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ABSTRACT

Air injection in light oil reservoirs has received considerable attention as an effective, improved oil
recovery process, based primarily on the success of several projects within the Williston Basin in
the United States. The main mechanism of air injection is the oxidation behavior between oxygen
and crude oil in the reservoir. Air injection is a good option because of its wide availability and low
cost. Whether air injection can be applied to shale is an interesting topic from both economic and
technical perspectives. This paper initiates a comprehensive discussion on the feasibility and po-
tential of air injection in shale oil reservoirs based on state-of-the-art literature review. Favorable
and unfavorable effects of using air injection are discussed in an analogy analysis on geology,
reservoir features, temperature, pressure, and petrophysical, mineral and crude oil properties of
shale oil reservoirs. The available data comparison of the historically successful air injection pro-
jects with typical shale oil reservoirs in the U.S. is summarized in this paper. Some operation
methods to improve air injection performance are recommended. This paper provides an avenue
for us to make use of many of the favorable conditions of shale oil reservoirs for implementing air
injection, or air huff ‘n’ puff injection, and the low cost of air has the potential to improve oil re-

covery in shale oil reservoirs. This analysis may stimulate further investigation.
Copyright © 2017, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Background

rock, usually shale, tight siltstone limestone, or dolomite. These
rocks have been buried deeply enough to convert part of their

People may be confused by the two fossil fuel terminologies
“shale oil” and “oil shale.” Shale oil is more accurately termed
“oil-bearing shale” or “tight oil”, while “oil shale” is the rock that
contains a solid organic compound known as kerogen (Fig. 1).
Heating is needed to generate liquid oil synthetically from oil
shale. Unlike oil shale, oil-bearing shale contains oil (some gas or
condensate) trapped in relatively low porosity and permeable
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kerogen into oil and gas. Because the hydrocarbons are locked in
place so tightly that they cannot be released in economic quan-
tities simply by drilling, shale-hosted oil plays are considered
unconventional [1,2].

In the U.S., shale oil plays include the Barnett shale of North
Texas, the Niobrara shale of Colorado, the Bakken shale of North
Dakota, the Eagle Ford shale of South Texas, the Marcellus shale
of Pennsylvania, the Wolfcamp shale of West Texas, the Avalon
shale of West Texas, and the shale in southern New Mexico
where a large amount of hydrocarbon resources was reserved.
Shale formation can usually produce dry gas, condensate, and oil
at different depths. Because of the ultra-low permeability matrix
of shale reservoirs, horizontal drilling with multi-stage fracture
has been demonstrated to be an efficient strategy for economic
petroleum fluid recovery over the last decade. However, shale oil
production faces more challenges than shale gas production [3].
Production performance often shows high initial rates followed
by a rapid rate-decline, and recovery factors for these types of
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Fig. 1. Oil Shale vs. Shale QOil [2].

reservoirs are predicted to be low, around only 5-10% [4].
Various enhanced oil recovery (EOR) methods have been inves-
tigated for shale oil exploitation in recent years. Among them,
gas injection is a good option for recovery hydrocarbon from a
tight oil reservoir. Either immiscible or miscible gas flooding;
including carbon dioxide (CO;), nitrogen (N3), natural gas, or the
mixture of them; could be an effective way to enhance oil re-
covery in shale oil reservoirs [3—11]. Among these gases, CO, huff
‘n’ puff injection has received more attention for enhanced oil
recovery in tight formations [12—17].

Both lab studies and simulation results support CO2 as a
promising EOR agent for unconventional liquid reservoirs [18].
However, gas flooding often suffers from channeling problems.
Recently, miscible CO, water-alternating-gas (CO,-WAG) injec-
tion is proposed as an effective EOR process in the tight oil for-
mations [19—21]. Experimental results show that the miscible
CO,-WAG injection issues the highest amount of oil compared
with waterflooding, continuous miscible CO, flooding, and
miscible CO,-GAW injection for the Bakken tight formation
development [21]. Zhang et al. (2015) [22] reported that a
nanofluid alternating gas (NAG) process has a great potential in
improving WAG performance for tight oil development.

