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Abstract:
Cyclic steam stimulation using vertical wells has been widely employed in the exploitation
of heavy oil reservoirs. However, during the later stages, this method encounters significant
challenges, including high water cut and substantial heat loss. In contrast, the application
of cyclic multi-thermal fluid stimulation in horizontal wells offers a more effective
and sustainable alternative. Accordingly, this paper presents a production performance
prediction model for cyclic multi-thermal fluid stimulation in horizontal wells. Firstly,
based on the contact relationship between heated zone and reservoir boundaries, an
improved heating radius evolution model is established by considering the nonlinear
temperature distribution behavior in hot-water zone. Then, a staged productivity model
is derived by applying the equivalent flow resistance method. Following this, the solution
methodology for the productivity model is described, and subsequently the proposed model
is also validated by comparing against the field data from a typical heavy oil reservoir
subjected to cyclic multicomponent thermal fluid stimulation via horizontal wells. Finally,
a sensitivity analysis is conducted to investigate the impacts of key reservoir properties
and operational parameters. The calculated daily oil production rate and cumulative oil
production from our model show a trend consistent with field data, with a cumulative
production error of 4.0%, confirming the model’s applicability for subsequent analysis.
Compared with conventional heavy oil, the extra-heavy and ultra-heavy crude oils can
demonstrate a notable reduction in both cumulative oil production and cumulative oil-steam
ratio. Bottom-hole pressure reduction and non-condensable gas injection can effectively
improve both the cumulative oil-steam ratio and oil production. Additionally, increasing the
cyclic injection volume exhibits a diminishing marginal effect on enhancing oil production.
Our study offers an effective forecast approach for the production performance of cyclic
multi-thermal fluid stimulation in horizontal wells.

1. Introduction
Heavy oil resources constitute a vital component in se-

curing hydrocarbon supply. According to statistics from the
American Association of Petroleum Geologists (AAPG), the
worldwide resources of bitumen and heavy oil amount to 938
billion tons, with over 80% located in Canada, Venezuela,
and the United States (Dong et al., 2019; Pratama and
Babadagli, 2022; Sun et al., 2022). Heavy oil serves not only
as a significant energy source but also as a vital feedstock
for the chemical industry (e.g., high-end lubricants, specialty
transformer oils), thereby providing a solid foundation for

global sustainable development (Guan et al., 2022). How-
ever, due to the high content of heavy components such
as resins and asphaltenes, heavy oil exhibits poor mobility
under reservoir conditions (Pratama and Babadagli, 2022;
Thangarajn and Lee, 2024; Aliev et al., 2025). Enhancing the
mobility of heavy oil thus becomes a critical focus. Based on
the mechanism of reducing oil viscosity, heavy oil recovery
techniques are broadly grouped into cold production (Kantzas
and Brook, 2004; Jia et al., 2013; Zhu et al., 2022; Ogunkunle
et al., 2025), thermal methods (Kirmani et al., 2021; Dong
et al., 2024; Zhao et al., 2024; Jiang et al., 2025; Yan
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et al., 2025), and hybrid thermal approaches (Bruns and
Babadagli, 2020; Dong et al., 2022; Pérez et al., 2022; Lu
et al., 2024; Lin et al., 2025). Among these methods, steam
injection is the most prevalent thermal recovery process for
heavy oil reservoirs, notably in applications such as cyclic
steam stimulation (CSS), steam flooding (SF), and steam-
assisted gravity drainage (SAGD) (Luo et al., 2020; Sun et
al., 2023; Pratama and Babadagli, 2024). To enable more
efficient development of heavy oil reservoirs, the adoption
of advanced well configurations and enhanced injection fluids
is standard practice. Therefore, the combination of horizontal
wells with multicomponent thermal fluids represents one of
the pivotal techniques for achieving high-efficiency recovery
(Hou et al., 2016; Dong et al., 2020).

The depletion of conventional hydrocarbon resources, cou-
pled with continuous advancements in drilling, has established
horizontal wells as a technology critical for unlocking uncon-
ventional resources such as low-permeability, thin-bed, and
heavy-oil reservoirs (Biglarbigi et al., 2000; Li et al., 2018;
Hu et al., 2023). The primary advantages of horizontal well
development include increased reservoir contact area and
well productivity, reduced production pressure differential
and operational costs, enhanced hydrocarbon recovery, and
a decreased number of required wells and surface footprint
(Catania, 2000; Hou et al., 2016; Pang et al., 2020). For heavy
oil reservoirs specifically, horizontal wells can dramatically
improve steam injectivity and enlarge the thermal sweep
volume (Escobar et al., 2000; Hou et al., 2016; Dong et
al., 2020). Given that cold production typically yields only a
10%-15% recovery factor in Western Canada’s thin heavy-oil
reservoirs, Zhao et al. (2014) employed reservoir simulation to
compare several thermal recovery processes, including SAGD,
steam flooding, and hot water flooding, where all development
scenarios utilized horizontal wells. The results indicated that
both SAGD and steam flooding achieved favorable recovery
factors approaching 40%. However, this enhanced recovery
exhibited high energy intensity, with the cumulative energy
injected per unit volume of oil produced reaching 32.9 GJ/m3

for SAGD and 13.6-20.9 GJ/m3 for steam flooding under
varying well spacing configurations. Huang et al. (2019)
investigated solvent-enhanced steam flooding (SESF) using
horizontal wells through two-dimensional physical simulations
to overcome the limitations of steam flooding in thin heavy-
oil reservoirs, such as low thermal efficiency and limited
sweep. Their results demonstrated that SESF, across a range of
solvent-to-steam ratios, achieved a substantial expansion of the
steam chamber and improved the oil recovery factor from 21%
to 34%-58%. For thick heavy oil reservoirs, Wang et al. (2024)
conducted laboratory-scale physical simulations to investigate
the evolution of the heated zone during cyclic steam stimu-
lation with horizontal wells (CSSHW). It was observed that
the temperature within the heated zone progressively decreased
with increasing distance from the wellbore within the same cy-
cle. Additionally, at a given location, the temperature increased
with successive cycles due to the effects of residual heat. Yan
et al. (2025) carried out a comparative study employing 3D
physical experiments on two horizontal well steam flooding
schemes: conventional (CSF) and tridimensional (TSF). They

