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Introduction: The hot water chemical flooding technology effectively improves
the fluidity ratio and enhances the horizontal and vertical oil displacement
efficiency of the reservoir through the synergistic effect of thermal energy and
chemicals, which can further enhance the recovery rate on the basis of
throughput thermal recovery.

Methods: Based on the geological reservoir parameters of Bohai B oilfield, an oil
recovery system evaluation experiment and scheme design study were carried
out. Injection parameters such as hot water temperature, chemical agent
concentration, and chemical agent dosage that affect the oil recovery effect of
hot water chemical flooding were optimized and designed. The development
characteristics and effects of two thermal recovery technologies, namely multi
thermal fluid throughput and hot water chemical flooding, were compared and
analyzed.

Results: The results show that with the increase of temperature, the effect of
chemical agents on improving the water-oil mobility ratio and reducing the
viscosity of crude oil is weakened, and the thermal energy plays a leading role
in enhancing oil recovery, but when the temperature is higher than 115°C, the
improvement of oil recovery is slowed down, and the comprehensive economic
indicators decline rapidly. As the concentration of chemical agent increases, the
enhanced oil recovery increases monotonously. When the concentration is
1500 mg/L, the comprehensive economic indicators reach the peak and then
decline, indicating that the efficiency of chemical agent decreases. The total
amount of chemical agent shall be controlled within 0.25

˜

0.30 PV. The case
calculation shows that hot water chemical flooding can expand the effective
radius from 80m to 400m, more effectively use the reserves between injection
and production wells, increase the oil recovery by 4.8 percentage points, and
increase the oil yield by 31.7 m3/t per ton of agent.

Discussion: It is suggested that Bohai B Oilfield can adopt hot water chemical
flooding after the multiple thermal fluid huff and puff to continuously guarantee
the oilfield production.
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Introduction

Bohai Bay is rich in heavy oil resources. For heavy oil with
formation crude viscosity less than 350 mPa·s, cold production
technologies such as water flooding, polymer flooding and
moderate sand production are mainly used for development
(Zhang et al., 2007; Liang et al., 2012; Xie et al., 2016). However,
for heavy oil with viscosity greater than 350 mPa s, cold production
technology is difficult to use, and the current utilization ratio is only
13%. In order to explore effective development methods for offshore
heavy oil, field experiments were conducted on various thermal
recovery technologies such as multiple thermal fluid huff and puff,
steam huff and puff, and steam flooding in oilfields such as Nanbao
and Lvda in the Bohai (Tang et al., 2011; Cheng-xiang et al., 2012;
Liang et al., 2014; Zhu et al., 2016; Zhong et al., 2019; Zheng et al.,
2020). These thermal recovery methods have injection temperatures
greater than 240°C, and the Bohai Oilfield is mostly a loose
sandstone reservoir, Therefore, during the testing process,
multiple wells encountered problems such as steam channeling,
sand production, and string failures, which seriously affected the
stimulation effect of thermal recovery (Dong et al., 2013; Jiang et al.,
2014).

In order to avoid the problem of high-temperature thermal
recovery, another relatively low temperature thermal recovery
method - hot water drive has been proposed (Al-Hadhraml and
Blunt, 2001; Alajmi and Gharbi, 2009; Wen et al., 2012; Guo and
Zhou, 2019). The research results and field applications indicate that
due to the low enthalpy value of hot water, its heating and viscosity
reduction effect is insufficient, and the low viscosity of hot water is
easy to break through during the displacement process, resulting in a
decrease in the swept volume and swept efficiency of hot water.
These shortcomings seriously affect the mining efficiency of hot
water flooding.