The better understanding of rock-fluid interaction in a con-
ventional reservoir has stimulated interest for implementing
potential chemical methods or low salinity water injection for
enhanced oil recovery in tight oil reservoirs. The available liter-
ature show that surfactant injection is a promising chemical EOR
method for the Bakken tight formation [23—28]. Laboratory re-
sults indicate that incremental oil recovery as high as 68% OOIP
can be obtained through wettability alteration from spontaneous
imbibition experiments performed on tight (<0.1 mD) sandstone
cores [29]. Related to surfactant flooding, application of micro-
emulsion for improved shale oil recovery is also a promising
strategy [30]. The gained experience from low-salinity water-
flooding in conventional reservoirs has been tested for
enhancing oil recovery in shale oil reservoirs. Nguyen et al.
(2015) [31] concluded that low-salinity brine (<4 wt% KCl) ex-
tracts more hydrocarbon than high salinity brine (>8 wt% KCl)
from the Muskwa shale oil from Canada, while adding surfactant
into low-salinity brines can achieve a higher oil recovery factor.

However, the current enhanced oil recovery methods in tight
oil reservoirs have some limitations both practically and
economically. Nitrogen, carbon dioxide, and hydrocarbon gases

have served as the traditional flooding media in the petroleum
industry over several decades. While the increased recovery of
shale oil is encouraging because of the use of these traditional
gas floodings, both methods have some practical limitations.
Carbon dioxide is currently unavailable in many cases, and while
hydrocarbon gases are available in most oil fields, they are rarely
used as injectants because they are marketable [4,32,33]. Unlike
conventional reservoirs, a chemical method, or low salinity wa-
ter injection, may be not the best choice for shale due to its low
injectivity, high clay content makes shale susceptible to swelling,
and additional high cost. Air injection (in reference to air injec-
tion in light oil reservoirs) could be a good option because of its
wide availability and low cost, and crude oil can perform
oxidation reaction to generate flue-gas sweep and thermal drive,
which seems to be a synergic EOR method. We have proved the
evidence of the “bulldozing effect (or pore blocking)” for air in-
jection in light oil reservoirs which has the potential of re-
directing gas flow to improve sweep efficiency [34].

Air injection in light oil reservoirs has received considerable
attention as an effective, improved oil recovery process, based
primarily on the success of several projects within the Williston
Basin in the United States. The development of air injection in
light oil reservoirs is different from the application of the in situ
combustion (ISC) process in heavy oil reservoirs. ISC is an air
injection process, but the reverse is not true. Some air injection
projects cannot be treated as an ISC process at all [35—37]. On the
other hand, the recovery mechanism of oil viscosity reduction for
air injection in light oil is less important in comparison with the
heavy oil ISC process. Besides, the application of ISC sometimes
requires an ignition operation to promote heat release and
transfer generally with the existence of a high peak temperature
of (350—600 °C), while the application of an air injection does
not need an ignition strategy. In an air injection process, sub-
terranean oil is expected to be auto-ignition during spontaneous
oxidation, and it does not need the existence of a high peak
temperature like the ISC process [35,36]. Air injection in light oil
reservoirs has gained greater attention in the U.S. China,
Australia and many other countries in recent years [38—43].
Based on the current status of air injection in conventional res-
ervoirs, the favorable conditions for implementing air injection
are mainly in reservoirs of high pressure and high temperature,
dip angle, reasonably high matrix porosity, permeability and
reservoir thickness, are rich in clay and have lower oil viscosity
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(<10 cP) at reservoir conditions [32,33]. For economical consid-
eration, the minimum requirement value of 0.1 for reservoir
porosity multiplied by oil saturation (¢ x So > 0.1) is needed
[44,45]. Among these factors, the oxidation activity of crude oil in
reservoir condition is a major factor for implementing air injec-
tion even if some other conditions are not favorable. However,
there are also many disadvantages to the application of air
injection.

The potential for explosion and corrosion both in surface
equipment and wellbore are big concerns for the wide applica-
tion of air injection. The corrosion issue can be easy controlled
through passivation and appropriate completion design in
comparison with the explosion problem. Selection of appropriate
synthetic lubricants is essential for mitigating air explosions in
compressors or surface-injection lines. However, the backflow of
hydrocarbons and unreacted oxygen entering a production well
can cause additional uncertainty, resulting in the mixed gases
falling in a flammable range [46]. The key factors for guaran-
teeing the success of the air injection project mainly involve the
continuity of an injection schedule and the ignition potential of
crude oil being maximized both from a safety consideration and
the production performance. The two factors have a significant
effect on switching the oxygen addition mode to the bond scis-
sion mode for the field operation of air injection project.

