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Abstract:

Shale oil and gas, as important unconventional resources, have been widely discussed in the
last decade. The occurrence characteristics of fluids (oil, gas, and water) in shale reservoirs
are closely related to the exploitation of shale oil and gas, therefore the quantitative
characterization of fluid occurrence in shale reservoirs has received extensive attention.
In this paper, the latest advances and potential challenges on this subject are summarized.
With respect to shale oil, the amounts, ratios and micro-distributions of shale oil in different
states can be determined using the state equation of liquid and adsorption ratio equation,
which contributes to identifying high-quality shale oil reservoirs. However, it is still
necessary to strengthen the research on the multi-attribute coupling relationship and oil-
rock interaction of shale oil reservoirs, and the determination of occurrence characteristics
of adsorbed and free oil under in situ reservoir conditions. In terms of shale gas evaluation,
the process analysis method and isotope fractionation method effectively solve the problem
of evaluating in situ gas-bearing characteristics of shale, and can accurately estimate the
amounts of total, adsorbed and free gas. The quantum physisorption behavior of gas could
be a new research direction to reveal the microscopic occurrence mechanism of shale gas.
As for shale pore water, a complete evaluation procedure for determining the amounts and
micro-distributions of adsorbed and free water in shale matrix pores has been established,
which provides insight into the storage and flow of oil and gas. In future work, a study
on the quantitative evaluation of water-rock interaction is significant for obtaining the
adsorbed and free water under in situ reservoir conditions.

In recent years, China’s dependence on foreign oil and gas
continues to rise, and the national energy security has been
severely challenged. With increasing difficulty for conven-
tional oil and gas exploitation, unconventional shale oil and gas
has gradually become a significant alternative for enhancing
oil and gas production in China (Wang et al., 2022; Jin, 2023).
The success of the shale oil and gas revolution in the United
States has achieved energy independence and changed the
world’s energy pattern. China is rich in shale oil and gas
resources (Zhao et al., 2020), and the commercial development
of marine shale gas in south China has been successfully
achieved. Breakthroughs in the exploration and development
of terrestrial shale oil have also been made in many Chinese
basins, showing a broad prospect (Zou et al., 2022). Unlike

conventional oil and gas reservoirs (traps), shale oil and gas
are distributed continuously in a large area, where oil, gas
and water simultaneously occur in the shale reservoir without
obvious differentiation (Zou et al., 2014). The particularity of
fluid occurrence in shale reservoir is that the fluids in various
states (e.g., adsorbed and free) often coexist in the pore system
of rocks, and the recoveries of fluids in different states are
obviously diverse. Therefore, it is very important to reveal the
microscopic occurrence of fluids in shale reservoirs and further
determine the “sweet spot” of oil and gas enrichment for
efficient exploitation of shale oil and gas. This paper focused
on the shale reservoir fluids (shale oil, shale gas and shale
pore water), and summarized the latest advances and possible
challenges of the theories and methods in this field, in order
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to provide an inspiration for the researchers concerned about
this field.

1. Shale oil

Shale oil is a complex mixture of hydrocarbons (saturated
and aromatic hydrocarbons) and ‘NSO’-containing compounds
(non-hydrocarbon, asphaltene). China is rich in shale oil
resources, especially in medium-low maturity shale oil (Zhao
et al., 2020). However, there are many unfavorable factors in
shale oil exploitation. For example, different from the medium-
high maturity shale oil in North America, the medium-low
maturity shale oil in China is characterized by complex com-
position, heavy oil quality and high viscosity/density, resulting
in a poor oil flow; different from conventional sandstone
reservoirs, the micro-nano scale pore-throat network of shale
is extremely developed, adsorbed and free oil coexist in the
shale matrix pores and are influenced by the confinement
effect of nanopores, which makes shale oil more difficult to
flow (Li et al., 2018a). Therefore, one key issue in shale
oil exploration and development is to reveal the microscopic
occurrence mechanism of shale oil and determine the amounts
and distributions of shale oil in different occurrence states.

