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Preface 

The global energy sector stands at a pivotal crossroads, where the demand for fossil 
fuels persists even as the world accelerates its transition toward sustainability. In this 
complex landscape, Enhanced Oil Recovery (EOR) emerges as a critical discipline, 
not only for maximizing hydrocarbon extraction but also for aligning the oil and 
gas industry with environmental stewardship and circular economy principles. This 
edited volume, Recent Approaches in Enhanced Oil Recovery – New Perspectives and 
Future Outlook, is a timely contribution that explores the intersection of traditional 
EOR techniques and innovative, eco-conscious methodologies. By blending historical 
perspectives, latest research, and forward-looking insights, this book aims to guide 
researchers, industry professionals, and policymakers toward sustainable practices in 
oil and gas recovery. 

The need for sustainable EOR 

The petroleum industry has long been a cornerstone of global energy supply, yet its 
environmental footprint has sparked urgent calls for reform. Traditional EOR methods, 
although effective, often involve high carbon emissions, excessive water usage, and 
the use of chemical additives that pose ecological risks. This book addresses these 
challenges by advocating for the integration of green materials and smart technologies 
into EOR processes. The introductory chapter lays the foundation by framing EOR 
within the circular economy, a system that minimizes waste, optimizes resources, and 
mitigates environmental impact. It underscores how sustainable EOR can coexist with 
economic viability, offering a blueprint for the industry’s future. 

A journey through innovation 

The subsequent chapters take the reader on a comprehensive journey through the 
evolution of EOR, with a particular emphasis on green chemistry and advanced 
materials. Chapter 2 provides a historical overview of chemical agents used in EOR, 
tracing their development from conventional surfactants and polymers to today’s 
biodegradable and low-toxicity alternatives. This retrospective analysis is comple-
mented by a forward-looking discussion on emerging green materials that promise 
to revolutionize the field. 

Technological innovation is a recurring theme throughout the book. Chapter 3 
examines how sustainability and technological advancements are transforming EOR, 
with a focus on data analytics and the integration of renewable energy. The chapter 
highlights case studies where solar thermal energy and AI-driven optimization have 
reduced the carbon footprint of EOR operations, demonstrating that environmental 
responsibility and operational efficiency are not mutually exclusive. 



IV

The role of smart technologies 

One of the most exciting developments in EOR is the application of artificial intel-
ligence and nanotechnology, which are thoroughly examined in Chapters 4 and 5. AI 
is transforming reservoir management by enabling real-time monitoring, predictive 
analytics, and cost-effective decision-making. Meanwhile, nanotechnology introduces 
functionalized nanoparticles and smart fluids that enhance oil mobility while reducing 
the need for harmful chemicals. These chapters not only elucidate the science behind 
these technologies but also discuss their practical implementation and scalability. 

Chapter 6 delves into nanoparticle-assisted polymer flooding, a groundbreaking 
approach that overcomes the limitations of traditional polymer flooding. By improving 
rheological properties and interfacial tension, polymeric nanofluids significantly boost 
recovery rates while minimizing environmental impact. The chapter also addresses the 
economic and logistical challenges of deploying these advanced materials, providing 
a balanced view of their potential. 

Practical solutions for heavy oil and hybrid techniques 

Heavy oil reserves represent a vast yet challenging resource, and Chapter 7 offers 
innovative solutions through viscosity-reducing additives. These materials, including 
imidazoline derivatives, enable more efficient transportation and processing of   
heavy oils, reducing energy consumption and operational costs. The chapter includes 
a bibliometric analysis of recent research, underscoring the growing interest in 
sustainable additives. 

Chapter 8 presents a novel approach to polymer injection through hybrid strategies, 
such as Burst-Water-Alternating-Polymer (Burst-WAP) and modular plant standard-
ization. By combining hysteresis principles with flexible injection cycles, this method 
maximizes recovery while optimizing costs. The chapter draws on field applications 
to demonstrate its success, offering actionable insights for industry adoption. 