found that TSF yielded a higher oil recovery (53% vs. 43%
for CSF) and achieved an approximately threefold expansion
of the steam chamber. The conventional development method
for extra-heavy oil reservoirs is SAGD. The core mechanism
involves using a horizontal well pair to homogeneously reduce
the oil viscosity across the reservoir, thereby establishing the
conditions for efficient gravity drainage. (Soler et al., 2023;
Dong et al., 2024; Li et al., 2025). Another significant ap-
plication involves using horizontal wells to develop heavy oil
reservoirs with underlying aquifers (Pang et al., 2020; Hu et
al., 2023; Zhou et al., 2025).

On the other hand, it has been established in the literature
that the non-condensable gases (NCG) in multicomponent
thermal fluids play key enhancement roles in exploiting heavy
oil reservoirs, primarily by improving heat retention, providing
pressure maintenance, and reducing oil viscosity (Dong et
al., 2015; Hou et al., 2016; Huang et al., 2018; Jiang et
al., 2024; Chen et al., 2025). Studies on heavy oil recovery via
multicomponent thermal fluids typically encompass wellbore
flow and heat transfer (Dong et al., 2016; Sun et al., 2018;
Nie, 2022; Wang, 2023), reservoir performance enhancement
(Jamshid-nezhad, 2022; Wang et al., 2023; Li et al., 2025;
Weng et al., 2025), and field application (Liu et al., 2011; Tang
et al., 2011; Austin-Adigio and Gates, 2019; Yi et al., 2021;
Lin et al., 2025). Dong et al. (2016) employed a wellbore
discretization and nodal analysis approach to investigate flow
behavior and model the process in horizontal heavy oil wells
under gas-steam co-injection. Their study demonstrated that
this co-injection method extends the effective thermal length
and improves heating efficiency compared to conventional
steam injection. For the multi-point steam injection process in
horizontal wells, Sun et al. (2018) developed a heat and mass
transfer model for multicomponent thermal fluids within the
wellbore to investigate their behavior, examining the impact of
varying fluid compositions on the annulus mass flow rate of
non-condensable gases and the formation heat absorption rate.
Nie (2022) and Wang (2023) respectively established models
for the wellbore preheating process during multicomponent
thermal fluid circulation, based on their considerations of the
flow and heat transfer characteristics of superheated steam and
non-condensable gases. Numerical simulations by Jamshid-
nezhad revealed that steam alternating non-condensable gas
(SANG) injection outperforms SAGD and SAGP in steam
chamber expansion, owing to the insulating barrier formed
by NCG, which enhances the efficacy of subsequent steam re-
injection (Jamshid-nezhad, 2022). Experimental investigation
by Wang et al. (2023) on the hybrid steam-gas huff-n-puff
process with varying NCG compositions demonstrated a non-
monotonic relationship between CO2 concentration and oil re-
covery. The recovery factor initially increases but then declines
with higher CO2 content, yielding an optimal N2/CO2 ratio of
2:1, which corresponds to a maximum recovery of 31%. Weng
et al. (2025) experimentally evaluated various flue gas injec-
tion strategies for heavy oil recovery. They demonstrated that a
slug injection scheme achieves optimal performance when the
flue gas is introduced during a relatively mature phase of steam
chamber development. Li et al. (2025) conducted experiments
to investigate the gas-assisted vertical-horizontal well hybrid
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SAGD (VH-SAGD) process. They found that flue gas injection
better utilizes the advantages of the well architecture, thereby
increasing the ultimate oil recovery from 58.9% to 71.7%
compared to the conventional VH-SAGD method. Field data
from the Bohai Oilfield in China confirm that cyclic multi-
thermal fluid stimulation boosted the peak oil production rate
by a factor of 2.5 to 5.4 over cold production (Liu et al., 2011;
Tang et al., 2011; Lin et al., 2025). MEG Energy’s SAGP pilot
test demonstrated that the enhanced modified steam assisted
gas push (eMSAGP) process reduced the steam-to-oil ratio
to below 2 m3/m3. Temperature profiles from observation
wells concurrently indicated that non-condensable gas (NCG)
injection promoted vertical expansion of the steam chamber
(Austin-Adigio and Gates, 2019). Successful field applications
in Kazakhstan have positioned cyclic multi-thermal fluid huff-
n-puff as the key successor to conventional steam stimulation
for shallow heavy oil reservoirs (Yi et al., 2021).