Shale oil reservoirs mostly produce light crudes and are
reserved in a high-temperature and high-pressure environment.
Shale oil has the potential to achieve spontaneous ignition when
implementing air injection. Up to now, there has been no work
addressing the potential of air injection in shale oil reservoirs.
For most high-risk EOR projects, it is very important to do an
analysis before conducting any kind of experimental or simula-
tion work [33,47—49]. In this paper, we firstly initiate an analogy
analysis based on the literature and our experience in order to
evaluate whether air injection is feasible for improving oil re-
covery in shale oil reservoirs from several aspects: light crude oil
oxidation behavior and favorable and unfavorable factors for air
injection in shale oil reservoirs. Some highlights are summarized
in this paper.

2. Light crude oil oxidation behavior

Air injection in oil reservoirs can involve low temperature
oxidation (LTO, 150—350 °C), high temperature oxidation (HTO,
450 °C+), or both [45,50,51]. The success of air injection depends
on the sufficient reaction of oxygen with reservoir crude. Light
crude oil does not need a high temperature for initiating the LTO
process. The oxygen addition reaction in LTO would quickly take
place once light oil comes in contact with air in porous media
[52]. It is imperative that oxygen is consumed up to a low con-
centration range to ensure the safe operation of the air injection
and reduce the potential of thermal degradation of oil. The main
air injection recovery mechanisms are summarized as: 1)
improving sweep efficiency due to flue-gas sweep; 2) rapid re-
pressurization of the reservoir; 3) light components extracting
for subsequent NGL recovery; 4) oil swelling by flue-gas disso-
lution; 5) the potential of miscible flooding; 6) the creation of
thermally generated microfractures in the reservoir; and 7)
crude oil viscosity reduction by thermal effects
[32,33,45,53—-56].

The available literature show that LTO can be classified as
three modes for light oils: 1) oxygen addition; 2) bond scission;
and 3) spontaneous combustion [40,42,52,57,58]. Oxygen addi-
tion reactions do not bear as much heat of reaction as bond
scission. It is only an intermediate process of LTO in which
partially oxygenated compounds and few or no carbon oxides or

water is produced. Oxygen atoms will spontaneously bind into
the molecular structure of the hydrocarbons, generating various
oxygenated compounds, such as hydroperoxides, aldehydes,
ketones, and acids as well as a small number of carbon oxides
[52,59], which will worsen oil property. Therefore, the source of
the most concern is whether the oxidation reaction can shift to
the next mode of bond scission. Bond scission reactions in light
oil reservoirs typically occur at temperatures in the range of
150—300 °C. In this stage, a great amount of CO, and H,0 are
produced—and heat is released—that can result in coke gener-
ation. Hence, if the released heat raises the reservoir temperature
to a certain degree, then it will switch to another mod-
e—spontaneous combustion.

Recent studies show that linseed oil can help ignition near the
injection wellbore region during air injection in light oil reser-
voirs [60]. The addition of hydrocarbon solvent gases into the air
is expected to improve the diffusivity of the gas mixture and to
accelerate the oxidation reaction [61—63]. Hence, if reservoir
conditions or crude oil properties are not favorable, using
chemical additives or hydrocarbon solvent gases assisted
oxidation technology would be desirable.

3. Favorable and unfavorable factors for air injection in
shale oil reservoirs

Shale oil reservoirs have experienced a complex, light, hy-
drocarbon migration process from the source rock to the nearby,
mature, oil-generating window, and the heavy components, like
most resin and asphaltene, still remain in the source oil. Hence,
liquid-hydrocarbon produced from shale is often reserved in
high pressure-high temperature (HPHT) conditions. In general,
this crude oil would have good oxidation reaction activity when
in contact with air in reservoir conditions. It would experience a
slow or high exothermic process, depending on internal and
external factors. The internal factors are mainly crude oil prop-
erties, including hydrocarbon composition, unsaturated content
(such as aspheltine and aromatic), API gravity, and viscosity.
External factors include geology, reservoir temperature, pres-
sure, oil saturation, air injection rate, petrophysical properties,
and minerals. In this section, we make a theoretical analysis of
favorable and unfavorable factors for air injection in shale. This
analysis can provide a guideline for deciding whether or not to
use air injection for shale development.

