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ABSTRACT: With the steady advancement of China’s “Dual-Carbon” goals, CO, huff-and-puff technology has become
one of the mainstream methods for enhancing oil recovery (EOR) in oilfields. However, differences in sweep radius
of CO,, CO,-oil interaction mechanisms, injection parameters, and huff-and-puff modes between conventional heavy-
oil and light-oil reservoirs still require further investigation. The NP oilfield consists of an upper heavy-oil zone and
a lower light-oil zone, with the reservoir inclined at a certain angle. Taking this oilfield as the study area, a positively
rhythmic reservoir geological model was established. A compositional numerical simulation approach was employed to
analyze the sweep radius of CO, and the mechanisms of oil-saturation reduction of various huff-and-puft cycles under
edge-water reservoir conditions. To address the issue of insufficient energy supply in well groups within closed fault
blocks, the effects of synergistic CO,-N, huff-and-puff on the development performance of conventional heavy-oil and
light-oil reservoirs were further investigated. The results show that the sweep radius of CO, huff-and-puff in heavy-oil
reservoirs is significantly larger than that in light-oil reservoirs. Under a 10 m oil-column height, the maximum sweep
radius reaches 100 m for heavy oil reservoirs, compared with 65 m for light oil reservoirs. Moreover, the average oil-
saturation reduction per cycle in heavy-oil reservoirs is 0.58% higher than that in light-oil reservoirs. For well groups
in closed fault blocks with weak energy supply, synergistic CO,-N, huff-and-puff can effectively enhance oil recovery,
benefiting from the gravity override effect of N,. Based on numerical simulation, the optimal CO,: N, injection ratios
for synergistic huff-and-puff were determined to be 2.1:1 for heavy oil and 1.67:1 for light oil. These findings provide
important theoretical support for optimizing CO, flooding development strategies in reservoirs of similar types.

KEYWORDS: CO, huff-and-puff; dip angle; swept radius; CO,/N, synergistic huff-and-puff; edge-bottom water
reservoir

1 Introduction

Global temperatures continue to rise due to the emission of greenhouse gases [1-3]. The Paris Agreement
seeks to keep the rise in global temperatures well below 2°C compared to pre-industrial levels [4,5]. This
is the reason why an increasing number of countries and regions have adopted carbon neutral targets,
which emphasize the significance of emission reduction technologies [6-10]. Driven by the global energy
transition and carbon neutrality goals, CO, huff-and-puft has become a key technological choice for the
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low-permeability reservoir, tight reservoir, and strong edge-bottom water reservoir. This is because CO, huff-
and-puff offers dual advantages of enhanced oil recovery (EOR) and carbon capture, utilization, and storage
(CCUS) [11-13]. In recent years, there have been new insights for the study of the reservoirs with dip angle
and edge-bottom water. To address the challenges of high viscosity and poor mobility of heavy oil as well
as bottom water breakthrough, Xu et al. [14] developed a numerical model based on the Liuguanzhuang
Oilfield in Dagang. The characteristics and production behavior of CO, huff-n-puff in horizontal wells of
heavy oil reservoirs are investigated. The results demonstrated that CO, formed a viscosity reduction zone
above the horizontal well. With increase of huff-and-puft cycles, the enhancement in the oil drainage area
gradually decreases. Zhao et al. [15] combined large-scale physical simulations and numerical modeling. They
investigated key parameters and development performances of CO, huft-and-puff in multistage fractured
horizontal wells in tight reservoirs. Their innovation demonstrated that fractures can reduce flow resistance
and enhance CO, sweep efliciency through pressure field visualization. Thus, this provides evidence of
significantly enhanced oil recovery. Shabib-Asl et al. [16] investigated the performance of CO, foam huft-
and-puff and its impact on recovery in tight oil reservoirs by combining laboratory experiments with
numerical simulations. This study addresses the problems of extremely low porosity and permeability. The
results indicate that CO, foam huff-and-puff can significantly enhance oil recovery. Key influence parameters
include production time, injection time, and soaking time. Injection rate and incremental injection rate have
relatively minor effects. Afari et al. [17] addressed the issue of insufficient understanding of key operational
parameters during CO, injection for developing unconventional reservoirs. Through component simulation
and response surface methodology (RSM), five core parameters are studied. This identifies that bottomhole
pressure and production cycle exerted the greatest influence (longer soaking time reduced oil recovery).
Following optimization, incremental recovery exceeded 7%. Wei and Bai [18] addressed the issue of low
recovery in North American shale formations by integrating laboratory experiments, reservoir numerical
simulations, and pilot tests. The impact of molecular diffusion mechanisms of CO, huff-and-puff in the
Bakken formation is investigated. Their findings revealed CO, diffusion was poor within this formation.
It also explained the macroscopic-microscopic diffusion differences in unconventional reservoirs and the
influence on enhanced oil recovery. Tang et al. [19] analyzed the dynamic characteristics, influence factors
of CO, huff-and-puff. Their analyses also revealed the contribution of sweep pattern to recovery through
laboratory experiment. The results showed that CO, injection volume and development speed are the main
factors influencing the oil recovery. A reasonable soaking time exists in CO, huff-and-puft. The oil recovery
of CO, huft-and-puff is primarily contributed by flow sweep and diffusion sweep. The diffusion sweep
contributes more during the soaking time. Wang et al. [20] conducted laboratory experiments on N, and CO,
mixture huff-and-puft. They explored the influence of injection ratio and injection sequence on oil increment
and water cut control. The problems of excessive water production during the development of edge-water
fault-block reservoirs are studied. The results show that N, huftf-and-puff has the most obvious effect on water
cut control. CO, huff-and-puff has the best effect on oil increment, and the optimal injection ratio of N, and
CQO, is 7:3.