Conventional productivity analysis fails for thermal huff-
n-puff due to its non-isothermal flow, which requires model-
ing temperature-dependent viscosity and relative permeability
(Hou et al., 2016; Jiang et al., 2024; Wang et al., 2024). This
challenge is often addressed by modeling the reservoir as a
composite of heated and cold regions using hydrodynamic
analogy. The determination of the heated radius is a critical
step in productivity evaluation. The original formula for this
calculation was proposed by Marx and Langenheim (1959), es-
tablishing a fundamental basis for the subsequent development
of huff-n-puff productivity models (Boberg and Lantz, 1966;
Jones, 1977; Gros et al., 1985). A common thread among the
productivity models proposed by Boberg and Lantz (1966),
Jones (1977), and Gros et al. (1985) is the adoption of an
assumption that a uniform temperature prevails in the heated
zone at the end of injection, implying a distinct thermal
discontinuity at its interface with the cold region. Li and
Yang (2003) derived formulas for both the heated radius and
initial production rate by incorporating a linearly decreas-
ing temperature profile in the heated zone into their model.
Building on a heated-zone structure of steam and hot-water
regions, He et al. (2015) proposed an improved productivity
model that incorporates a thermal front temperature via the
viscosity-temperature relationship. The model outputs were
compared against those from the Boberg-Lantz isothermal
model and numerical reservoir simulation. Wu et al. (2018)
introduced new models for heated radius and productivity
in N2-assisted cyclic steam stimulation by incorporating an
exponential temperature profile for the hot-water zone, with
solutions achieved via iterative methods. Dong et al. (2025)
developed a productivity model for cyclic supercritical multi-
thermal fluid stimulation by incorporating experimental data
on temperature-dependent relative permeability. The models
discussed above employ different temperature distributions
within the heated zone. In reality, the temperature profile
directly impacts the accurate calculation of the heated radius.
Furthermore, numerous studies have indicated that the tem-
perature in the hot-water zone exhibits a nonlinear distribution
(Cheng et al., 2019; Sun et al., 2023; Jiang et al., 2024; Wang
et al., 2024). Based on the contact dynamics between the
heated zone and reservoir boundaries and the equivalent seep-

age resistance method, Zhang et al. (2021) developed stage-
wise models for heated radius and productivity in horizontal
well cyclic steam stimulation. The model for horizontal well
multi-thermal fluid huff-n-puff productivity, developed by Hou
et al. (2016), incorporates CO2-dissolution-induced viscosity
reduction. It utilizes the correlation proposed by Chung et
al. (1988) for CO2 solubility in heavy oil and employs an
Arrhenius-type model to characterize the viscosity of the
resulting oil-CO2 mixture. Besides, an alternative approach
approximates the productivity of a horizontal well by summing
the contributions from discrete vertical wellbore segments.
Wu et al. (2011) accounted for the effects of gravity and
developed a productivity model for cyclic steam stimulation in
horizontal wells within heavy oil reservoirs. From the above
discussion, four distinct huff-n-puff productivity models are
identified, depending on the well type and injection fluid:
vertical well with steam, vertical well with multi-component
thermal fluid, horizontal well with steam, and horizontal well
with multi-component thermal fluid. In the model of Hou
et al. (2016), the reservoir is represented as a composite
system consisting of a heated zone and a cold zone, with the
assumption of a uniform temperature distribution in the heated
zone upon termination of steam injection. Thus, to better align
with actual reservoir properties, a multi-component thermal
fluid huff-n-puff productivity model is developed in this study
for a composite reservoir system. The system consists of
steam, hot-water, and cold zones, accounting for the nonlinear
temperature distribution featured in the hot-water zone.

In this paper, a prediction model of production perfor-
mance for cyclic multicomponent thermal fluid stimulation
in horizontal wells is established. In Section 2, based on the
contact relationship between the heated zone and the reservoir
boundaries, characterization models for the heating radius evo-
lution are first established, incorporating the nonlinear temper-
ature distribution in the hot-water zone. Subsequently, staged
productivity models are developed using the equivalent seep-
age resistance method. Finally, the corresponding auxiliary
equations for computing key parameters (e.g., temperature,
pressure, and water saturation) are formulated to enable the
solution of the productivity equation. In Section 3, the primary
solution procedure for the productivity model is presented. The
model is then validated against field production data from
a typical heavy oil reservoir developed by horizontal well,
cyclic multicomponent thermal fluid stimulation. Furthermore,
a sensitivity analysis is conducted to investigate the impacts of
key reservoir properties and operational parameters. In Section
4, the main conclusions of this study are summarized.

2. Model description
Following the injection of multi-thermal fluid (a mixture

of steam, nitrogen, and carbon dioxide), as shown in Fig. 1,
a composite reservoir model is formed, consisting of three
distinct non-isothermal zones: A steam area (SA), a hot-
water area (HA), and a cold area (CA). The steam zone
remains at the injected steam temperature, while the cold zone
remains at the original reservoir temperature. The temperature
in the hot-water zone decreases exponentially from the steam
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temperature to the original reservoir temperature. Based on
the equivalent flow resistance principle, the complex flow
behavior around the horizontal well is simplified into two
regions, as illustrated in Fig. 2, a horizontal radial flow in the
far-well region and a vertical radial flow in the near-wellbore
region. When establishing a productivity mathematical model
to describe the huff-n-puff development process, the following
fundamental assumptions are considered:

1) The flow behavior is characterized by a total resistance
that equals the combined resistance from both horizontal
and vertical flow.

2) A homogeneous and isotropic reservoir is assumed, and
the effect of steam/gas overlay is neglected.

3) Throughout the same stimulation cycle, the heated radius
is held constant following the injection period, with
the temperature in the heated zone declining gradually
during the production period due to heat conduction and
convective loss from fluid production.

4) A constant injection rate and an even distribution of the
multi-thermal fluid are maintained along the horizontal
well section.

5) The mechanisms associated with non-condensable gases
during the huff-n-puff process are considered, including
heat transport by non-condensable gases, viscosity re-
duction due to carbon dioxide dissolution, and energy
enhancement from nitrogen.

6) Within the cold zone, heavy oil is modeled as a non-
Newtonian fluid, which possesses a threshold pressure
gradient.

Fig. 1. Schematic of a horizontal well with multi-thermal fluid
huff-n-puff process in a heavy oil reservoir.

2.1 Heated radius model
Based on the contact conditions between the steam/hot-

water zones and the top/bottom boundaries of the reservoir,
the expansion behavior of the heated zone involves three dis-
tinct stages, characterized sequentially by: absence of contact
between the hot-water zone and the boundaries, contact of only
the hot-water zone, and finally contact of the steam zone.