In response to the problem of hot water flooding, it is proposed
to add chemical agents to hot water (Wu et al., 2017). Commonly
used chemicals include surfactants, hydrocarbons, alkalis and other
chemicals. These chemicals can change the interface characteristics
of crude oil-water-rock system, improve the wettability of rocks,
reduce the surface tension of oil-water interface, and reduce residual
oil saturation, So as to achieve the goal of improving heavy oil
recovery (Okasha et al., 1998; Luo and Torabi, 2013; O’Carroll and
Sleep, 2009; Li, 2011; Mukherjee et al., 2014). The combined action
of surfactant and hot water can reduce the surface tension of oil/
liquid and solid-liquid interfaces to improve the recovery efficiency
of heavy oil (Schram and Smith, 1985; Lin et al., 2015). Injecting
propane additives near the dew point of hot water (Pathak et al.,
2011) can achieve higher oil recovery. The alkaline solution
penetrates into the crude oil to form a water in oil (W/O) lotion,
which reduces the fluidity of the water phase, transfers the injected
hot water to the unspoiled reservoir, and improves the coverage of
water (Pei et al., 2013; Taghavifar et al., 2016). Although chemical
agents such as surfactants, hydrocarbons and alkalis can solve the
problem of insufficient viscosity reduction in hot water flooding, this
technology has no obvious effect on water breakthrough. Therefore,
this article applies experimental techniques to screen suitable
chemical agents to solve problems of insufficient hot water
viscosity reduction and hot water breakthrough, and designs a
reasonable hot water chemical flooding scheme for Bohai B Oilfield.

EOR mechanism and advantages of hot
water chemical flooding technology

Hot water chemical flooding can effectively improve the mobility
ratio, enhance the horizontal and vertical oil displacement efficiency of
the reservoir, and further improve the oil recovery on the basis of huff
and puff thermal recovery. The mechanism of EOR by hot water
chemical flooding mainly includes four aspects.

① After the hot fluid is injected into the formation, its heat is
transmitted to the heating zone, and the viscosity of crude oil in
the heating zone is reduced.
② The chemical agent accumulates at the front edge of the
displacement and reacts with the colloidal asphaltene in the
heavy oil, reducing the viscosity of the heavy oil.
③ Adding a certain concentration of chemical agent to hot water
increases the viscosity of the displacement phase and expands the
swept volume during the displacement process.
④Chemical agents reduce the interfacial tension between oil and
water, improving oil washing efficiency.

Compared with hot water flooding or huff and puff methods, the
technical advantages of hot water chemical flooding are mainly
manifested in five aspects.

① The chemical agent contacts with the formation oil at the front
edge of the displacement, the hydrophilic group penetrates into
the oil phase, breaks up the spatial network structure formed by
asphaltene and colloid, and the hydrophilic group introduces
water molecules to make the dispersed heavy oil form an oil-in-
water dispersion system, achieving dispersion and stable viscosity
reduction, helping the hot water to flow continuously to the cold
oil region, and improving the flow ability of crude oil in the
affected range (Xiao et al., 2020).
②Hot water chemical flooding can reduce the interfacial tension
between oil and water and improve the oil washing efficiency
through the synergism of heat and chemistry. Chemicals increase
the viscosity of the water phase, improve the mobility ratio, slow
the fingering phenomenon, and expand the swept volume.
③ In the huff and puff mode, due to the superimposition of high-
temperature gas, the heating is mainly for the upper oil layer.
Under the action of gravity, hot water chemical flooding can heat
and displace the middle and lower parts of the oil layer,
improving the thermal sweep volume and crude oil recovery.
④ After several rounds of huff and puff, the temperature within
the heating radius of the reservoir has been increased to a certain
extent, but due to the depleted development mode, the reservoir
energy has decreased rapidly, resulting in a sharp decline in
production in the later stage of multiple rounds of huff and puff.
Hot water chemical flooding can recharge the formation energy
and continuously ensure the oil field production on the basis of
using residual heat energy.
⑤ Compared with steam above 300°C, the temperature of hot
water chemical flooding is generally controlled below 180°C.
During the injection process, the temperature rise of the
wellbore is relatively low and stable, reducing the damage of
casing and downhole sealing device, reducing the boiler water
consumption index, and providing a safe and economic solution
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for the medium and long-term thermal recovery development of
the oilfield. At the same time, the heat loss of hot water is lower
than that of high-temperature steam, which improves the
utilization efficiency of heat energy.

