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ABSTRACT

To clarify the driving mechanisms of carbon
capture, utilization, and storage (CCUS), phase
behaviors in bulk CO-oil-brine system is inevitably
foundational investigation. In this study, we conducted
pressure-volume-temperature tests under single-
variable control in laboratory with in-situ crude oil and
synthetic brine samples. First, constant composition
expansion tests were designed to examine saturation
pressure between CO; and oil phases with varied CO;
mole concentration and temperature, respectively.
Meanwhile, as a major mechanism for carbon storage,
CO; solubility in brine and oil was then measured with
changing pressures at a specific reservoir temperature.
Growth of the saturation pressure was constantly
detected with increasing CO, mole concentration and
temperature, respectively. With sufficient CO;
guaranteed during the tests, we found that CO;
solubility in tested liquids was strengthened by the
pressure increase as expected. Moreover, within the
same pressure range, incremental CO, solubility in oil
was about ten times larger than that in the brine, which
indicated potentially underestimated CO, storage
capacity in depleted oil reservoirs..
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Symbols

m Weight

s Saturation

S Solubility

X Mole fraction
P Pressure

NONMENCLATURE

Abbreviations

CCUsS Carbon capture, utilization, and storage
CCE Constant composition expansion

EOR Enhanced oil recovery

EWR Enhanced water recovery

PVT Pressure-Volume-Temperature

SF Swelling factor

1. INTRODUCTION

For the synergistic energy and environmental
benefits, carbon capture, utilization, and storage (CCUS)
application in oil reservoirs has been globally concerned
[1], [2], 3], [4], [5]. Its target objects cover saline
aquifers and oil reservoirs for enhanced water/oil
recovery (EWR/EOR), respectively [5], [6], [7], [8]. Due
to depletion of conventional petroleum resources, CCUS
in unconventional reservoirs, especially tight reservoirs
with considerable petroleum reserves was then
developed [9], [10], [11]. Multi-scale investigations
(from pore to reservoir scale) were designed and
conducted through various methods mainly including
laboratory experiments and numerical modeling [12],
[13], [14], [15], [16]. Such investigations contributed to
effective injection strategies, accurate evaluation
systems, and reliable predictions [13], [17], [18], [19].
However, the diversification of analysis methods
focused on intuitive reflection of CCUS performances
resulting in unexpected neglect of underlying
mechanisms and inter-phase behaviors.

As main objects, CO,, oil, brine, and rock media are
dominant elements in the CCUS research system [20].
Eliminating the complexity from different physical
media, behavior between fluid flows is the driving
foundation for CCUS projects [20], [21]. Solidified
understanding of the basic driver provides flexibility to
deal with characteristic reservoirs and provides a
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baseline to further emphasize behavior caused by
medium differences.

Pressure-volume-temperature (PVT) experiment is
a commonly-used method for phase behavior
investigation through the quantification of PVT
relationships between tested phases [22], [23]. For
CCUS, the combination of CO, enhanced oil recovery
(EOR) and CO, sequestration, CO, saturation and
solubility in reservoir liquids are required to be clarified
[24], [25]. Correspondingly, constant composition
expansion (CCE) test is adopted to measure CO,
saturation pressure (Ps) in oil and swelling factor (SF)
under different test conditions [22], [26], [27]. CO;
solubility in oil and brine can also be measured using
PVT equipment (ResFluid Solutions Inc., Canada) with
sufficient CO; supplies to reach interaction equilibrium.
In the same process, test parameters were varied to
examine their influences on the fluid properties and
interactions. However, some existing PVT studies were
conducted based on single- or finite-component liquids
[27], [28], [29]. Such simplified design is advantageous
for accurate operation and precise representation of
the underlying mechanism, while it risks the reliability
to reflect the phase behaviors in a real reservoir.

In this study, we used the crude oil sample
collected from Yanchang Formation in the Ordos Basin,
China. The brine was synthesized according to ion
compositions from the same-source brine analysis. The
reservoir oil and brine samples guaranteed the accuracy
and practicability of experimental results. We designed
and conducted four CCE tests with total volume
recorded at different pressures to calculate Ps. Then
CO; solubility in the oil and brine was also measured
within a pressure range. CCE and solubility tests were
designed for investigating CO, EOR and sequestration
mechanisms, which are key contents of CCUS projects in
oil reservoirs. Moreover, we examined influences of
varied CO; mole percent (mol%) and temperature on Ps
under single-variable control. Relationship between
pressure and CO, solubility was also obtained
throughout the solubility measurements. The
experimental setup, procedures, results, and
conclusions are described and discussed in the following
sections.

2. EXPERIMENTAL SETUP AND PROCEDURES

2.1 Fluid samples

The crude oil for the PVT tests was collected from
the Yanchang Formation in the Ordos Basin. The
synthesized brine was made following the ion

compositions and total dissolved solids of the reservoir
brine. Their specific compositions and properties
(density and viscosity) can be found in previous works
[13]. High-purity CO, was supplied by Rocky Mountain
Air Solution.
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Fig. 1. PVT schematic diagram.

2.2 PVT apparatus

CCE and solubility tests were both completed by the
PVT equipment (ResFluid Solutions Inc., Canada) as
shown in Fig. 1. The tested liquids (crude oil and brine)
and CO; were stored in an accumulator and a gas
cylinder, respectively. Pressurization of samples can be
reached separately through controls of three-way
valves. Samples were then injected into PVT cell for the
tests. Combined with an attached camera system,
effective heights of the tested mixture can be observed
and recorded through the window on the PVT cell. Unit
volume of the PVT cell was measured to calculate the
total volumes based on the height observations. Dead
volumes of tubes and the glass cell were measured and
calibrated before the tests.