During the first stage, neither the steam zone nor the hot-
water zone is in contact with the top and bottom boundaries
of the reservoir, as illustrated in Fig. 2. Therefore, heat loss
to the overburden and underburden is neglected. As governed
by the law of energy conservation, the heat input rate to the
reservoir equals the energy accumulation rate in the formation,
which, within the steam zone, is manifested as the latent heat

from the injected steam (Zhang et al., 2021):

qs · x ·Lv = MR ·
dAs

dt
·L · (Ts −Ti) (1)

The radius of SA can be determined from Eq. (1).

rs =

√
qs · x ·Lv · t

MR ·L ·π(Ts −Ti)
+ r2

w (2)

where qs is the steam injection rate, kg/d; x is the steam
quality; Lv is the latent heat of vaporization of steam, kJ/kg;
MR is the volumetric heat capacity of the reservoir, kJ/(m3·°C);
As is the area of SA, m2; t is the steam injection duration,
d; L is the horizontal section length, m; Ts is the injection
temperature, °C; Ti is the original formation temperature, °C;
rw is the wellbore radius, m; rs is the radius in SA, m.

Similarly, the energy conservation relationship for the
hot-water zone can be established, where the injected heat
comprises the enthalpy of saturated hot-water and the enthalpy
of non-condensable gas components:

Hm = MR ·
dAh

dt
·L · (Th −Ti) (3)

where

Hm = qs · (hws −hwr)+qn · (hns −hnr)+qc · (hcs −hcr) (4)
To better approximate actual reservoir conditions, a dimen-

sionless temperature distribution relationship is employed to
characterize the temperature profile in the hot-water zone at
the end of the injection period (Jiang et al., 2024):

Th = Ti +(Ts −Ti)e−3.665 r−rs
rh−rs (5)

where Hm is the heat injection rate into the hot-water zone,
kJ/d; Ah is the area of HA, m2; Th is the temperature of HA
at the end of the injection period, °C; hws,hns, and hcs are the
enthalpies of water, nitrogen, and carbon dioxide, respectively,
at saturated water temperature, kJ/kg; hwr,hnr, and hcr are the
enthalpies of water, nitrogen, and carbon dioxide, respectively,
at original formation temperature, kJ/kg; qn and qc are the
injection rates of nitrogen and carbon dioxide, respectively,
kg/d; rh is the radius in HA, m.

For the second stage, the radius of steam zone can be ob-
tained by Eq. (1). For hot-water zone, the energy conservation
relationship can be expressed as Eq. (6):

Hm = MR ·
dAh

dt
·h · (Th −Ti)+2

∫ t

0

λe(Th −Ti)√
παe(t − t2)

dAh (6)

where λe is the heat conductivity of overburden and under-
burden, kJ/(d·m·°C); αe is the heat diffusivity of overburden
and underburden, m2/d; t2 is the time at which the hot-water
zone begins to contact the top and bottom boundaries of the
reservoir, d.

Regarding the third stage, the energy conservation of hot-
water zone satisfies Eq. (6). For steam zone, the energy
conservation relationship can be expressed as Eq. (7):

qs ·x ·Lv = MR ·
dAs

dt
·h ·(Ts−Ti)+2

∫ t

0

λe(Ts −Ti)√
παe(t − t3)

dAs (7)

where t3 is the time at which the steam zone begins to contact



72 Jiang, X., et al. Computational Energy Science, 2025, 2(2): 68-84

(a) Horizontal radial flow (b) Vertical radial flow

Fig. 2. Equivalent flow behavior around the horizontal well.

the top and bottom boundaries of the reservoir, d.
Substituting Eq. (5) into Eqs. (3) and (6), the heated radius

of hot-water zone could be iteratively solved, respectively.

2.2 Productivity model
From the equivalent division of flow behavior around the

horizontal well in Fig. 2, horizontal flow occurs entirely within
the cold zone, whereas vertical planar flow encompasses three
distinct regions: the steam zone, the hot-water zone, and the
cold zone. Based on the model assumptions and considering
the threshold pressure gradient in the cold zone, the equivalent
flow resistance method is applied to determine the crude oil
production (under surface conditions) for cyclic multi-thermal
fluid stimulation in heavy oil reservoirs using horizontal wells:

Qo =
0.0864

(
Pavg −Pw f −G · (re − rh)

)
Ro,in +Ro,out

(8)

where Qo is the oil productivity, m3/d; Pavg is the average
reservoir pressure, MPa; Pw f is the bottom-hole pressure, MPa;
G is the threshold pressure gradient, MPa/m; re is the drainage
radius, m; Ro,in denotes the oil phase flow resistance within
the vertical plane, (MPa·d)/m3; Ro,out denotes the oil phase
flow resistance within the horizontal plane, (MPa·d)/m3 (The
equations of flow resistance are shown in Appendix A).

2.3 Auxiliary equations
To solve the productivity equation shown in Eq. (8), it

is necessary to characterize the evolution of several key pa-
rameters, including reservoir temperature, pressure, and water
saturation. On this basis, the crude oil viscosity and oil/water
relative permeability are further determined (The detailed
equations are shown in Appendix B).

3. Results and discussions

3.1 Solution methodology
The primary solution procedure for the productivity model

of cyclic multi-thermal fluid stimulation in heavy oil reservoirs
using horizontal wells is as follows: As described in auxiliary
equations of Appendix B, key reservoir parameters (e.g.,
pressure, temperature, water saturation) are first determined.
These parameters are then incorporated into the productivity

model to obtain production performance data, such as oil
production rate and cumulative oil production. A flowchart
of the model solution procedure is presented in Fig. 3, and
the specific steps are detailed below.

1) Input base data, including reservoir parameters, thermal
properties, and injection parameters.