3.1. Geological and reservoir features

Most shale oil reservoirs have some dip angles. Much of the
Marcellus play in Pennsylvania, New York, and West Virginia is in
the Plateau area of low-amplitude folds with maximum dip of
2—3° [64]. In terms of geology, both the Barnett and Bakken
shales are updip reservoirs which are remarkably similar to
Marcellus [64,65]. The Eagle Ford shale is a finely laminated shale
with bedding planes dipping toward the Gulf of Mexico. All these
shale reservoirs have dip angles of less than 10° [66]. However,
compared to the broad and gently dipping shale belts of Texas
and Louisiana, Mexico's coastal shale zone is narrower, less
continuous, and structurally more disrupted [67].

A reservoir dip angle is beneficial for achieving high oil re-
covery. Ren et al. (2002) [68] investigated the effect of reservoir
dip on the cumulative oil production during air injection in the
North Sea light oils through numerical simulation, showing that
as the dip angle is decreased, oil production decreases, and there
is little effect on the ultimate oil recovery when the dip angle is
greater than 10°. This may be favorable for air injection in the
Eagle Ford shale oil reservoir where the dip angle is less than 10°.
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Historically, successful air injection projects mainly include
the Buffalo, Medicine Pole Hills Unit (MPHU), Horse Creek, Coral
Creek, and Hackberry fields [69—74|. Both the sand and car-
bonate reservoirs for air injection have gentle, structural dip
angles. The operators tend to inject air in the high part of
geological structures in order to utilize gravity's effect. High-
pressure air was injected respectively to the high-pressure
(2500—3300 psi) and low-pressure (300—600 psi) zones with
different dip angles in the Hackberry oil field. Field production
showed that air injection in a low-pressure reservoir with high
dip angle can achieve more oil recovery in comparison with a
high-pressure reservoir with low dip angle. Daily oil output from
the higher dip angle reservoir even increased by 35% after 6
months of air injection [71]. In China, foam-assisted, water-
alternating-air injection and low oxygen air injection projects
have been successively carried out in both lab and pilot tests. The
representative air injection project has been applied in the Hu-12
block (3.9 mPa s oil, 90 °C reservoir temperature) of Zhong Yuan
oil field (Henan Province, China). The dip angle of this reservoir
ranges from 5 to 10°. The field results showed that no O3/N,
breakthrough was observed and about 3—4% oil production was
achieved by air injection in the pilot region during 3 years of air
injection [39].

Hence, the Eagle Ford, Barnett, Bakken, Marcellus, Wolfcamp,
and other reported shale oil reservoirs have more or less
different dip angles that should be favorable for air injection.
However, the geological integrity and continuity of the shale oil
reservoir must be considered before its application. The Eagle
Ford shale is continuous across the western margin of the Burgos
Basin, where the overall formation interval ranges from 100 to
300 ft thick [75,76]. The thick and continuous shale formation is
beneficial for air injection [32,45]. But the very thick zone often
needs a high amount air injection rate to guarantee a stable
oxidation reaction [35]. This issue should be closely monitored
because of the nature of the low injectivity of air in the nano-
Darcy matrix permeability.

3.2. Reservoir temperature and pressure

Shale oil reservoirs often experience a long-time oil expulsion
process. Over-pressured and high-temperature reservoir condi-
tions are common. The liquid hydrocarbons are somewhat over-
pressured with formation pressure ranging from 3000 to 6425
psi and temperatures from 150 to 285 °F through the statistical
data from the Eagle Ford, Marcellus, Barnett, Bakken, and Wolf-
camp shale oil reservoirs [64,77—80].

Among them, the Eagle Ford shale oil reservoir is represen-
tative. Eagle Ford light oil, condensate, and dry gas are mainly
produced at estimated depths of 8000 ft, 10000 ft, and 14000 ft,
respectively. The pressure gradient varies from 0.55 to 0.85 psi/
ft., or 0.65 psi/ft in average [76]. Orangi et al. (2011) [81] reported
that the reservoir conditions and light oil properties of the Eagle
Ford shale formation and properties of simulated Eagle Ford
fluids ranging from low GOR black oils to high GOR volatile oils
are summarized in Table 1. The average oil gravity of the Eagle
Ford formation is around 41° AP], indicating that it is a super light