The microscopic pore-throat structure and oil-rock interac-
tion comprehensively affect shale oil storage, which makes it
difficult to quantitatively characterize the amounts of adsorbed
and free oil due to the extremely heterogeneous pore system
and rock compositions in shale. Recently, many experimental
methods have been developed in the quantitative charac-
terization of shale oil occurrence, including oil saturation
index (Jarvie, 2012; Hu et al., 2021; Pang et al., 2023), two
dimensional nuclear magnetic resonance (Li et al., 2020a;
Mukhametdinova et al., 2021), multi-temperature pyrolysis (Li
et al., 2020a; Hu et al., 2021), stepwise solvent extraction (Hu
et al., 2021), combination between centrifugation and nuclear
magnetic resonance (Zhang et al., 2022), oil adsorption (Li et
al., 2016; Dang et al., 2022), etc. These methods provide tech-
nical support for determining the adsorbed, free and movable
capacities of shale oil. At the micro level, molecular simulation
plays an important role in the analysis of shale oil multiphase
occurrence mechanism, revealing that oil adsorbs on shale pore
surface in a multilayer way, and free oil is distributed in the
interior pore. The occurrence characteristics of adsorbed and
free oil are comprehensively affected by many factors such
as pore size and morphology, temperature and pressure, oil
composition, and rock surface properties etc. (Tian et al., 2017;
Ahsani et al., 2021; Tazikeh et al., 2022; Fei et al., 2023).

In terms of mathematical description, models for eval-
uating the adsorption capacity of shale oil are established.
From the perspective of oil-rock interaction, a comprehensive
evaluation model of oil adsorption capacity is proposed by
combining kerogen swelling, organic pore adsorption and clay
pore adsorption (Li et al., 2022). This model considers the
control effect of maturity (R,) on kerogen adsorption-swelling,
the influence of clay pore adsorption capacity and formation
temperature. The model reveals that the adsorbed oil in the
middle-low maturity stage (R, < 1.0%) is mainly controlled
by total organic matter content. With the increase in maturity,
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the adsorption effect of clay pores is gradually obvious.
When R, > 1.2%-1.3%, the adsorbed amount of shale oil is
mainly of clay pore adsorption. From a different perspective,
theoretical models of the “adsorption ratio equation” and “state
equation of liquid” are proposed to describe the microscopic
occurrence of shale oil based on shale microscopic pore-
throat structure and oil-rock interaction (Li, 2021a). These
two equations establish a connection between characteristic
parameters of fluid occurrence (adsorbed and free amounts,
densities of adsorbed and free phases, adsorption thickness)
and pore structure parameters of porous media (size, shape,
volume, specific surface area of pores), which can be used
to estimate the amount, ratio, micro-distribution, density and
thickness of adsorbed oil (Li et al., 2018a; Zhang et al., 2022).
To further establish the coupling relationship among sedimen-
tary environment, lithology/lithofacies, physical properties of
shale, occurrence and mobility of shale oil and reservoir fluid
properties (Fig. 1) is a research direction that needs to be
strengthened. In the coupling relationship, oil-rock interaction
is a key factor. For a rock, oil will be free in all pores if
there is no oil-rock interaction. Otherwise, the occurrence
characteristics of oil in different types of pores (related to
rock composition) are remarkably different if oil-rock inter-
action appears, which complicates the occurrence of shale
oil under the superimposed influence of microscopic pore-
throat structure. Additionally, the study of oil-rock interaction
is also helpful to obtain in situ the amounts of shale oil in
different states. Therefore, the oil-rock interaction at different
pore surfaces is also the subject of urgent research.