2.3 Designs and procedures
2.3.1 Constant composition expansion test

CCE tests were designed in two sets with varied CO;
mole percents (mol%) and temperature separately. The
first set were conducted at the reservoir temperature
(Tres=60°C) with varied CO concentrations (40 mol%, 60
mol%, and 80 mol%). Then a test was added with the
same 60 mol% CO, but at 70°C. In each CCE test,
pressurized CO; and oil were injected into the PVT cell
and mixed at a high pressure until reaching an one-
phase mixture. The equivalent pressure in the PVT cell
during the test can be further adjusted by the pump.
Then the pressure was reduced step by step and the
total volume of the mixture was measured and
recorded at each pressure point. At a point of the
pressure decrease, the one-phase mixture was
separated into two phases (liquid and gas phases). The



liquid volume can be calculated according to the liquid
height for each measurement. Total volumes at
different pressures can be plotted in two curves for
one-phase and two-phase conditions, separately. The
cross-point of two curves indicates Ps and the first
bubble appearance during the pressure drop.

2.3.2 CO; solubility test

We used 60 mol% and 80 mol% CO; to measure CO;
solubility in the brine and oil, respectively. CO, was
mixed thoroughly (~2000 rpm for about 20 minutes)
with the tested liquid at each pressure point. The gas
and liquid volumes were calculated through height
observations. Before each measurement, we added a
30-minute equilibrium period for the stable heights of
CO; and the tested liquid in both CCE and solubility
tests, which confirmed an accurate identification of the
gas phase and accurate solubility guaranteed by
sufficient CO; supplies.

2.4 Metrics
Saturation pressure (also called bubble-point
pressure: P;) was indicated by the corresponding

pressure at the cross-point of two pressure-volume
curves of single- and two-phase conditions. CCE test can
further estimate swelling factor (SF) using Eq. 1:
SF = Voc(Tb.Pb) X 1 Eq. 1
Voit(Th,Po)  1-Xco,
where T is temperature, P is pressure, and V is
volume. Subscript b is the bubble point. Vo is molar
volume of the CO,-oil mixture, P, is the atmospheric
pressure, and Xco2 is mole fraction of CO; in the mixture.
CO; solubility (S: %) was calculated by Eq. 2:
S
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where A m.is the weight of the dissolved CO,, and
m; is the weight of the tested liquid (crude oil or brine).
A m. was calculated by the gas-phase volume loss
during the pressure increase and calibrated to the same
pressure.

3. RESULTS AND DISCUSSIONS
3.1 CCE tests

The first set of CCE tests with the varied CO;
concentration from 40 mol%, 60 mol%, to 80 mol%
were conducted within pressure ranges of 3500~600
psig, 3000~1100 psig, 4500 ~1100 psig, respectively.
The matched Ps increased from 748.32 psig to 1407.10
psig, and then 1907.55 psig (Fig. 2a-c). Then another
test using 60 mol% CO, was conducted at 70°C (Fig.
2d). Such temperature growth resulted in 151.39 psig to
1558.49 psig. The obtained results revealed positive
relationships between CO, concentration-Ps and
temperature-Ps. The swelling factor in the first CCE test
with 40 mol% CO, was estimated at 1.34 in previous
results, which provided an observation of volume
expansion in the CO,-oil interactions [13].

P indicates the first appearance of the gas bubble
when tested pressure was dropped from a high
pressure (one-phase condition). Its high value means
that the CO; has a high probability to exist as an
independent phase at the same pressure condition. The
high temperature and the high CO, concentration will
both result in low CO; solubility and thus challenging
CO, dissolution, which also explains the tendency of the
independent gas phase.
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Fig. 2. CCE tests under single-variable control: (a) 40 mol% CO,, 60°C (b) 60 mol% CO,, 60°C; (c) 80 mol% CO,, 60°C; (d) 60 mol%

CO,, 70°C.
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Fig. 3. CO; solubility in (a) brine (60 mol% CO,, 60°C); (b) crude oil (80 mol% CO,, 60°C).

3.2 CO2 solubility tests

CO; solubility was measured from 700 psig to
3000psig. It increased from 30.55% to 34.70 and 9.95%
and 43.91% in brine and oil (Fig. 3), respectively. This
test also quantified solubility at the specific target
reservoir pressure (Prs=1885 psig), where 32.22% CO;
was dissolved in the brine and 36.92% in the crude oil.
Although they are similar at the P, a greater increase
was detected within the test range between CO; and oil
compared with that between CO, and brine. Fig. 3
represents that the pressure has a larger influence on
CO; solubility in the oil than in the brine. The solubility
measurement will provide a reference for CO;
sequestration design and prediction in CCUS projects.

4. CONCLUSIONS
In this study, four CCE tests were conducted to
clarify the influences of temperature and CO;

concentration on Ps. Meanwhile, to assist quantification
of carbon storage in CCUS, CO; solubility was measured
in the crude oil and the brine, which was collected from
the reservoir and synthesized according to the same-
source brine compositions.

1. According to the CCE tests, Ps between oil and
CO; has a positive correlation with the temperature and
the CO, concentration, which reveals the tendency of
the independent gas phase in the gas-oil mixture at high
pressure or in a high-concentration CO, environment.

2. At the reservoir condition (Tres=60C, Pres=1885
psig), CO; solubility in the crude oil (36.92%) and the
brine (32.22%) were detected at the same level, which



implies the potential carbon storage caused by CO;
dissolution in reservoir liquids.

3. Compared with CO; solubility in the brine, the
pressure change performs a larger influence on the
solubility in the oil. Such quantification can serve as
evaluation and prediction references for reaching an
objective sequestration in a specific CCUS project.
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