Table 1
Simulated Eagle Ford light oil properties.
No. Initial Temp GOR (scf/ API Sat. pressure Boi (rb/ Viscosity
pressure (psi) (F) stb) () (psi) stb) (cp)
1 6300 237 500 41 2053 1.3534 0.58
2 7350 266 1000 41 3446 1.6500 0.31
3 8050 285 2000 41 5063 22152 0.173

crude oil. High pressure can promote the light oil oxidation
process, and this work has been addressed by several authors
through commercial thermal tests such as TGA/DTA/PDSC. Li
et al. (2006) [82] studied the oxidation behavior of medium oil at
different pressures. Their Pressurized Differential Scanning
Calorimeter (PDSC) Test indicated that crude oil releases more
heat in low temperature oxidation range with the increase of
pressure, which means the activation energy is lowered. Simi-
larly, a series of TGA/PDSC tests were employed to study the
potential of air injection in Australian light oil reservoirs, which
also reveals that exothermic activity is apparently observed in a
low temperature oxidation range with the increase of pressure,
which is related to the lowered oxidation activity energy in a
high pressure air environment [40,54]. Similar to the results
obtained by Zhao et al. (2012) [52] by using oxidation tube ex-
periments to study light oil oxidation behavior in porous media,
they concluded that the higher the initial setting pressure, the
more the consumption degree of O,, as well as the higher the
concentration of produced CO; and CHy4. This represents the
oxidation addition mode gradually shifting to bond scission. The
activation energy for oil oxidation lowers and the oxygen uptake
rate increases with the increase of reservoir pressure.

Field experiences and project design indicate that sponta-
neous LTO reaction in the light-oil air injection process can lead
to auto-ignition, which may occur in the fields with relatively
high reservoir temperature (90—120 °C) and pressures
[57,69,83,84]. Hence, we believe that such over-pressured and
high-temperature shale oil reservoirs should be favorable for the
desired oxidation reaction, and spontaneous ignition may be
possible when implementing air injection.

3.3. Petrophysicals

A shale oil reservoir has micro-to nano-Darcy matrix
permeability and an average of 3—9% porosity. The ultra-low
matrix permeability of shale can act as a double-edged sword.
Instinctively, air injectivity will be not good compared to con-
ventional reservoirs, because shale formations are not highly
permeable. However, shale has the common characteristics of
some degree of available natural-fracture development, which is
the controlling factor in petroleum fluid productivity [78] as well
as air injectivity. Natural fractures form as a result of tectonic
activities, overburden pressure, and/or pressurized liquid
expulsion [85]. Cores from the Eagle Ford shale indicate the
presence of mineralized, vertical, natural microfractures [66,86].
Natural fractures were also identified both in the Marcellus and
Barnett shales [64,87]. While the presence of natural fractures is
not enough to sustain a large amount of air intake, the air
injectivity problem could be alleviated in field applications, if we
have more artificial fractures.

Fortunately, the ultra-low permeability matrix provides a
high surface area (BET) that can promote crude oil oxidation in
porous media. In shale, the particle size is orders-of-magnitude
smaller; thus, the surface area is orders of magnitude larger
[88]. Vossoughi et al. (1983) [89] studied the effect of sand, silica
and kaolinite on crude oil combustion, indicating that kaolinite
had a catalytic and surface area effect on crude oil combustion/
cracking reactions. Drici and Vossoughi (1985) [90] proved that
high specific surface area can make the exothermal temperature
range shift to a lower temperature range. Undoubtedly, if the
specific surface area of tight shale is considerably large, crude oil
oxidation activity energy will be lowered with more heat
releasing, even to auto-ignition during the air injection process.
However, a low-porosity matrix has great effect on heat loss
within the matrix that could prevent normal development of
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high peak temperature transfer [35]. Another aspect is the pore
confinement effect. It is common in shale reservoirs to have
pores with diameters of a few nano-meters. In such small scales,
the pore wall can have a drastic effect on the arrangement of
molecules inside the pores. It is widely accepted that this
confinement effect can significantly change the phase behavior
in shale oil reservoirs. In general, equations of state (EOSs)
derived from the bulk fluid (i.e., Peng-Robinson, Redlich-Kwong)
may not be valid for phase behavior calculation in shale reser-
voirs [91,92]. Fortunately, phase behavior is usually described
using the K-value approach for simulating air injection. This may
diminish the confinement effect on modeling phase behavior of
air injection in shale oil reservoirs. However, the numerical
modeling of air injection still face challenges due to the sufficient
complexity of oxidation reactions even in conventional reser-
voirs [93]. The unique confinement effect in shale oil reservoirs
increase the difficulty for accurately quantifying the phase
behavior. The poor understanding of oxidation, evaporation,
cracking and combustion behaviors of crude oil in nano-meters
pores will cause additional uncertainty in simulating air injec-
tion for enhanced oil recovery in shale oil reservoirs.