In conclusion, existing studies have shown the effectiveness of CO, huff-and-puft. It can control water
cut and stabilize oil production in reservoirs with dip angles. However, relatively few studies exists on the
huff-and-puff behaviors of conventional heavy oil and light oil groups. Comparative analyses in the same
edge-bottom water reservoir are lacking. In this work, a numerical model that differs from prior studies
in three aspects was established. First, taking NP oilfield—which simultaneously developed both light and
conventional heavy oil groups—as an example, a positive-rhythm reservoir geological model with inclination
was established. Second, numerical simulations were conducted using a component model. It was used to
analyze the CO, swept radius and the mechanism of oil saturation reduction in the edge water reservoir
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during different huff-and-puff cycles. It also enabled a comparison between heavy and light oils under
identical conditions. Third, for small blocks of the NP oilfield characterized by limited natural energy, the
study investigated the impact of CO,-N, synergistic huff-and-puft on the development of conventional heavy
and light oils. It also determined the optimal CO,/N, injection ratio for different oil viscosities. These aspects
will be discussed in detail in Section 3. The research findings provide crucial theoretical support for designing
development methods for natural edge-bottom water-oil reservoirs with inclination.

2 Mathematical Model

The CO, huff-and-puff mechanism is complex, involving multiphase flow, phase behavior, CO, dissolu-
tion, and CO, diffusion. Therefore, the mathematical model describes the CO, huff-and-puff and fluid flow
in pour media. It includes equations of state, basic differential equations and auxiliary equations.

2.1 Equation of State

The equation of state is widely used in phase calculations of oil and gas systems. Therefore, the PR
equation of state is selected to simulate the oil and gas phase equilibrium in this paper [21,22]. For the multi-
component mixed system, it is of the form

RT am (T)

P = —
V-b, V((V-b,)+V(V+by,)

m=g, o (1)

where R is the gas constant, taken as 8.206 J- K~ Lmol™!; Tis the temperature of the system, K; P is the pressure
of the system, Pa; V is the molar volume of the system, L/mol. The equation takes into account the effects of
molecular density and temperature on the intermolecular gravitational force, and a,, and by, are the average
gravitational and repulsive constants of the mixed system, respectively, with the expressions:

ao,(T) = Zn:ix,-xj (a,-aj)o'5 (1-ki;) (2)

i=1 j=1

n n 0.5
ag(T) =33 yiyi(aia;) " (1-kij) 3)
i=1 j=1
where g; is the gravitational constant of component i; b; is the van der Waals co-volume of component i; x; is
the composition of component i in the equilibrium mixed liquid phase; y; is the composition of component
i in the equilibrium mixed gas phase; k;; is the binary interaction coefficient, which can be obtained by phase
fitting; n is the number of components in the hydrocarbon system of oil and gas.