Overview of Bohai B oilfield

B Oilfield is located in the central of the Bohai, characterized
by high porosity and permeability, with an average porosity of
35% and an average permeability of 4,245 mD. The viscosity of
crude oil in the formation is 700~850 mPa·s, with a wax content
of 2%~8%, and a resin and asphaltene content of 20%~50%. The
oilfield was put into operation in September 2005 and developed
using natural energy. Due to the high viscosity of crude oil and
insufficient natural energy, the production capacity of
conventional oil wells is low. In order to increase the
production capacity of a single well and improve the
development effect, multiple thermal fluid huff and puff field
tests were carried out in the southern of B oilfield in 2008. After
the implementation of thermal recovery, the daily oil production
of the first round of huff and puff increased from 200 m3/d in the
cold production rise to 640 m3/d, with a significant increase in
production effect. After entering the second round of huff and
puff at the end of 2013, the contribution of thermal recovery to
production decreased, which was basically the same as that of
cold production (Figure 1). The main reasons for the analysis are
limited offshore platform space, large reservoir burial depth, and
large well inclination. The cyclic injection huff and puff mode is
adopted, resulting in severe steam channeling and large heat loss.
Moreover, multiple rounds of high-temperature hot fluid
injection also bring problems such as wellhead uplift.

In order to further enhance the oil recovery rate of the oilfield,
research on hot water chemical flooding technology has been carried
out around B oilfield.

Laboratory evaluation experiment of
chemical agents for hot water chemical
flooding

Selection of chemical agents for hot water
chemical flooding

According to the performance of viscosity reduction
performance, water compatibility, thermal stability, oil/water
interfacial activity and other indicators under different
temperature and concentration conditions, the chemical agents
used in hot water chemical flooding are screened and evaluated.
The range of temperature and concentration is mainly determined
based on the reservoir and fluid physical parameters of the target
block. The evaluation criteria of Bohai B Oilfield are shown in
Table 1. The experimental temperature is 55°C and the viscosity of
the experimental crude oil is 710 mPa·s.

Based on the above evaluation criteria, five chemical agents with
codes of DN, HJ, HXH, RE20 and RE22 were selected for test
evaluation. The test results are shown in Table 2. It can be seen from
the table that DN chemical agent has good performance, so DN
chemical agent is selected for key parameter test.

Test of chemical agent parameters for hot
water chemical flooding

Based on the selected chemicals, the physical and chemical
properties and solution properties were tested to evaluate the
application performance of the chemicals. Among them, the
viscosity concentration relationship, viscosity temperature
relationship, viscosity reduction rate, and adsorption respectively
characterize several performance indicators such as chemical agents
increasing displacement phase viscosity, temperature resistance, and
reducing heavy oil viscosity, which are closely related to the oil

FIGURE 1
Production performance curve of multi thermal fluid huff and puff thermal recovery in the southern area of B oilfield.
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increase effect and are also important parameters required in
formulating development plans.

At the temperature of 55°C, the viscosity of the oil displacement
system before and after shearing is tested with the Wuyin stirrer
under the condition of 20s at the first gear. The test results (Figure 2)
show that the viscosity of the solution decreases after shearing, but
the retention rates for different concentrations are above 60%. The
higher the concentration, the greater the viscosity. Solutions with a
concentration greater than 1500 mg/L have a viscosity of nearly

10 mPa·s after shearing, indicating good viscosity increasing
performance.

Figure 3 shows the viscosity of chemical agents with different
concentrations at different temperatures (after shearing). With the
increase of temperature, the viscosity of the chemical agent decreases
gradually. When the temperature rises to above 100°C, the decrease
tends to be stable, and the viscosity retention rate is above 50% at
170°C, which has good temperature resistance.

TABLE 1 Evaluation table of reagent screening index for hot water chemical flooding.

Index Concentration/mg/L Temperature/°C Evaluation criterion

Viscosity reduction 500~2,500 50~180 High viscosity reduction rate for crude oil

Water compatibility After the target solution is prepared, the solution is free of sediment and flocculation

Thermal stability The retention rate of viscosity reduction rate is high after high temperature aging

Interfacial activity The interfacial tension between chemical agent and crude oil is small

TABLE 2 Chemical screening results.