A vision for the future 

The concluding chapter of the book reflects on the broader implications of sustain-
able EOR, including policy and regulatory support and stakeholder engagement. The 
integration of green materials and innovative technologies is not merely a technical 
endeavor but a cultural shift that requires collaboration across academia, industry, 
and government. By embracing these innovations, the petroleum sector can reduce   
its environmental impact while maintaining its economic relevance in a rapidly 
changing energy landscape. 
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Chapter 1

Introductory Chapter: 
Towards Greener Processes for 
Environmental Concerns and 
Circular Economy in Relevant to 
EOR
Manar El-Sayed Abdel-Raouf, Mohamed Keshawy, 
Reham El-Shazly and Rasha S. Kamal

1. �Introduction

The oil produced from mature and maturing oil fields by conventional primary 
and secondary production processes is not sufficient to meet the leap of the energy 
demand and oil-based industries. It was estimated that world’s average recovery 
factor is only about 30–50% [1–3]. Since the oil is entrapped inside the porous rocky 
structures and is hard to evacuate, emphasis was made on tertiary recovery of oils. 
Methods for crude oil recovery are illustrated in Figure 1. It is observed that while 
primary and secondary methods encompass only few techniques, EOR methods 
deal with the extraction of residual oil in the well after primary and secondary 
recoveries by several approaches, which greatly improves the recovery factor and 
maximizes the amount of recovered oil [4, 5]. The cost of EOR method(s) majorly 

Figure 1. 
Different methods for oil recovery.
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depends on the available facilities and the amount of the oil left in the oil field. 
However, the selected methods become economical when compared to the cost of 
new field development [6, 7]. Meanwhile, the economic viability of the enhanced 
oil recovery (EOR) relies on the total cost of production, and it is accomplished 
with augmentation of oil prices [8]. The EOR methods have been roughly catego-
rized as thermal and nonthermal. Many methods have been recommended by vari-
ous researchers with different techniques to activate the oil left in the well. Several 
parameters are to be considered for proper selection of the recovery method with 
lower cost and higher efficiency. These include the nature of crude oil, its rheology, 
surface tension, and mobility ratio [9].

However, oil companies enhance the practices of EOR to extend their lifespan 
and boost output. Thus, the global market of EOR is increased tremendously with 

Figure 3. 
Global Growing in Different EOR practices [https://www.grandviewresearch.com/industry-analysis/
enhanced-oil-recovery-eor-market].

Figure 2. 
Enhanced oil recovery global market report, 2025 [https://www.thebusinessresearchcompany.com/report/
enhanced-oil-recovery-global-market-report].
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increasing compound annual growth rate (CAGR) of about 8.9%, Figure 2. It has 
been established that green methodologies such as thermal methods are highly 
encouraged [10]. The most (green) protocols are given in Figure 3.

2. �EOR and circular economy

In regard to economic points of views, a quick comparison between linear and 
circular economy is given in Figure 4. Linear economy is usually described as “take, 
make, dispose.” It involves extracting raw materials from their original source, manu-
facturing different products, consuming these products, and finally discarding them 
as waste at the end of their lifecycle [11]. This approach results in substantial resource 
depletion and environmental degradation with elevated production costs, as the waste 
generated is not systematically reintegrated into the production process [12–14].

On the other hand, the circular economy is linked to recycling of different raw mate-
rials to enter the production wheel. Therefore, it can be concluded that thermal and 
gas injection oil recoveries are among the approaches that assist the circular economy. 
On the other hand, integrating smart technologies such as artificial intelligence (AI), 
nanotechnology, and sustainable practices enhances EOR and reduces the overall opera-
tional costs [15]. AI is a revolutionary protocol that reduces the cost of EOR operations 
by optimizing reservoir conditions and improving real-time monitoring. In addition, 
artificial intelligence tools such as fuzzy logic can be used to categorize oil wells based 
on some geophysical variables relating to crude oil and well conditions such as pressure, 
production, saturation, viscosity, API gravity, compressibility, and volume factor. Thus, 
the historical data of the well are now not required to determine the case and recovery 
status of the well [16]. Moreover, AI is effectively applied to design innovative and 
economic surfactants harnessed in EOR by creation of an automated workflow through 
combination of patent search, analysis, structure generation and simulation, structure 