The cubic equation of the compression factor Z of the state equation can be expressed by Eq. (4):

Zy—Z2 (1-By) + (Aw— 2B, —3B,,) Zy = (AwBwm — B, - B,,) =0 (4)
where Z,, is the compression factor of the mixture; A,, and By, are the compression coeflicients, A, = a(’”R(TT))ZP
_ buP
and Bm = RT -
The fugacity coeflicient of component i in a mixture can be calculated from the following equation
: b; A, (20; b; Zom + 2.414B,,
()= B 1)y (20 (a2 5
x;P) b, 2V2B,, \am b Z., —0.414B,,
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where f; is the fugacity coefficient of component i, which can be calculated according to the following
equation:

! 0.5

gi = xj(aia;) " (1-kij) (6)
=1

2.2 Basic Differential Equation (BDE)

2.2.1 Hypothetical Condition

In this paper, the multi-phase multi-component model is used to establish the mathematical model of
CO, huff-and-puft, which can better reflect the CO, huft-and-puff mechanism and can accurately describe
the process of CO,-oil interaction. The basic assumptions are as follows:

(1) The fluid flow obeys Darcy’s law and the seepage process is isothermal;

(2) There are oil, gas and water phases in the reservoir, and the water component and various hydro-
carbon components are considered. The water component exists only in the water phase, the hydrocarbon
component can exist in both oil and gas phases, and CO, exists in the hydrocarbon component.

(3) Fluid and rock are compressible, and the effects of gravity and capillary force are considered;

(4) The transfer of components between phases is considered, the diffusion behavior is not considered.

2.2.2 Differential Equations for Seepage

Combined with Darcy’s law, the hydrocarbon component seepage equation is

) KK;o KK;
> [¢zi (Sop0 + Sgpg)] -V [ : poxiV (Py — pogD) + #ggpgyiv (Pg —pggD)] +q,=0 (7)

The water component seepage equation is

%(ﬁwaSW)_v‘[K%V(PW_ngD):lJrqw=O (8)
where z; is the total composition of component i (i = 1, -+, n); x; is the composition of component i in the
oil phase; y; is the composition of component i in the gas phase; S, is oil phase saturation; S, is gas phase
saturation; p, is oil phase density, kgm™; p, is gas phase density, kg:m™; p,, is aqueous phase density ,
kg-m‘3; K is the absolute permeability of the reservoir, m?; K., is the relative permeability of the oil phase;
Kig is the relative permeability of the gas phase; K., is the relative permeability of the water phase; P, is the
pressure of the oil phase, Pa; P, is the pressure of the gas phase, Pa; P, is the pressure of the water phase, Pa;
D is the depth, m; g is the acceleration of gravity, and 9.8 m-s™%; y, is the viscosity of the oil phase, Pa-s; yig
is the viscosity of the gas phase, Pa-s; y, is the viscosity of the water phase, Pa-s; and g; is the source term of
component i, kg-s™'.

The oil phase density is expressed as

P(i M,’Xi)
i=1

Z,RT 9)

Po =

where M, is the molar mass of component i, kg/mol; Z, is the compression factor of the oil phase, and is the
minimum root of the cubic equation of the compression factor.
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The gas phase density is
P (i Mi)/i)

Pg = ZT (10)
The aqueous phase density is

P = Puwo - ¢ (Cu(P=Po)) (11)

where C,, is the compression coeflicient of water, Pa~!; P, is the reference pressure, Pa; and py is the density
of water at the reference condition, kg:-m™>. The oil and gas phase viscosities in the component equations
were calculated by using the method proposed by Jossi.