2. Shale gas

Methane (CH4) is a main component of shale gas, and
is stored in natural fractures and matrix pore-cracks in a
free form, and partially adsorbs on the surface of organic
matter and clay particles with a ratio of 20%-85%. There
is a small amount of dissolved gas overall. The quantitative
characterization of in situ shale gas amount, including the
determination of total, adsorbed and free gas amounts and
ratio of adsorbed or free gas, is very important for efficient
shale gas exploitation and has been paid special attention.
According to different evaluation processes, the methods of
evaluating in situ gas-bearing amount of shale mainly include
direct method and indirect method. The direct method is
based on the field desorption data to estimate the total gas
amount, which is divided into three parts: lost gas, desorbed
gas and residual gas. Among them, desorbed and residual
gas can be accurately measured by instruments. The lost
gas is the gas that escapes during coring, lifting and before
loading into the desorption tank. This part of gas cannot be
measured directly, so the gas loss estimation is the key to
determining the accuracy of the direct method. At present,
widely used methods for assessing the lost gas mainly include
the linear fitting method proposed by the United States Bureau
of Mines, polynomial curve fitting method, Smith-Williams
method, Amoco curve fitting method and improved curve
fitting method. The common problem of these methods is that
they are more suitable for coalbed methane reservoirs with



148

e Mineral composition
o Organic matter

o Sedimentary structure
e ctc.

i Lithology
or lithofacies

N
<O
> C
I S %’}-
i o ‘
: . Ph .
: Sedimentary ysical

. properties of

*

Li, J., Cai, J. Advances in Geo-Energy Research, 2023, 9(3): 146-151

___________________________________________________________________

e Movable amount e Temperature
e Movable ratio o Pressure
o Flow rate o Oil composition :
e ctc. e ctc. I

' |e Paleoclimate e Microstructure
! | o Palesalinity o Porosity

i |e Redox conditions o Permeability

o Paleoproductivity, etc. o etc.

_______________________________________________________________________________

¥

~ Mobility of Affect Reservoir fluid
' Rt |
N %0{ i

Control

Occurrence
of shale oil

e Adsorbed amount
o Free amount

o Micro-distribution
e ctc.

----------------------------------------------------------------------------

n=0:(C)
n=1:
w2 | 5
n=3 i
n:4f
n=5 | i " Ew
v lo,1,2,3,4,5,6,6,5,4,3,2,10
T T T T T T T T T T T
n=6

Fig. 2. Conceptually model of quantum physisorption of gas (a case of n = 6) (Modified from Li, 2023). (a) Spatial distribution
of quantized energy field within nanopore; (b) An ideal pattern of energy level transition of molecules (a profile in (a)); (c)

Energy distribution within a nanopore (a straight line in (b)).

high gas-adsorbed amount and shallow burial depth, while
these methods have large errors for shale gas reservoirs with
a high free gas amount and deep burial depth. In addition, the
direct method cannot distinguish free gas from adsorbed gas,
and thus cannot determine the free gas amount.

The indirect method is a method to evaluate the amounts
of gas in different occurrence states (adsorbed, free and
dissolved gas) (Li et al., 2018b; Gou and Xu, 2019). The main
error source of this method is the estimation of gas-adsorbed
amount. The calculated value using the isothermal adsorption
equation is a theoretical maximum of gas adsorption. Ad-
sorbed gas is one of the main gas storage forms, in order to
accurately evaluate the gas-adsorbed amount, it is necessary
to reveal the gas adsorption mechanism. For more than 100
years, researchers have been exploring the mechanism of gas
physisorption, and have put forward a variety of possible
explanations (Mudoi et al., 2022; Babatunde et al., 2022).

Among them, Langmuir monolayer adsorption theory and
Polanyi adsorption potential theory have a far-reaching influ-
ence on later generations. Different from the gas adsorption
on an open flat surface (Langmuir theory), when the gas is in
a narrow and confined nanoscale space, the gas molecules are
attracted by the pore surface from all directions. This leads
to a possibility that the gravitational potential energy of the
interaction between gas-solid surfaces may no longer be a
continuous distribution, but a quantized distribution (Fig. 2).
Based on this consideration, Li (2023) proposed a quantized
gas physisorption behavior in nanoporous media, that is, gas
physisorption in nanoporous media shows a quantum effect.
Gas adsorption is the result of energy level transition, and
the uneven spatial distribution of gas in the nanoporous pores
controls the gas physisorption behavior. This point of view
provides a new way for us to evaluate the gas-adsorbed
capacity of shale, and may also be a new research direction
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Fig. 3. Quantitative evaluation procedure for the amounts and micro-distributions of adsorbed and free water in shales.

in gas physisorption field.