2) The radius of the steam zone is calculated using Eqs.
(1) and (7), while the radius of the hot-water zone is
obtained from Eqs. (3) and (6).

3) At the end of the soaking period, calculate the average
temperatures of the steam and hot-water zones, average
formation pressure, and water saturation by solving Eqs.
(B2), (B3), (B6), and (B8). The daily oil production rate
can be obtained from Eq. (8).

4) During the production stage, compute the average tem-
peratures of the steam and hot-water zones, average
formation pressure, and water saturation by solving Eqs.
(B4), (B5), (B7), and (B8). The daily oil production rate
can be determined using Eq. (8).

5) Calculate the residual heat in the heated zone using Eqs.
(B14) and (B15).

6) Repeat steps (2) through (5) to obtain the production
performance of multi-cycle CMTFS in heavy oil reservoir
developed by horizontal wells.

3.2 Model validation
Based on the established productivity model for horizontal

well cyclic multi-thermal fluid stimulation, validation is per-
formed using production data from a typical CMTFS well of
an oilfield in China. Specifically, reservoir parameters, fluid
properties, and steam/gas injection parameters are input into
the model during the validation process. The detailed values
of these parameters are shown in Table 1. Besides, Fig. B1
illustrates the variation of oil/water relative permeability with
water saturation at different temperatures. Fig. B2 presents the
crude oil viscosity at different temperatures.

To more accurately represent actual reservoir performance,
dynamic changes in field-measured bottom-hole flowing pres-
sure were incorporated into the model, as illustrated in Fig.
4. Then, the oil production is calculated, and the comparisons
between model results and field production performance are
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Fig. 3. Flowchart of the productivity model solution.

Table 1. Main parameters used for model validation.

Type Parameter Value

Reservoir property

Reservoir thickness 8 m

Porosity 0.35

Permeability 3045×10−3 µm2

Original reservoir pressure 8.8 MPa

Original reservoir temperature 56 ◦C

Original water saturation 0.26

Reservoir compressibility 0.01 MPa−1

Fluid property

Specific heat capacity of oil 2.1 kJ·kg−1·◦C−1

Specific heat capacity of water 4.2 kJ·kg−1·◦C−1

Oil formation volume factor 1.05 m3/m3

Water formation volume factor 1.01 m3/m3

Wellbore radius 0.1 m

Operation parameter

Horizontal section length 168 m

Injection duration 22 d

Soaking duration 5 d

Production duration 445 d

Steam injection rate (cold water equivalent) 195.5 m3·d−1

Injection temperature 300 ◦C

Steam quality 0.4

NCG injection rate at surface conditions 51561 m3·d−1

NCG volume composition (N2:CO2) 4:1
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shown in Fig. 5. It can be seen that both the modeled and
field-measured daily oil production rates exhibit similar overall
trends. The model predicts a peak production rate of 60 m3/d,
which is in close agreement with the field-observed peak of
61 m3/d. For cumulative oil production, the model yields a
result of 20,865 m3, while field data indicate 20,071 m3,
corresponding to a relative error of 4.0%. These results confirm
the reliability of the productivity model in this paper for
predicting performance in similar reservoir conditions.

Fig. 4. The bottom-hole flowing pressure of a typical CMTFS
well.

Fig. 5. Comparison of modeled and field oil production.

3.3 Sensitivity analysis
The validated productivity model is employed to con-

duct a sensitivity analysis. The selected parameters include
permeability, initial water saturation, crude oil type, cyclic
injection volume, bottom-hole flowing pressure, and injection
fluid type. The first three parameters are reservoir properties,
while the latter three are operational parameters. The values
of each parameter are presented in Table 2, and the viscosity-
temperature curves for conventional heavy oil, extra-heavy oil,
and super-heavy oil are shown in Fig. 6.

In the base case for calculating multi-cycle huff-n-puff
productivity, the fundamental parameters are as follows: the
original reservoir temperature is 50 ◦C; the reservoir perme-
ability is 3,000× 10−3 µm2; the original water saturation is
0.25; the reservoir thickness is 32 m; the crude oil type is the

conventional heavy oil shown in Fig. 6; the number of huff-
n-puff cycles is three; the durations for the injection, soaking,
and production phases in each cycle are 22, 5, and 338 days,
respectively; the cyclic steam injection volume is 4,400 m3;
the bottom-hole pressures for the three cycles are 6.0, 5.0,
and 4.0 MPa, respectively; the injected fluid is mixture of
flue gas and steam; and the values of all other parameters
are consistent with those provided in Table 1. The relative
permeability curves employed in the base case are shown in
Fig. B1.

Fig. 6. Viscosity-temperature curves for different crude oil
types.

By inputting the aforementioned data into the established
productivity model, the production performance of the base
case can be obtained. Fig. 7(a) shows the oil rate and cumu-
lative oil for the base case. Firstly, it can be found that the
maximum oil rate gradually decreases with increasing huff-n-
puff cycles, with the daily peak rates for the respective cycles
being 69, 75, and 78 m3/d. Secondly, it can be found that the
third cycle yields the highest cumulative oil production (18,009
m3), accounting for 35% of the total oil production from the
three cycles. This result is attributed to the progressive decline
in bottom-hole pressure, which amplifies the production draw-
down. Fig. 7(b) shows the cumulative oil-steam ratio variation
over time for the base case. The maximum cumulative oil-
steam ratio also exhibits a gradual increase over successive
cycles, with values of 3.52, 3.72, and 3.84 m3/m3 at the end
of each cycle, respectively.