2.2.3 Auxiliary Equation

To ensure that the basic differential equation is solvable, the following equations are required

(1) Equilibrium equation

zi=Lxi+(1-L)y; (i=1,2,---n) (12)

[ PoSo (13)
PoSo + PgSg

ki=2(i=1,2,-n) (14)
Xi

where L is the mass fraction of the liquid phase in the mixture; k; is the equilibrium constant of component i.

(2) Saturation equation

So + Sg + Sy =10 (15)

(3) Capillary pressure equation

Pcowzpo_Pw
Pego = P, - P, (16)

where P,y is the capillary pressure between oil and water, Pa; Py, is the capillary pressure between gas and
water, Pa.

(4) Component molar fraction equations

n

in:Zyi=Zz,-:1 (17)

n
i=1 i=1 i=1

The above equations represent the mathematical model of the compositional model, employing the
finite difference method for discrete equation solving. The solution is shown in Fig. 1. The solution procedure
is as follows:
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Figure 1: Flowchart of PR-EOS-based multiphase flow simulation in reservoirs

(1) Given reservoir parameters such as permeability (K), porosity(¢), initial pressure (P), temperature
(T), etc., component properties including the composition of the oil phase (x;) and gas phase (;), as well
as boundary conditions, initial saturation distribution of the oil phase (S,), gas phase (S,), and water phase
(Sw), and the initial pressure field.

(2) Time stepping involves solving the equations for each component to determine the pressure at the
current time step. Subsequently, water saturation is computed using the water component equation, followed
by calculating the total composition of the current time step by integrating the fundamental hydrocarbon
component differential equation.

(3) Phase equilibrium calculations involve utilizing the determined pressure and overall composition
to derive the composition of oil-gas two-phase flow, as well as the density, viscosity, and oil-gas saturation.
Subsequent iterations are conducted by revisiting step (2).
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3 Numerical Model

The NP oilfield is located in the NP depression in the northern part of the Huanghua depression in the
Bohai Bay Basin, which has a complex geologic structure and consists mainly of fault-controlled fault block
formations. The field contains a number of study blocks (NP-G, NP-M, etc.) due to the development of faults
in the reservoir, closed small fault blocks with insufficient energy supply (NP-M) have been formed locally,
different fault blocks in the reservoir have different dip angle development (2°~40°), the edge water of the
blocks is developed, and bottom water is also developed in some areas. The upper part of the study block
is a conventional heavy oil group, with crude oil viscosity ranging from 130.4 to 229.1 mPa-s, and the lower
part develops a conventional light oil group, with an average crude oil viscosity of 2.76 mPa-s. The NP-G
block was put into production with a natural water flooding then CO, huff-and-puft was adopted, and CO,
huff-and-puff has been implemented in 65 wells so far. Based on the positive rhythmic features of geological
evolution in Block NP-G, a conceptual model with a model dip angle of 2° is developed. The oil column
heights in high, middle, and low positions are 10, 7, and 1.5 m, respectively. Based on an actual reservoir
block, the conceptual model incorporates an edge water feature at the low position, set at 50 times the water
body multiple. In Fig. 2. for attribute characteristics. In the numerical simulation process, the actual 1 m*/d
production in the oilfield is used as the criterion for the failure of huft-and-puff cycles for the next cycle
of CO, huff-and-puff. Fig. 3 presents a comparison of multiphase flow parameters for heavy oil and light
oil. Fig. 3a shows the relative permeability for heavy oil, Fig. 3b shows the relative permeability for light oil.
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Figure 2: Conceptual model
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Figure 3: Relative permeability curve (heavy oil and light oil)
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3.1 CO, Huff-and-Puff Radius on Heavy Oil and Light Oil