3.4. Minerals

The typical mineral composition for Eagle Ford, Barnett,
Bakken, Marcellus and Wolfcamp shales are summarized in
Table 2 [64,66,76,88,94,95]. The table shows that these famous
shales are mainly clay-rich, which might be adverse to water
flooding. The mineralogy properties of shale play vary signifi-
cantly, laterally and vertically. For example, Core XRD analysis
showed that the total clay content of the Eagle Ford Shale ranges
from 5 to 45 wt% with an average value of around 20 wt%
[66,86,96,97].

The high content of clay in these shales suggests the appli-
cation of air injection because clay minerals have positive cata-
lytic effects on crude oil oxidation, which are very helpful for fuel
deposition, oxygen consumption and heat release, etc.
[52,89,90,98—105] Our recent results show that the presence of
quartz, feldspar (orthoclase and/or plagioclase), gypsum, calcite,
and dolomite should be inert on catalyzing effects for oil
oxidation. Only clays and other metal salts existing in the rock
can provide a catalyzing effect, and the catalyzing ability is
controlled by their relative contents. A cutting with few or no
clays should not provide any catalyzing effect [100]. The catalytic
ability varies for different kinds of clays. Jia et al. (2012) [101]
concluded that smectite is ranked first, illite is ranked second,
and chlorite and kaolinite are ranked third in their catalytic
ability for crude oil oxidation (Table 3). Hence, air injection in
shale should be favorable from a mineral composition stand-
point. However, serials of thermal analysis approaches should be
addressed to quantitatively analyze the catalytic ability of target
shales.

Table 2
Typical mineral composition for different shales.
Mineral, wt.% Eagle Ford Marcellus Barnett  Bakken  Wolfcamp
[66,96,97] shale [64] shale [64] shale [94] [95]
Quartz 15-26 10-60 35-50 27-54 36
Clays 5—45 10-35 10-50 12-54 25
Calcite, 0—61 3-50 0-30 12-59 26
dolomite,
siderite
Pyrite 3-5 5-13 5 1-3 /

Table 3
Kinetic parameters of different test samples [101].

Sample Activation energy (K] mol~")

LTO HTO
Oil 26.68 153.05
Oil + kaolinite 27.65 96.15
Oil + smectite 17.06 22.18
0il + illite 16.62 63.46
Oil + chlorite 24.27 70.94

3.5. Crude oil properties

Using representative or analogy analysis data of oil compo-
sition is reasonable, because it is difficult to get the most accurate
original shale oil compositions due to the complexity of sam-
pling. Jarvie et al. (2007) [106] measured the residual hydrocar-
bon fluids of the Barnett shale in the oil window. The results
show that most resolved alkanes center at Cq5 to Cy9, and these
will be further broken into low carbon alkane in the oil extrac-
tion and migration process. Hence, the light crude mainly with
alkanes lower than Cyg is produced.

The Eagle Ford formation has become a very active develop-
ment in North America because of the high volumes of liquid-
rich hydrocarbons it is capable of producing. The types of hy-
drocarbons produced from the Eagle Ford shale vary from dry gas
to gas/condensate to oil, making it a liquid-rich play. The liquid-
rich regions occur at estimated depths of 8000 ft. Because of the
limited drilling and sampling activity in the Eagle Ford shale,
available original shale oil composition is scarce. Orangi et al.
(2011) [81] provided Eagle Ford crude oil data generated and
recombined from typical stock tank oil and separator composi-
tions as shown in Fig. 2.

It is evident that only 0.205—0.457 mol fraction of middle to
heavy compounds falls in the group C7.. Recent results reveal
that high content C;—C;5 hydrocarbons range from 0.407 to
0.887 mol fraction can have a negative effect on the LTO behavior
of crude oil [102—104]. This interesting phenomenon can also be
observed using the data provided by Sarma et al. (2002) [44] for
further analysis. They found that a light oil (po at 25 °C, 2.68 cp)
needs a much higher activation energy to ignite when con-
ducting air injection potential study through ARC/TG/PDSC tests.
We believe it is also related to the high-content C;—Cy5 of the oil,
while not limited to the unfavorable fuel load and formation li-
thology concluded by Sarma et al. [44]. In the Eagle Ford shale oil,
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Fig. 2. Reservoir fluid composition of synthetic Eagle Ford shale oil (modified from
(modified from Ref. [81]).
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the total mole fraction of C;—Cy5 hydrocarbons only takes a small
proportion that should not be adverse to its LTO performance.