Figure 4. 
Linear vs. circular economy.
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analysis, and confirmation. This can be conducted through developing and adapting 
the power of computational chemistry software. AI can also introduce an assortment 
of different automated structure creations and molecule parameterization through the 
optimization of structures collected from various patents. These chemical formulae can 
be created within an hour. Also, The AI can give precisely the work conditions required 
for their application [17]. At last, AI can provide smart sensor designs that can accu-
rately inform the field conditions for better production.

On the other hand, nanotechnology boosts oil recovery through the addition of 
functionalized cost-effective nanoparticles and smart fluids, which enhance the phys-
ical features of the entrapped oil and improve its mobility and thus reduce chemical 
consumption [18]. In addition, recent experimental investigations have declared that 
the synergistic effects of nanoparticles (NPs) and polymer can enhance flooding 
performance and increase oil recovery compared to conventional polymer flooding 
due to better enhancement of rheological properties, IFT reduction, and altering oil 
wettability. From an economic point of view, nanoparticle-assisted polymer flooding 
achieves sustainability and promotes circular economy [19, 20].

3. �EOR and green economy

From a practical point of view, the two terms (circular economy and green 
economy) are interconnected. In oil and gas industry, establishing circular economy 
approaches promotes several benefits that can discourse environmental and economic 
challenges. Environmentally, the circular economy subsidizes to noteworthy waste 
minimization and resource preservation [21–23]. The reduction in waste generation 
and decreasing the amount of wastes sent to landfills can be achieved by executing 
benign strategies such as reusing and recycling by-products from different oil-gas 
operations [24]. These practices regulate the need for new raw materials, minimize 
the environmental footprint of the industrial operation, and help eliminate the 
adverse effects associated with resource extraction and waste disposal [25]. In addi-
tion, integrating circular economy principles in oil and gas industry can lead to 
significant perfections in resource organization and operational competence. For 
instance, approaches such as waste-to-energy structures and enhanced oil recovery 
systems contribute to a more circular tactic by reusing and recycling by-products and 
leftover materials [26]. Additionally, implementing circular economy strategies can 
help the industry comply with increasingly stringent environmental regulations and 
meet stakeholder expectations for sustainability [27–29]. Indeed, the development in 
enhanced oil recovery is subjected to rapid improvement in the increase of sustainabil-
ity efforts and technological innovation. This enhancement and EOR optimization are 
related to data analytics and nanotechnology. In addition, renewable energy sources, 
such as solar-thermal, are being combined to EOR operations, completing worldwide 
decarbonization policies. The strategies and legal regulations are also mandatory for 
sustainable EOR, including water treatment and emission reductions. While innova-
tion is unending, EOR could also link conventional fossil fuel production and clean 
energy sources. Furthermore, sustainable platforms such as CO2-EOR, and biode-
gradable chemicals, are being adopted to lower the environmental impact of EOR, 
especially in terms of carbon emissions and climate changes. In spite of the continued 
efforts in this field, some challenges remain—such as the elevated cost of processes 
and changeable oil prices—the future of EOR holds promise through continuous 
technological innovation and a growing emphasis on sustainability and greenness.
6
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4. �Conclusions

Oil exploration and production are among the most important operations in oil 
industry that directly affect the economy of nations and the environment of the 
planet. This industry is subjected to continuous improvement aiming to go paral-
lel with economic and environmental considerations. This book introduces recent 
approaches associated with EOR for production maximization, resource conserva-
tion, and environmental protection.
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Chapter 2

Green Materials Used in Enhanced 
Oil Recovery: A Historical 
Background and a Future Outlook
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Abstract