Index DN HJ HXH RE20 RE22

Viscosity
reduction

When the temperature is lower
than 100°C, the viscosity

reduction rate reaches 90%,
and when the temperature is
higher than 150°C, the viscosity

reduction rate remains at
about 40%

When the temperature is lower
than 100°C, the viscosity

reduction rate reaches 50%,
and the viscosity reduction rate
decreases rapidly when the
temperature rises. When the
temperature is higher than

150°C, the viscosity reduction
rate is 0

It changes little with
temperature and

remains at
about 20%

When the temperature is lower
than 100°C, the viscosity

reduction rate reaches 50%,
and the viscosity reduction rate
decreases rapidly when the
temperature rises. When the
temperature is higher than

150°C, the viscosity reduction
rate is 0

When the temperature is
lower than 100°C, the viscosity
reduction rate reaches more
than 90%, and when the
temperature is higher than

150°C, the viscosity reduction
rate decreases to about 20%

Water
compatibility

Better Better Better Better Better

Thermal
stability

68% 41% 35% 45% 49%

Interfacial
activity

4.6 2.5 1.3 1.9 0.7

FIGURE 2
Relationship between viscosity and concentration of suitable
agents for hot water chemical flooding.

FIGURE 3
Relationship between viscosity and temperature of suitable
agents for hot water chemical flooding.
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Mix the oil sample and chemical agent system according to
the oil-water ratio of 1:1, put it on the thermostatic magnetic
stirrer, and mix it, measure the viscosity of the mixed system and
calculate the viscosity reduction rate. It can be seen from the test
results (Figure 4) that with the increase of the concentration of
chemical agent, the viscosity reduction rate of the system
increases sharply, reaching the peak at the concentration of
1,500 mg/L. After reaching the peak value, with the increase of
the concentration, the viscosity reduction rate of the system is
basically constant in the low temperature (T = 55°C)
environment. In the high temperature (T = 115°C, 175°C)
environment, the viscosity reduction rate of the system is
reduced instead. The main reason is that when the
temperature is above 115°C, the viscosity of crude oil is close
to that of the chemical agent system. At this time, the viscosity of
the chemical agent and crude oil mixture system measured by the
high temperature and high pressure rheometer is mainly affected
by the chemical agent itself.

Add the oil sand and chemical agent solution into a grinded
conical flask with a stopper according to the solid-liquid ratio of 1:

10, shake it evenly and put it in a constant temperature box at
different temperatures, shake the solution of the conical flask evenly
after 48h, pour it into a centrifuge tube, centrifuge for about 30min,
take out the supernatant in the upper layer of the centrifuge tube,
mix it well, and then use the ultraviolet spectrophotometer to
measure the concentration of the oil displacement agent in the
supernatant. According to the test results (Figure 5), the static
adsorption capacity of the chemical agent gradually decreases
with the increase of temperature, especially when the temperature
is higher than 100°C, the adsorption capacity decreases rapidly. This
is because the thermal movement of the molecules increases with the
increase of temperature, which leads to the chemical agent molecules
easily leaving the oil sand surface without forming adsorption.

Based on the selected chemicals, oil displacement experiments
were carried out to compare the effect of precipitation and oil
increase under different temperature and chemical concentration
conditions, so as to provide reference for field application. The
experimental conditions are as follows: 1) Core: the size of
cylindrical core is 3.8 cm × 60 cm, gas permeability of 2,000 mD,

FIGURE 4
Relationship between concentration and viscosity reduction rate
of suitable agents for hot water chemical flooding.

FIGURE 5
Static adsorption capacity of chemical solution with different
concentration.

FIGURE 6
Contribution of temperature and chemicals to EOR.

FIGURE 7
Effect of temperature on EOR of unit pore volume chemicals.
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porosity of 35%, oil saturation of 65%; 2) Timing of conversion:
water content 70%; 3) Injection rate: 0.5 mL/min; 4) End of
experiment: water content is 95%.