3.3.1 Reservoir properties

Firstly, the effects of reservoir permeability on cumulative
oil production and the oil-steam ratio are compared in Fig. 8. It
is observed that both cumulative oil production and the cumu-
lative oil-steam ratio exhibit a gradual increase with increasing
reservoir permeability. As can be seen from Fig. 8(a), an
increase in reservoir permeability from 1,000 to 2,000×10−3

µm2 results in an incremental cumulative oil production of
16,579 m3. In contrast, increasing the permeability from 4,000
to 5,000 × 10−3 µm2 yields a much smaller increment of
only 6,191 m3. In addition, the comparative results in Fig.
8(b) show that the cumulative oil-steam ratio rises from
1.71 to 2.97 m3/m3 when permeability increases from 1,000
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Table 2. Values of different influencing factors.

Parameter Value

Permeability (10−3 µm2) 1,000 2,000 3,000 4,000 5,000

Original water saturation 0.25 0.30 0.35 0.40 0.45

Cyclic steam injection volume (m3) 2,200 3,300 4,400 5,500 6,600

Bottom-hole pressure (MPa)

7.0 6.5 6.0 5.5 5.0

6.0 5.5 5.0 4.5 4.0

5.0 4.5 4.0 3.5 3.0

Injected fluid Steam N2-steam CO2-steam Flue-steam

Crude oil type Conventional heavy oil Extra-heavy oil Super-heavy oil

(a) Oil rate and cumulative oil (b) Cumulative oil-steam ratio (COSR)

Fig. 7. Production performance of the base case.

(a) Cumulative oil (b) Cumulative oil-steam ratio (COSR)

Fig. 8. Effects of permeability on production performance.
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to 2,000× 10−3 µm2, whereas it only increases from 4.48
to 4.95 m3/m3 for the permeability increase from 4,000 to
5,000 × 10−3 µm2. These results indicate that enhancing
reservoir permeability leads to a more substantial production
improvement in lower-permeability formations. For oil pro-
duction and the cumulative oil-steam ratio across different
cycles, at a reservoir permeability of 1,000× 10−3 µm2, the
cumulative oil production and oil-steam ratio for the three
cycles are 5,699, 7,674, and 9,233 m3 and 1.30, 1.52, and
1.71 m3/m3, respectively. When the permeability is increased
to 4,000× 10−3 µm2, the corresponding values are 19,290,
19,947, and 19,849 m3 and 4.38, 4.46, and 4.48 m3/m3. These
results indicate that reducing the bottom-hole pressure is more
effective in lower-permeability reservoirs.

Next, the effects of original water saturation on cumulative
oil production and the oil-steam ratio are compared in Fig.
9(a). It is observed that as the original water saturation
increases, both cumulative oil production and the cumulative
oil-steam ratio gradually decline. As shown in Fig. 9, an
increase in initial water saturation from 0.25 to 0.30 results
in a reduction in cumulative oil production of only 3,355 m3.
However, a further increase from 0.30 to 0.35 leads to a more
substantial decrease of 10,376 m3. Moreover, the comparative
results in Fig. 9(b) indicate that the cumulative oil-steam ratio
declines from 3.84 to 3.59 m3/m3 as the initial water saturation
rises from 0.25 to 0.30. A subsequent increase in saturation
from 0.30 to 0.35 causes the ratio to drop further from 3.59 to
2.80 m3/m3. These results can be explained by the influence
of water saturation on oil relative permeability. Considering
the temperature dependence of relative permeability endpoints
(Fig. B1), the initial water saturation of 0.25 is lower than the
irreducible water saturation; therefore, any increase in water
saturation within this range has a relatively minor effect on oil
relative permeability, while the increase in initial water satu-
ration from 0.30 to 0.35 corresponds to the most pronounced
reduction in oil relative permeability. Subsequently, as water
saturation continues to rise, the magnitude of reduction in oil
relative permeability diminishes.

Furthermore, the effects of crude oil type on cumulative oil
production and the oil-steam ratio are compared in Fig. 10. It
is observed that significant differences exist in productivity
among different crude oil types. From Fig. 10(a), when the
crude oil changes from super-heavy oil to extra-heavy oil, the
cumulative oil production increases from 7,757 to 23,705 m3.
A further change to conventional heavy oil results in a cor-
responding increase to 50,738 m3. Additionally, comparative
results in Fig. 10(b) show that the cumulative oil-steam ratios
for super-heavy oil, extra-heavy oil, and conventional heavy
oil are 0.59, 1.80, and 3.84 m3/m3, respectively. The viscosity-
temperature curves for the different crude oil types simulated
in this section are presented in Fig. 6, with viscosities at 50
°C being 3,000, 2,0000, and 70,000 mPa·s for conventional
heavy oil, extra-heavy oil, and super-heavy oil, respectively.
According to Eq. (8), oil production rate of huff-n-puff process
is negatively correlated with crude oil viscosity. Consequently,
both oil production and the oil-steam ratio decrease signifi-
cantly as crude oil viscosity increases.

3.3.2 Operation parameters

Firstly, the effects of cyclic steam injection volume on
cumulative oil production and the oil-steam ratio are compared
in Fig. 11. With increasing cyclic injection volume, cumulative
oil production gradually increases, while the cumulative oil-
steam ratio gradually decreases. As shown in Fig. 11(a), an
increase in the cyclic injection volume from 2,200 to 3,300 m3

results in an incremental cumulative oil production of 3,979
m3, whereas an increase from 5,500 to 6,600 m3 yields a
smaller increment of only 2,313 m3. Besides, comparative
results in Fig. 11(b) indicate that the cumulative oil-steam
ratio declines from 6.55 to 4.77 m3/m3 when the injection
volume increases from 2,200 to 3,300 m3, and from 3.25
to 2.82 m3/m3 for the increase from 5,500 to 6,600 m3.
These results demonstrate that increasing the cyclic injection
volume exhibits a diminishing marginal effect on enhancing
oil production. Increasing the cyclic injection volume has a
dual effect: it enhances the heat input into the reservoir while
simultaneously raising the water saturation within the reser-
voir. Meanwhile, the cumulative oil-steam ratio progressively
decreases as the cyclic injection volume rises.