There are the mechanisms of dissolution, volume expansion and viscosity reduction when CO, interacts
with crude oil in the formation. For this reason, CO, swept area in the formation is directly related to the
effect of CO, huff-and-puff. Therefore, the natural edge water energy is firstly utilized for water flooding in
this study, and CO, huft-and-puff is conducted when the water cut is 95%, and after selecting the CO, swept
area, the average oil saturation of the swept area is calculated, as shown in Fig. 4. Based on the numerical
simulation results, the swept radius and swept area after CO, huff-and-puft remain basically unchanged
for 10 cycles of heavy oil and 9 cycles of light oil. Figs. 5 and 6 show the swept radius, swept area and oil
saturation, respectively. It can be seen that with the increase of CO, huft-and-puff cycles, the CO, swept area
gradually increased. After 10 cycles of CO, huff-and-puft, the maximum CO, swept radius in heavy oil is
100 m, and the swept area is 19,171.9 m’; After 8 cycles of CO, huff-and-puff, the maximum CO, swept radius
in light oil is 65 m, and the swept area is 13,273.2 m’. From the variation of the four maximum sweep radius
and the CO, swept area, it can be seen that the increase of CO, swept radius becomes smaller obviously
when the seventh cycle injection is conducted. According to average oil saturation of the swept area, the
reduction of the average oil saturation also significantly declines after the seventh cycle of CO, huff-and-
puft, indicating that the effect of CO, huff-and-puft is also gradually deteriorating. The average oil saturation
change over 10 cycles is calculated, the average oil saturation reduces by 0.8%-1.9% per cycle. Compared
with Fig. 6, the maximum sweep radius and oil saturation in light oil shows that CO, huff-and-puff shows
superior performance in heavy oil reservoirs compared to light oil. This is primarily due to the high viscosity
and poor mobility of heavy oil, and the rapid coning of edge-bottom water for heavy oil results in low oil
recovery during water flooding. Residual oil saturation is high prior to the CO, huff-and-puff, consequently,
CO, injection can interact with oil over a larger range, exhibiting stronger viscosity reduction and swelling
effects on heavy oil. Therefore, the oil saturation reduction per cycle is more pronounced, with an average
reduction in oil saturation per cycle being 0.58%, greater than that in light oil.

Injector 3

(a) The swept radius of CO2 (b) Oil saturation in CO2 swept areas

Figure 4: CO, huft-and-puff swept radius and average oil saturation calculation
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Figure 5: CO, huff-and-puff molar fraction and oil saturation at 10 m oil column height (4 = 170 mPa-s)
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Figure 6: CO, huff-and-puff radius and average oil saturation at 10 m oil column height (4 = 2.7 mPa-s)
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Fig. 7 illustrates daily oil production in CO, huff-and-puff for crude oils with two different viscosities.
Defining cumulative oil production of less 50 t per cycle as the criterion for huff-and-pulft failure, the optimal
CO, huft-and-puff cycles for heavy oil are 9 with a cumulative oil production of 2550 t, while for light oil,
the optimal cycles are 7 with a cumulative production of 1790 t. The daily oil production curve indicates
that the CO, huff-and-puft performance of crude oils with two different viscosities sharply declines from the

fourth cycle onward. This is due to the reduced increase in the CO, swept radius and swept area after the
fourth cycle.

20

20

w
T
—_
w

Oil rate SC (m®/day)
=
Oil rate SC (m*/day)
S

w
T
w
T

— T

0 1
2000 2002 2004 2006 2008 2010 2012 2000 2002 2004 2006 2008 2010 2012

Huff and puff time (year) Huff and puff time (year)
(a) u =170 mPa-s (b) u=2.7mPa-s

(=]

Figure 7: The daily oil production of different cycles for wells with different viscosities and 10 m oil column height

3.2 Adaptability of CO, Huff-and-Puff to Heavy and Light Oil

Fig. 8 presents the oil production and oil exchange ratio (oil production/gas injection volume) during

CO, huff-and-puff cycles. The results are for oils of different viscosities with constant oil column heights. The
results demonstrate that the cumulative heavy oil production and oil exchange ratio is greater than that of
light oil. This comparison is made under the same gas injection volumes, soaking times, and injection rates.
600 20

B /=170 mPa-s —o— u=170 mPa's
B =27 mPas —o—u=2.7 mPa‘s

Oil draining ratio (t/t)
= &

Cumulative oil production (t)
o
W

0.0 1 1 1 1

1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Huff and puff rounds Huff and puff rounds
(a) Cumulative oil production (b) Oil exchange ratio

