 0il Recovery Method “Us

‘Patent No. 3,410,341, November 17, 1968,

Describes a miscible slug process and ma1n1y describes the use of CO2 and
hydrocarbon gas as miscible agents. However, in their .claim No. 2,“they
suggest the use of flue gas and nitrogen as a nnsc1b]e fluids in their

* process.

Burnett, Dav1d B., “S1ng1e Well 0i1- Recovery Method Using Carbon Dioxide,"
us Patent No. 3,841,406, October 4, 1974. ,

Flue gas. or nitrogen are injected in the reservoir to increase formation
pressure before carbon dioxide 1is injected for miscible displacement of

Burnett, David B., Robert B. Alston and Frank H. Lim, "Secondary'Pecovery
Using Carbon Dioxide and an- Inert Gas," US Patent No. 3,811,501, May 21,
1974, A]so Canadian Patent No. 980,244, December 23, 1975.

Discusses a process using a mixture of carbon dioxide and inert gas. Air,
nitrogen, and flue gas are among gases-proposed as the inert gas. The
mixture of CO, and inert gas forms a slug. The slug is then pushed by an

inexpensive d?]Ving fluid such "as air, N2, flue gas, separator gas, or

. mixtures thereof.

10.

11.

12.

Chew, Tu- Nam “Alternate Gas and Water Flood Process for Recovering 01] !

US Patent No.-3 525,395, August 25, 1970

The ‘patent describes a process for additional recovery of oil from watered
out reservoirs injecting inert gas and water using the WAG (water
alternate gas) mechanism.

Crump,. James S., “Method of Increasing Recovery of 0il," US Patent No.
2,880,801, April 7, 1959. -

Miscible displacement of o0il described in this patent consists of
injecting hydrocarbon gas to form a miscible slug which is followed by
inert gas injection. Nitrogen and air are suggested as inert gases. .

Dott, Water M. Jr., and Wayne E. Stevens, "Method for High Pressure
Selective Absorption of Gases," US Patent No. 3,097,917, July 16, 1963.

Describes a gas separation process using the absorption/desorption

techn1que to produce gases suitable for 1nJect1on into-a formation for use
in EOR.
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13.

Gower, George, H., "Apparatus for Manufacturing High Pressure Inert Gas,"
US Patent No. 3,579,308, May 18, 1971. Also US Patent No. 3,725,012,

" April 3, 1973.

14.

- 15.

16.

12.

18.

19.

Related to apparatus for manufacturing high pressure inert gas by burning
a hydrocarbon fuel in an internal combustion engine.

Graft, Robert A., "Generation of Inert 'Gas for Secondary 0il Recovery,"
Canadian Patent No. 829,227, December 9, 1969.

Describes a method and an apparatus to generate inert gaé (C02'ahd N2) for
use in EOR. :

Farrell, Howard H., and Robert R. Méttheﬂs, “In Situ Preparation of
Surface Active Agents in Subterrarean Formations," US Patent No.
3,392,782, July 16, 1968,

Discloses an invention that relates to producing in situ surface active
agents. This patent also suggests the use of nitrogen as a driving fluid
to push the preceding slugs of surface-active agent through the formation.
A process in which nitrogen can be used as a chase gas to push the
surfactant slugs is suggested.

Glass, Eugene D., and Colonel J. Russel, Jr., "Heavy 0il Recovery," US
Patent No. 3,373,804, March 19, 1968. . ,

Discusses a gas drive process for the recovery of heavy oil. The gas
proposed is a mixture of oil soluble and insoluble gases. The patent also
1nd1cates that flue gas available could serve as such a mixture because .

content of flue gas is o0il soluble whereas N2 .content of flue gas is .
1n§o]ub]e in oil.

Hearn, Charles L., and Charles S. Homes, "Optimum 0il Recovery for Carbon
Dioxide Injection," US Patent No. 3,620;304, November 16, 1971.

Suggests a miscible displacement procéss in which inert gas is introduced
after a slug of carbon dioxide is formed; thus, driving the carbon dioxide
stug through the reservoir.

Hirt, John H., "Method of and Apparatus for Produc1ng ‘Inert Gas," Canadian
patent No. 869 925, May 4, 1971.

Relates to an apparatus and. method for producing inert gases consisting
essentially of CO, and N, by the controlled ignition and combustion of air
and gaseous hydrocCarbons. 4 ’

Lewis, Warren K., "Petroleum Recovery with Inert Gases," US Patent No.
3,193,006, July 6, 1965.