Next, the effects of bottom-hole pressure on cumulative
oil production and the oil-steam ratio are compared in Fig. 12.
Reduction in bottom-hole pressure results in a notable increase
in both cumulative oil production and the cumulative oil-steam
ratio. Taking the third huff-n-puff cycle as an example, Fig.
12(a) indicates that a reduction in bottom-hole pressure from
4 to 3 MPa increases cumulative oil production by 9,208
m3. Correspondingly, results in Fig. 12(b) show that the oil-
steam ratio rises from 3.84 to 4.54 m3/m3. The reduction
in bottom-hole pressure leads to a continuous increase in
the production drawdown. As expressed in Eq. (8), a larger
drawdown results in a higher oil production rate, thereby
enhancing both cumulative oil production and the cumulative
oil-steam ratio.

Furthermore, the effects of injected fluid on cumulative oil
production and the oil-steam ratio are compared in Fig. 13.
The addition of non-condensable gases significantly improves
development performance compared to pure steam injection.
As can be seen from Fig. 13(a), carbon dioxide, nitrogen, and
flue gas assisted steam injection can enhance oil production by
11,752, 5,608, and 9,229 m3, respectively, over the base case
of pure steam injection (41,508 m3. Furthermore, comparative
results in Fig. 13(b) indicate that, relative to the cumulative oil-
steam ratio of 3.14 m3/m3 for steam-only injection, the ratios
for the three aforementioned non-condensable gas assisted
processes are increased by 0.89, 0.42, and 0.70 m3/m3, respec-
tively. The simulation results demonstrate that carbon dioxide
provides a greater production enhancement than nitrogen, with
flue gas ranking between the two.

4. Conclusions
In this paper, a new production performance prediction

model for the cyclic multi-thermal fluid stimulation (CMTFS)
process in horizontal wells has been developed for heavy oil
reservoirs. The main conclusions drawn from this study are
summarized as follows:
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(a) Cumulative oil (b) Cumulative oil-steam ratio (COSR)

Fig. 9. Effects of original water saturation on production performance.

(a) Cumulative oil (b) Cumulative oil-steam ratio (COSR)

Fig. 10. Effects of crude oil type on production performance.

(a) Cumulative oil (b) Cumulative oil-steam ratio (COSR)

Fig. 11. Effects of cyclic steam injection volume on production performance.
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(a) Cumulative oil (b) Cumulative oil-steam ratio (COSR)

Fig. 12. Effects of bottom-hole pressure on production performance.

(a) Cumulative oil (b) Cumulative oil-steam ratio (COSR)

Fig. 13. Effects of injected fluid on production performance.

• Based on a hydrodynamic analogy, a productivity model
is derived for the CMTFS process in horizontal wells
applied to heavy oil reservoirs, which accounts for the
nonlinear temperature profile in the hot-water zone and
the crude oil mobility-dependent threshold pressure gra-
dient in the cold zone.

• In addition to the mechanisms of steam stimulation,
the model further incorporates the contribution of non-
condensable gases, including heat transport by non-
condensable gases, viscosity reduction due to carbon
dioxide dissolution, and energy enhancement from nitro-
gen.

• Model verification shows that the predicted daily oil
production trend matches field data. The predicted peak
rate of 60 m3/d aligns closely with the observed 61 m3/d,
and the cumulative oil production exhibits a low relative
error of 4.0%, confirming the model’s reliability.

• Cumulative oil production and the cumulative oil-steam
ratio are significantly influenced by crude oil type and
reservoir permeability. Additionally, lowering the bottom-
hole flowing pressure and utilizing non-condensable gas

as a steam additive yield remarkable improvements in
both the COSR and total oil production. In contrast,
raising the cyclic injection volume provides diminishing
returns for cumulative production and adversely affects
the COSR.
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Appendix A. Productivity model
The flow resistance in Eq. (8) can be represented by the expressions below, corresponding to the different stages of heated

zone expansion:

R1
o,in +R1

o,out = Ro,ins1 +Ro,inh1 +Ro,inc1 +Ro,outc1 (A1)
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where Ro,ins, Ro, inh, and Ro, inc are the oil phase flow resistances of SA, HA, and CA, respectively, within the vertical plane,
(MPa·d)/m3; Ro, outs, Ro, outh, and Ro, outc are the oil phase flow resistances of SA, HA, and CA, respectively, within the horizontal
plane, (MPa·d)/m3; numerical superscript/subscript represents different phases of the heated zone expansion process; µos, µoh,
and µoc are the oil viscosities in SA, HA and CA, respectively, mPa ·s; K is the absolute permeability of the reservoir, 10−3 µm2;
Kros, Kroh, and Kroc are the oil relative permeabilities in SA, HA and CA, respectively; h is the reservoir thickness, m; rV is
the outer boundary radius (half the reservoir thickness) within the vertical plane, m; rp is the inner boundary radius (a quarter
of the horizontal section length) within the horizontal plane, m; Sk is the skin factor; Bo is the oil formation volume factor,
m3/m3.