The main process of the experiment is to measure the
permeability of the core with gas, saturate the water after
vacuum extraction, measure the permeability with water, and
perform hot water flooding after saturating the oil. When the
water content reaches 70%, perform hot water chemical flooding,
and when the water content reaches 95%, the oil displacement ends.

Figures 6–8 shows the results of oil displacement test based on
the reservoir and fluid physical properties of Bohai B Oilfield. In
order to more accurately analyze the effect of chemical agent dosage
on enhanced oil recovery in hot water chemical flooding, two
parameters of chemical agent enhanced oil recovery ratio and
unit pore volume chemical agent enhanced oil recovery value are
defined, in which chemical agent enhanced oil recovery ratio = (hot
water chemical flooding enhanced oil recovery−hot water flooding
enhanced oil recovery)/hot water chemical flooding enhanced oil
recovery, EOR value of unit pore volume chemical agent = EOR
value of hot water chemical flooding/pore volume of injected
chemical agent slug.

It can be seen from the figure that under different temperatures,
hot water chemical flooding can increase oil recovery by 5%–12% on
the basis of hot water flooding. However, with the increase of
temperature, the contribution of chemical agents to the oil
recovery of hot water chemical flooding decreases, from 65% at
55°C to 20% at 175°C. The oil recovery value of unit chemical agent
also decreases correspondingly, and the decrease is large when the
temperature is higher than 115°C, which means that with the
increase of temperature, heat gradually plays a leading role in
enhancing oil recovery, and the role of chemical agent is
weakened. The main reason is that under low temperature
conditions, chemical agent plays a dual leading role in reducing
viscosity and increasing water phase viscosity. Under high
temperature conditions, thermal energy plays a leading role in
reducing viscosity. The mobility of chemical agent decreases with
the increase of temperature, resulting in a reduction in its ability to
expand the swept volume. Therefore, the extent of enhancing oil
recovery decreases with the increase of temperature.

At different concentrations of chemical agents, with the increase
of the concentration of chemical agents, the range of enhanced oil
recovery increases. When the concentration is greater than
1,500 mg/L, the range of enhanced oil recovery slows down, but
the value of enhanced oil recovery of the amount of chemical agent
per unit pore volume decreases from 15.5% of 1,500 mg/L to 13.7%
of 2,500 mg/L, indicating that the concentration of chemical agent
increases, the amount of chemical agent increases, but the efficiency
decreases.

Design of hot water chemical flooding
scheme in Bohai B oilfield

The hot water chemical flooding scheme has been designed for
the three well groups B7, B1 and B2 in Bohai B Oilfield. The block
has experienced multiple thermal fluid huff and puff development in
the early stage. Therefore, the multiple thermal fluid huff and puff
scheme is taken as the basic scheme for comparison of oil increase
effect. On this basis, the chemical agent injection concentration, hot
water temperature The chemical dosage and other parameters are
optimized and the best recommended scheme is finally proposed.

Optimization analysis of injection
parameters

Figure 9 shows the oil increase effect of hot water chemical
flooding compared with the huff and puff method of multi-
component thermal fluid under the same temperature (115°C)
and different chemical agent concentrations. With the increase of
the concentration of chemical agent, the enhanced oil recovery
increases synchronously, but the rising range gradually decreases
after the concentration exceeds 1,500 mg/L; Due to the constant
temperature and injection volume, the enhanced oil recovery of hot
water flooding is constant on the basis of multiple thermal fluid huff
and puff. The oil increase per ton of agent reaches the peak at
1,500 mg/L. The calculated results are in good agreement with the
results of indoor experiments, and the recommended injection
concentration of chemical agent is 1,500 mg/L.

FIGURE 8
Effect of different chemical concentration on EOR (T = 115°C).