Describes the injection of nitrogen as a gas-cap drive, cohcufrent]y with

the injection -of carbon, d1ox1de into. the oil zone as a . miscible
displacement drive..
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20.

21.

22.

23,

24.

25.

26.

27.

Magnie, Robert L., "Enhanced Recoveries of Petroleum and Hydrogen from
Underground Reservoirs," US Patent No. 4,183,405, January 15, 1980.

Producer gas flooding is proposed. Describes a process that would use
producer gas generated from coal for enhanced 0il recovery.

Mulder,  Fritho R. Eric, "Formation Flooding by Sulfur Dioxide for
Recovering 0il and Gas," US Patent No. 3,353,597, November 21, 1967.

Describes a process which uses sulfur dioxide for miscible displacement of
oil. The use ol nilrugen and/or flue gas to drive the slug of SO formed
in the reservoirs as 502 is a]so suggested.

New, Robert V., "Apparatus for Production Amplification by Stimulated
Emission of Radiation," Canadian Patent No. 861,887, January 26, 1971.

Relates to novel equipment that provides radio frequency electrical energy

-and an admix of carbon dioxide and nitrogen (or gases of different energy

levels) for interaction in a transducer to emit the heat of infra-red

‘radiation in a formation that would reduce the viscosity of heavy oils.

The patent describes the apparatus that produces exhaust gas (CO + N
mixture) and .the electrical energy (for v1scos1ty reduct1on for thg
recovery of heavy oils. '

Parrish,.David R:, "Carbon Dioxide Slug Orive," US Patent No. 3,586,107,
June 22, 1971. ' :

Deécribes a process in which a C0, slug is first injected, then flue gas
or air is injected, followed by a water drive.

Sharp, Lorld G., "Method of Recovering 0il by In S1tu Produced Carbon
Dioxide," US Patent No. 3,174,543, March 12, 1965

Proposes use of flue gas or air to drive a m1sc1b]e gaseous siug. generated
by in situ combustion.

Speller, Frank N. Jr., “Processes for Secondarily Recovering O0il1," US

Patent No. 3,675,715, July 11, 1972.

Describes a process to produce flue gas by the in situ combustion method.
The flue gas produced in situ is recovered and mixed with a wet casing

4 head gas at the surface, and is then reinjected for EOR.

Speller, Frank N. Jr., “Processes for Secondarily Recovering 0i1," US .
Patent No. 3,964,545, June 22, 1976.

Describes a process using air injection to pressurize the formation and :
maintain the mobility of o0il by diluting the oil with CO,.

produced in situ as a byproduct of air injection, either by au%o ox1d§%1
of carbonaceous material in the reservoir, or by 1gn1t1on of o0il in the
reservo1r in situ ox1dat1on process. :

Squires, Fredrick, "Apparatus for and Method of Recover1ng 0il and Gas,"

US Patent No. 1, 249 232, December 4, 1917..
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Describes an apparatus for generating exhaust gas (from internal’
combustion engines used in oil fields) suitable for injection into

oil-bearing strata, and a process of enhanced o0il recovery using such a

gas. _

28..Stone,,Herbert.Lesson, "Method of'Increasing 0i1 Recovery," US Patent No.
2,996,373, August 1, 1961.

Describes a process in which . 1ight hydrocarbon components are injected
using one injection well and inert gases -are 1injected using another
injection well. Nitrogen and air are proposed as -inert gases.

29. Theobald,. Alan, "Production of L1qu1d Oxygen and/or L1qu1d Nitrogen," US
Patent No. 4,152, 130, May 1, 1979.

Related to nitrogen generation; describes an improved process for the
production of nitrogen that can be used for injecting a formation.

30. Vairogs, Jris, “"Recovery of 0il by Low-Pressure Miscible Gas Injection,"
US Patent No. 3,623,552, November 30, 1972

Describes a method for the miscible d1sp]acement of oil using carbon
dioxide or a mixture of CO, and nitrogen gas. It suggests the use of an
inert fluid .to drive the miscible slug. Inert fluids such as nitrogen,
flue gas and air are proposed. ‘

31. Wagner, Robert J., "Method for Recovery of Petroleum Deposits,” US Patent
No. 3,653,438, April, 1972.

Describes a method that uses inert gas 1njection for improved oil recovery.
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