On the contrary, the high-content, unsaturated, heavy hy-
drocarbons; mainly aromatics, resin, wax, and asphaltenes; are
beneficial for oxygen consumption [102,103]. These components
mainly dominate oxygen addition reaction in LTO to generate
various oxygenated hydrocarbons. Furimsky (2015) [107] re-
ported that the asphaltene content is less than 0.5 wt% for both
the Eagle Ford and Bakken tight oils. However, there is no
detailed unsaturates information available. Theoretically, we can
deduce that the unsaturates should not be higher for shale oil.
Because shale oil comes from the mature oil window, it has
experienced a components distillation process during crude oil
extraction from source rock in the primary migration stage;
hence, more hydrocarbons will be excluded, whereas the un-
saturates resins and asphaltenes like unresolved complex mix-
tures (UCM) are preferentially retained in source rocks. This is
why we see that shale oil often has very low density and viscosity
characteristics. Hence, air injection in shale oil reservoirs may
not perform too much oxygen addition reaction favoring a gen-
eration of oxygenated hydrocarbons such as hydroperoxides,
aldehydes, ketones, and acids etc., resulting in the decrease of
shale permeability. Shale permeability is expected to improve for
the possible hydrocarbon crack reactions. However, this hy-
pothesis needs to be verified by further experimental
investigations.

Whether or not air injection can promote subterranean oil
auto-ignition is our main concern. Failure of super-light crude to
self-ignite was thought to be due to its low content of un-
saturates, mainly aromatics and asphaltenes, but it is attributed
to insufficient heat generation during LTO [108]. The unsatu-
rated, heavy hydrocarbons asphaltene and resin are easier for the
oxygen atom to attack due to their unstable molecular structures,
which can spontaneously take an oxygen addition reaction to
generate various oxygenated compounds as well as a small
number of carbon oxides. These oxygenated compounds tend to
further react and polymerize and form heavier fractions for
subsequent cracking-combustion. This is a fuel deposition (FD)
process, which is crucial to assist auto-ignition. The existed un-
saturates in crude are responsible for fuel deposition, heat
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generation, and transfer, as well as oxygen consumption
[59,100,102,109].

In summary, the nature of shale oil may not be favorable for
performing fuel deposition (FD), but oil property should not be
the barrier for implementing air injection. We have compared
the most important parameters of the historical successful air
injection projects with different shales, as shown in Table 4. It
shows that Eagle Ford, Barnett, Bakken, Marcellus and Wolfcamp
shales have many other advantages for applying air injection
theoretically. Among those parameters, dip angle, pressure,
temperature, water cut, clay content, API gravity, and oil viscosity
are favorable for implementing air injection. In addition, high oil
saturation and little water cut of shale reservoirs are also favor-
able factors. These advantages have great potential for promot-
ing LTO to guarantee more heat release—even to achieve
spontaneous ignition for the application of air injection in shale
oil reservoirs.

4. Operations

Shale oil may not sustain favorable in-situ cracking, com-
bustion and heat transfer due to the low injectivity of air.
Improving air injectivity in shale oil reservoirs is needed for a
better utilization of synergic recovery mechanism of air flooding.
Based on current applications in the shale oil field, there is very
limited experience in gas or water injection from multi-stage
hydraulic fractures in horizontal wells. An improved under-
standing of fracture and its distribution is helpful for the appli-
cation of air injection in shale reservoirs. Whether the oxidation
model really can switch to bond scission is a big concern both for
safety considerations and the production performance of air in-
jection in shale oil reservoirs. If we can better understand frac-
ture properties as well as their effects on air injection
performance in shale reservoirs, then we can take the experience
gained from the Williston air injection project to build proper air
injection stations in well sites. This can provide a high amount of
compressed air to guarantee the continuity of injection schedule,
which is beneficial for achieving a bond scission mode in field
application. Selecting the proper hydrocarbon solvent gases is
also desirable for improving the diffusivity of the air mixture in
the fracture-matrix system of shale. However, the mechanism of