Recently, two quantitative methods of estimating in situ gas
amount were proposed by combining both the advantages of
direct and indirect methods, that is the process analysis method
(Li et al., 2020b) and the isotope fractionation method (Li et
al., 2021b). The process analysis method divides the whole
process of drilling coring and field analysis into five stages
and evaluates the released amounts of adsorbed and free gas
in different stages. After obtaining the data of drilling coring,
reservoir physical properties, adsorption/diffusion parameters,
gas characteristics and core field analysis, this method can
be used to calculate the whole process of gas desorption and
then obtain in situ the amounts of total, adsorbed and free
gas. The isotope fractionation method is based on the four
stages of CHy carbon isotope fractionation in the shale gas
transport process. The isotope fractionation model coupled
with multiple transport mechanisms in the multi-scale pore and
fracture system is constructed. Further, the evaluation method
is established to obtain in situ the gas-bearing characteristics.
These two methods provide effective solutions for the gas-
bearing characteristic evaluation of shale.

3. Shale pore water

A certain amount of water generally remains in shale
matrix pores during the process of oil and gas evolution,
which is called connate water. The connate water that bound
in the pores occupies the space for oil and gas accumula-
tion, and thus weakens the storage capacity of oil and gas.
Moreover, as an obstacle on the migration channel of oil
and gas, connate water makes shale pore-throats smaller and
their connectivity worse, causing a more difficult flow of oil
and gas (Cai et al., 2019a, 2019b; Tian et al., 2022; Lin et
al., 2022). Previous studies (theory, experiment and molecular
simulation) on the occurrence of shale pore water mainly focus
on the evaluation of water distribution characteristics in shale
or mineral pores by water vapor adsorption method (e.g.,
Zolfaghari et al., 2017a, 2017b; Yang et al., 2020a, 2020b,

2021; Zhang et al., 2021; Gao et al., 2022). Although many
understandings have been obtained, the analysis results may be
different from the characteristics of the liquid water occurrence
under geological conditions. In addition, the difference in
pore water occurrence state (mainly adsorbed and free) is
not considered, which will lead to a distortion of water
saturation calculation result (Li et al., 2019). In recent years,
by defining the classification scheme of shale pore water and
combining the saturation-centrifugation test, the relationship
among the movable amount, free amount and centrifugal
pressure difference was proposed (Li et al., 2019). Further,
experimental evaluation on the amounts of adsorbed and free
water in the shale matrix was established. By combining
the adsorption ratio equation with classical nuclear magnetic
resonance theory, a quantitative evaluation procedure for the
microscopic distributions of adsorbed and free water in shales
under laboratory conditions was established (Li et al., 2019,
Li, 2021a). It can be used to quantitatively evaluate the
amounts and microscopic distributions of water in different
states in shale pores (Fig. 3).

The results of molecular simulation show that the occur-
rence characteristics of water in shale organic/inorganic pores
are obviously different. For example, Xu et al. (2020) analyzed
the occurrence state of water in hydrophilic and hydrophobic
pores through molecular simulation, and appeared in the form
of water film in hydrophilic pores, while in the form of water
clusters in hydrophobic pores. In addition, the organic/inor-
ganic pore structure and surface properties of shale also have
important effects on pore water storage (Bai et al., 2020;
Zhang et al., 2022). In future, considering the characteristics
of high temperature and high pressure (overpressure) in deep
marine shale gas reservoirs in south China (Wei et al., 2019;
He et al., 2023), it is necessary to explore the occurrence
characteristics of in situ pore water under high temperature
and pressure conditions by analyzing the transformation law of
adsorbed and free water. In essence, the key is characterizing
water-rock interaction, which needs to be strengthened in
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future work.
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