Figure 8: CO, huff-and-puff development effect in oil wells with oil viscosities and 10 m oil column heights

In the actual development of shallow NP reservoirs, the wells in the medium and high sections of heavy
oil groups are regarded as Type I well, while the wells in the high sections of light oil groups and the low
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sections of heavy oil groups are regarded as Type II well. According to the actual well production, the oil
exchange ratio and the cost-to-benefit ratio variations of CO, huff-and-puff are calculated, as shown in Fig. 9.
The cost-to-benefit ratio is defined as the total output revenue divided by the total input cost, with the oil price
set at 444.15 $/t. Excluding fixed costs, the CO, huft-and-puff cost is 63.09 $/t and the oil and gas production
operating cost is 144.41 $/t.

600 F I Period of validity(d) i
B Cumulative oil production(t)

—— 0il draining ratio (t/t)
—o— Output-input ratio s

600 k I Period of validity(d) |
Cumulative oil production(t)
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500 —3— Output-input ratio

500 -
400
300 |

200 -

100 |-

Oil draining ratio (t/t), Output-input ratio

Oil draining ratio (t/t), Output-input ratio

Cumulative oil production(t), Period of validity(d)
Cumulative oil production(t), Period of validity(d)

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Huff and puff rounds Huff and puff rounds

(a) Class I reservoirs (b) Class II reservoirs

Figure 9: Statistical diagram of the implementation effect of NP shallow reservoirs

As shown in Fig. 9, the average single-well oil production for Type I well is 359 t per cycle, while that
for Type II well is 239 t per cycle. This study determined the optimal CO, huff-and-puft cycles and the
corresponding oil production per cycle for wells with a 10 m oil column height. The results are consistent
with actual field development results. Therefore, the results of this study can provide important theoretical
support for CO, field practice in similar reservoirs.

3.3 Adaptability of CO, and N, Synergistic Huff-and-Puff to Heavy Oil and Light Oil

During the development of the NP-M block, the development of reservoir faults has led to the formation
of small fault-block areas with poor energy supply locally. Considering that the reservoir has a dip angle,
the gravity override of N, is utilized in actual development, and the CO, and N, synergistic huff-and-puff
is implemented. However, the adaptability to CO, and N, synergistic huff-and-puff technology to the oils of
different viscosities, especially the optimal injection ratio of CO, and N, still lacks of in-depth understanding.
Therefore, to accommodate the geological and dip characteristics of the NP-M block, the reservoir dip angle
is set as 10°. The small-energy bottom water of 10 times the reservoir pore volume at the low part of the model
is set. This study focuses merely on the development performance of production wells in the middle section.
The wells are produced at the constant liquid rate of 10 m*/d until the oil production declines to 2 m*/d
under depletion development, and the N, and CO, synergistic huff-and-puft is initiated, the development
performance is calculated for the heavy oil and light oil. The injection volumes of N, are 1 x 10* m?, 5 x 10* m?,
8 x 10* m?, 10 x 10* m?, and 15 x 10* m?, while the injection volumes of CO, are 200, 250, 300, 350, and
400 t. This study employs an orthogonal design method to formulate the simulation scheme, comprising a
total of 12 schemes (as shown in Table 1). The optimal gas injection ratio is determined by comparing the oil
exchange ratio of different schemes, and the simulation results as illustrated in Fig. 10.
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Table 1: Simulation schemes

Scheme N, (10*m?) N, (t) CO, (t) Viscosity (mPa-s)
1 5 60 200 170
2 1 12 300 2.7
3 10 120 400 2.7
4 5 60 250 2.7
5 8 96 400 2.7
6 8 96 200 170
7 1 12 250 2.7
8 15 180 350 170
9 15 180 300 170
10 10 120 350 2.7
11 15 180 300 2.7
12 15 180 200 2.7
4.5 3.0
= 40 = 25F
& &
2 & 2
:E:“ 35} E" 20 F
£ - £
5 5
= 9 =
O 30f O 15F
1
25 ; ' 1.0 : ' ; :
1 2 3 4 0 5 10 15 20 25
CO, injection/N, injection CO, injection/N, injection
(a) Heavy oil (b) Light oil