Appendix B. Auxiliary equations

Appendix B.1 Average reservoir temperature
The multi-thermal fluid huff-n-puff process comprises three distinct stages: injection, soaking, and production. At the end

of the injection phase, according to the model assumptions, the average temperature of the steam zone equals the injection
temperature, while that of hot-water zone can be obtained from Eq. (B1):

The =

∫ rh

rs

Th ·2πr dr

Ah −As
(B1)

Considering heat conduction, the average temperatures of the steam zone and hot-water zone during the soaking process
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are given, respectively, by Eqs. (B2) and (B3):

Tsavg = Ti +(Ts −Ti)Vrs (B2)
Thavg = Ti +(The −Ti)Vrh (B3)

With the additional consideration of heat extraction by produced fluids, the average temperatures of the steam zone and
hot-water zone during the production stage are given, respectively, by Eqs. (B4) and (B5):

Tas = Ti +(Ts −Ti)(Vrs(1−Os)−Os) (B4)
Tah = Ti +(The −Ti)(Vrh(1−Oh)−Oh) (B5)

where The is the average temperature in HA at the end of the injection phase, ◦C; Tsavg and Thavg are the average temperatures
in SA and HA during the soaking phase, ◦C; Vrs and Vrh are the radial heat loss coefficients in SA and HA; Tas and Tah are
the average temperatures in SA and HA during the production stage, ◦C; Os and Oh are the produced fluid heat loss correction
factors in SA and HA.

Appendix B.2 Average reservoir pressure
Due to the ability of nitrogen in the non-condensable gas components to supplement formation pressure, the calculation

of the average formation pressure at the end of the soaking period accounts for both the pressure change induced by steam
injection and the pressure increase resulting from nitrogen injection, as shown in Eq. (B6):

Pavg,s = Pi +
Gw ·Bw +Gn ·Bn

N ·Bo ·Ce
+

Nos · (Tsavg −Ti) ·βe

N ·Ce
+

Noh · (Thavg −Ti) ·βe

N ·Ce
(B6)

Considering pressure depletion due to fluid production, the average reservoir pressure during the production stage can be
determined by Eq. (B7):

Pavg,p = Pavg,s −
NwBw +NoBo

N ·Bo ·Ce
−

Nos(Tsavg −Tas) ·βe

N ·Ce
−

Noh(Thavg −Tah) ·βe

N ·Ce
(B7)

where Pavg,s is the average reservoir pressure at the end of the soaking phase, MPa; Pi is the original reservoir pressure, MPa;
Gw and Gn are the injected volume of water and nitrogen under standard surface conditions, m3; Bw and Bn are the formation
volume factor of water and nitrogen, m3/m3; N, Nos, and Noh are the original oil in place of the entire reservoir, the original
oil in place of the steam zone, and the original oil in place of the hot-water zone, respectively, m3; Ce is the total reservoir
compressibility, MPa−1; βe is the reservoir thermal expansion coefficient, °C−1; Pavg,p is the average reservoir pressure during
the production phase, MPa; No and Nw are the cumulative oil production and cumulative water production, m3.

Appendix B.3 Average water saturation
According to the water phase mass conservation equation, the change in water saturation can be characterized as follows:

Sw = Swi
dwi

dw
+

Gw −Nw

φπr2
hL

(B8)

where Sw is the dynamic water saturation; Swi is the original water saturation; dwi is the initial density of water, kg/m3; dw is
the dynamic water density, kg/m3; φ is the porosity.

Appendix B.4 Relative permeability
In thermal recovery processes, relative permeability depends on both water saturation and temperature. Temperature primarily

influences the relative permeability endpoints, specifically causing changes in irreducible water saturation and residual oil
saturation, whereas the shape of the relative permeability curves remains consistent. For different combinations of temperature
and water saturation, the oil relative permeability is given by Eq. (B9). Then, with the oil relative permeability curves at
different temperatures (Fig. B1), the dynamics of oil relative permeability in the production process can be obtained. Similarly,
the water relative permeability can be determined:

Kro (Swn) =
Swn −Sw,i

Sw,k −Sw,i
Kro
(
Sw,k
)
+

Sw,k −Swn

Sw,k −Sw,i
Kro (Sw,i) (B9)

where

Swn = Sw − T −T1

T2 −T1
(Sorw1 −Sorw2) (B10)

where Kro is the oil relative permeability; Swn is the corrected water saturation value accounting for the effect of temperature
on relative permeability endpoints; Sw,i and Sw,k are different water saturation values; T,T1, and T2 are different temperatures,
◦C; Sorw1 represents the residual oil saturation at temperature T1; Sorw2 represents the residual oil saturation at temperature T2.
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Fig. B1. Oil-water relative permeability curves for M Reservoir at different temperatures.

Fig. B2. Viscosity-temperature curve of crude oil for M Reservoir.

Appendix B.5 Oil viscosity
The relationship between heavy oil viscosity and temperature is typically expressed as Eq. (B11), thus, based on the

viscosity-temperature data points in Fig. B2, the viscosity of heavy oil at any given temperature can be calculated:

lg lg µot =C−D lgT (B11)
Accounting for the viscosity reduction effect due to carbon dioxide dissolution, the viscosity of the heavy oil-carbon dioxide

composite system can be determined by the following equation (Hou et al., 2016; Jiang et al., 2024):

ln µo = (1− xi) ln µot + xi(ln µc +m−n lnT ) (B12)
where µot is the oil viscosity, mPa·s; C and D are constants; µo is the viscosity of heavy oil-carbon dioxide composite system,
mPa·s; xi is the mole fraction of carbon dioxide in the heavy oil-carbon dioxide composite system; µc is the carbon dioxide
viscosity, mPa·s; m and n are constants.

Appendix B.6 Threshold pressure gradient
A mobility-dependent relationship is employed to characterize the threshold pressure gradient of heavy oil, as shown in

Eq. (B13):

G = 0.0389
(

K
µo

)−0.983

(B13)

Appendix B.7 Residual heat from previous cycle
To determine the multi-cycle productivity, the influence of residual heat from previous cycles on the heated zone must be

considered. Specifically, Eqs. (B14) and (B15) are employed to calculate the residual heat in the steam zone and hot-water
zone, respectively:

Ers = πr2
s LMR (Tas −Ti) (B14)

Erh = π
(
r2

h − r2
s
)

LMR (Tah −Ti) (B15)
where Ers is the residual heat in SA, kJ; Erh is the residual heat in HA, kJ.
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