FIGURE 9
Comparison of results of injection concentration optimization
scheme in Bohai B Oilfield.
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Figure 10 shows the oil increase effect of hot water chemical
flooding compared with the huff and puff method of multi-
component thermal fluid under the same injection
concentration (1,500 mg/L) and different injection
temperatures. With the increase of injection temperature, the
extent of enhanced oil recovery by hot water flooding increases,
and the extent of enhanced oil recovery by chemical agent
decreases, which is consistent with the results of laboratory
test. The sum of the two, that is, the overall enhanced oil
recovery of hot water chemical flooding increases with the
increase of temperature, but the increase gradually decreases
when the temperature is higher than 115°C, and the increase of
oil per ton agent and the comprehensive index increase after
115°C. 115°C is recommended as the injection temperature of hot
water chemical flooding.

Figure 11 shows the oil increase effect of hot water chemical
flooding compared with the huff and puff method of multi-
component thermal fluid under the conditions of different chemical
agent dosage. According to the calculation results, with the increase of
the amount of chemical agent, the overall oil recovery rate of hot water
chemical flooding increases, but the increase gradually decreases. The
peak value of oil increase per ton of chemical agent is 0.25 PV, and the
peak value of comprehensive index is 0.3 PV. The recommended

chemical injection volume is 0.25~0.30 PV based on the
comprehensive consideration of ton polymerization and oil increase
and comprehensive indicators.

Recommended scheme design

Based on the optimization results of injection parameters, the
recommended schemes of three well groups B7, B1 and B2 under the
optimal parameters are calculated. Compared with multi-element
thermal fluid huff and puff, the effective radius of hot water chemical
flooding has been expanded (Figure 12), froman average of 80 m to about
400m for huff and puff. For offshore well spacing of 350m, the reserves
between injection and production wells can be effectively utilized.

The oil increase results of the recommended scheme are shown in
Figure 13. The cumulative oil increase is 18.1 × 104 m3 (including 41%
oil increase by hot water flooding and 59% by chemical agents), the
recovery rate increases by 4.8%, the oil increase by 31.7 m3/t per ton
agent, and the comprehensive index is 62 m3%/t. Therefore, from the
perspective of oil increase effect, hot water chemical flooding can be
used as an effective replacement method for the subsequent
development of multi-element thermal fluid huff and puff.

FIGURE 10
Comparison of optimization results of injection temperature of
hot water chemical flooding in Bohai B Oilfield.

FIGURE 11
Comparison of optimization results of chemical agent dosage for
hot water chemical flooding in Bohai B Oilfield.

FIGURE 12
Comparison diagram of crude oil viscosity in different
development modes.

FIGURE 13
Annual oil increase and cumulative oil increase curve of
recommended scheme of hot water chemical flooding in Bohai B
Oilfield.
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Conclusion

Hot water chemical flooding organically combines hot water
flooding with chemical flooding. The thermal energy carried by hot
water and the role of chemical agents in dispersing asphaltene and
colloid aggregates jointly reduce the viscosity of crude oil, and the
chemical agents increase the viscosity of water phase to further improve
the water-oil mobility ratio. The thermal energy also has the role of
improving the oil washing efficiency, which not only expands the wave
and volume, but also improves the oil washing efficiency, and improves
the oil recovery through the physical and chemical synergy.

Injection temperature and chemical agent concentration are the
key factors that affect the oil increase effect and economic benefits of
hot water chemical flooding. The results of laboratory experiments
and numerical simulation show that with the increase of
temperature, the thermal energy in hot water chemical flooding
increases oil recovery, but the effect of chemical agent is weakened;
With the increase of chemical agent concentration, the enhanced oil
recovery increases, but when the concentration is greater than a
certain value, the enhanced oil recovery value of chemical agent per
unit pore volume and the increased oil value per ton of agent will
decrease. Therefore, the reasonable injection temperature and
chemical agent concentration should be selected according to the
specific oilfield characteristics.

The calculation results of the recommended scheme of hot water
chemical flooding in the south area of Bohai B Oilfield show that
compared with the multiple thermal fluid huff and puff method, the
hot water chemical flooding can improve oil recovery by 4.8%,
increase oil yield by 31.7 m3/t per ton, and have better technical and
economic indicators. Therefore, the hot water chemical flooding can
be used as the subsequent effective replacement method of the
multiple thermal fluid huff and puff, providing a new idea for the
effective development of offshore heavy oil.
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