Figure 10: Relationship curve between the ratio of oil draining rate and gas injection volume

As shown in the figure, with the decrease of the injection ratio (the increase of N, injection volume),
the oil exchange ratio of heavy oil and light oil initially increase and then decrease. This trend is primarily
attributed to the fact that when the N, injection volume is low, the gravity override is not significant in Fig. 11a.
As the N, injection volume increases, the gravity override effect becomes more pronounced, which leads to
the higher displacement efficiency of residual oil in the upper zones (Fig. 11b). However, with increase of N,
injection volume, gas channeling occurs, which results in the formation of residual oil enrichment zones and
the decline in oil displacement efficiency (Fig. 11c). Therefore, the oil exchange ratio is used as the evaluation
criterion, and the inflection point of the gas injection ratio curve is taken as the optimal injection ratio. The
optimal CO,: N, injection ratio for heavy oil is 2.1, and the maximum oil exchange ratio is 3.77 t/t. For light
oil, the optimal injection CO,:N, ratio is 1.67, and the maximum oil exchange ratio is 2.33 t/t. The difference
primarily arises from the higher viscosity of heavy oil compared to the light oil, and the greater CO, injection
volume, the more effectively viscosity reduction.
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(a) Scheme 1 (200 tCO2: 60 (N2) (b) Scheme 6 (200 tCO2: 96 tN2)

(¢) Scheme 9 (300 tCO2: 180 tN2)
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Figure 11: Gas saturation distribution of heavy oil under CO, and N, synergistic huft-and-puff

To further study the energy enhancement and supplement effects of N,, Fig. 12 presents the formation
pressure under different injection schemes. It can be observed that the higher N, injection volume leads
to the greater increase in formation pressure under the same viscosity conditions, which indicates the
more pronounced energy enhancement effect of N,. When the appropriate volume of N, is injected, it can
effectively enhance the gravity override effect of N,, thereby tapping into the residual oil in the upper reservoir
zones and improving oil recovery. The reason is that N, is a highly expansive gas. When the N, is injected into
the formation, as the injection volume increases, N, that does not dissolve in the oil occupies the formation
pore and fracture space. With the swelling of N,, the formation pressure gradually increases.
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Figure 12: Formation pressure under different injection schemes



14 Energy Eng. 2026;123(8):10

4 Conclusions

(1) CO, huft-and-puff shows superior performance in heavy oil reservoirs compared to light oil. After 10
cycles of CO, huft-and-puff, the maximum sweep radius in heavy oil reaches 100 m, the average oil saturation
reduction by 0.8%-1.9% per cycle. The maximum sweep radius in light oil merely reaches 65 m, the average
oil saturation reduction in light oil per cycle is 0.58% lower than in heavy oil.

(2) The daily oil production of CO, huff-and-puft sharply declined in the fourth cycle. The optimal CO,
huff-and-puff cycles were 9 for heavy oil groups, with the cumulative oil production of 2550 t. The optimal
CO, huft-and-puff cycles were 7 for light oil groups, with a cumulative oil production of 1790 t.

(3) For oil wells with insufficient energy supply, CO, and N, synergistic huff-and-puff is employed to
improve oil displacement efficiency. With increase of N, injection volume, the gravity override effect of
N, improve oil recovery. However, further increasing the N, injection volume may lead to gas channeling,
which adversely affects development performance. The optimal CO,: N, injection ratio for heavy oil is 2.1:1,
achieving the maximum oil exchange ratio (3.77). For light oil, the optimal ratio is 1.67:1, achieving the highest
oil exchange ratio (2.33).

Although the above results provide supporting evidence for the application of CO, and CO;:N,
synergistic huff-and-puff technology in NP reservoirs, this study still has certain limitations. Specifically, the
constructed numerical model has not yet incorporated the geochemical reactions among CO,, formation
water, and rock. Future research will expand this model to include more influencing factors, thereby further
validating and optimizing the technical approach proposed in this work.
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