Table 4
Compared parameters from literature.
Crude oil
Parameters Eagle Ford Marcellus Barnett Bakken Wolfcamp Barnhart Buffalo MPHU Horse Creek Hackberry Coral Zhongyuan
[66,76,78] [64] [64] [94,110, [79,95] [53,59] [73,74] [112] [69,70] [71] Creek [39]
111] [72]
Lithology Shale Shale Shale  Shale Shale Carbonate Carbonate Carbonate Carbonate  Sand Carbonate Sand
Dip angle,” <10 2-3 updip updip updip updip 1-2 1-2 updip updip 1-2 5—-10
Reservoir 6425 3000 3800 4700 3450 1600 3600 4120 4000 4227 5000 3234
pressure, —4000 —5760
psi
Reservoir 237-285 168—230 175 237 150—-183 200 215 230 220 202 206 198
temperature,’F
Reservoir 100—300 50-260 150 10-92 470 92 15-18 18 22 70 22 23
thickness, ft —600
Matrix 1075-107* 10°° 0%  0.001-1 1075-107* 3 10 5 15 1000 6 235
permeability, -1073 -1073
mD
Matrix porosity,% 6 6 3-6 4-7 9 6 16 17 16 26 16 21
water cut, % little little little 1-3 little / >50 / 60 55 70 96
clay content, %  5—45 10-35 10-50 9-53 25 little little little little / little /
0Oil API, 40-50 >40 38 42 44 41 32 39 32 33 33 31
Oil viscosity, cp  0.58 <1 <1 0.36 0.30 291 2.40 0.48 1.40 0.72 0.77 3.90

“|” represent the data is not available in literature.
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oxygen diffusion as well as accurate diffusion coefficient in shale
reservoir should be understood. Implementing air huff ‘n’ puff
injection should be an alternative strategy if simple air injection
is not favorable. If crude oil in-situ crack releases more light
hydrocarbons, these are easier output than liquid crude oil. It is
an alternate strategy for in-situ upgrading oil-bearing shale to
release hydrocarbon gases by the use of air injection or air huff ‘n’
puff injection.

5. Conclusions

Favorable and unfavorable conditions to implement air in-
jection in shale oil reservoirs are summarized here.

(1) Favorable: Shale oil reservoirs with high temperature and
high pressure can accelerate light crude oil oxidation to
release more heat. The clay-rich tight shale with a high
specific surface area is favorable for performing catalytic
oxidation, mitigating early gas breakthrough. In addition,
the dip-angled shale reservoir is helpful for gravity
drainage in air injection. The thermal effects generated in
the air injection process have the potential to dry shale
and perform thermal induced microfractures in the
reservoir to enhance air injectivity as well as improve fluid
flow from the oil-saturated matrix into a fracture pathway.
This process often occurs along with rapid re-
pressurization of the reservoir, which could result in
both shrinkage fractures and over-pressure fractures.
Crude oil oxidation process in air injection has the po-
tential to extract more light hydrocarbons. It may be an
alternate strategy for an in-situ, upgrading, oil-bearing
shale to produce hydrocarbon gases with the aid of air
injection or air huff ‘n’ puff injection.

(2) Unfavorable: The excessive mature shale oil has a low
content of unsaturates, mainly aromatics and asphaltenes.
This is adverse for fuel loaded during the air injection
process. The very thick zone needs a high amount of air
injected to guarantee a stable oxidation reaction as well as
a thermal front. The nano-Darcy matrix permeability and
limited available fractures are the barriers for achieving
high injection rate. The nano-meters diameter pore wall
can have a drastic effect on the arrangement of molecules
inside the pores. This confinement effect can significantly
change the phase behavior in shale oil reservoirs,
increasing the complexity to understand crude oil oxida-
tion, evaporation, cracking, and combustion in the nano-
meters diameter pore. More hydraulic and thermal
induced fractures are needed to diminish the pore
confinement effect as well as improve air injection per-
formance in shale oil reservoirs.

Shale is different from conventional rocks. Even every shale is
different. What happens in Eagle Ford cannot be replicated in
Bakken or Marcelus. This paper is only a preliminary analysis;
comprehensive experimental and simulation work is needed for
better understanding the oil recovery mechanism of air injection
in shale reservoirs.
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