Petroleum crude oil is still the major source of fossil energy. In addition, it is a 
predominant spring of infinite raw materials. However, increased oil consumption 
due to enhanced industrial development necessitates establishing innovative proto-
cols that ensure rational production and fair distribution with environmental protec-
tion. The extraction of oils left in reservoirs is a preliminary process of high economic 
value. This process is generally known as enhanced oil recovery. Recovering crude oil 
from aged oil fields is of utmost economic importance. Among all the methods that 
are being applied in this regard, the addition of chemical agents was the most facile. 
This chapter introduces a comprehensive review of all these methods, focusing on the 
green chemical agents as a competitive, ecofriendly protocol.

Keywords: biopolymers, biosurfactants, polymer nanoparticles, economic impacts, 
environmental impacts

1. �Introduction

Enhanced oil recovery (EOR) is a term used in the petroleum industry to describe 
advanced techniques for extracting additional oil from a reservoir after the primary 
(natural pressure) and secondary recovery methods (water or gas injection) have 
been exhausted [1]. These techniques are employed to increase the amount of oil that 
can be recovered from an oil field, often extending its productive life [2]. EOR is cru-
cial for maximizing oil recovery, especially in mature or challenging reservoirs, and 
plays a key role in the energy industry [3]. While primary recovery relies on natural 
reservoir pressure and secondary recovery utilizes water or gas injection to maintain 
that pressure, these methods typically leave a significant portion of oil up to 60–80% 
trapped in the reservoir (Figure 1). EOR methods aim to access this remaining oil, 
significantly boosting recovery rates and extending the productive life of oil fields [5]. 
In addition to increasing oil recovery, EOR plays a critical role in addressing energy 
challenges by optimizing production from mature and unconventional reservoirs 
[4, 6]. Its application is particularly valuable in a world seeking to balance growing 
energy demands with sustainable resource management.
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The history of enhanced oil recovery (EOR) dates back over a century and reflects 
the evolution of technology and innovation in petroleum extraction [7]. Given below 
is a historical overview of EOR development, (Figure 2).

2. �Historical overview of EOR

2.1 Early beginnings (1800s: Early 1900s)

•	 First experiments with EOR: The earliest efforts to enhance oil recovery involved 
basic water flooding, where water was injected into reservoirs to maintain pres-
sure and displace oil [8].

•	 Steam injection concepts: By the early 1900s, researchers explored heating res-
ervoirs to improve heavy oil recovery, laying the foundation for thermal EOR 
methods [9].

Figure 1. 
Percentage of oil recovery by the various processes [4].

Figure 2. 
The history of enhanced oil recovery (EOR).
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2.2 Thermal EOR development (1920s: 1950s)

•	 Steam flooding: In the 1920s, the first documented steam injection experiments 
were conducted in California oil fields [10].

•	 In-situ combustion: The 1940s saw the development of in-situ combustion tech-
niques, where a portion of the oil in the reservoir is burned to generate heat and 
improve flow [11].

•	 Commercial use: By the 1950s, thermal EOR became commercially viable, par-
ticularly in heavy oil reservoirs like those in California [12].

2.3 Chemical EOR emergence (1950s: 1970s)

•	 Introduction of surfactants and polymers: In the 1950s and 1960s, scientists began 
using chemicals like surfactants and polymers to reduce surface tension and 
improve oil displacement [13].

•	 Alkaline flooding: Research into alkaline flooding, which creates soap-like sub-
stances within reservoirs, emerged in the 1960s [14].

•	 Increased adoption: Chemical EOR gained traction in the 1970s as oil prices rose, 
making these methods economically attractive [15].

2.4 Gas injection advances (1970s: 1980s)

•	 CO2 injection: The first large-scale CO2 injection project was implemented in 1972 
in the Permian Basin of West Texas, marking the beginning of a widely used EOR 
method [16].

•	 Miscible gas techniques: Gases like CO2 and nitrogen were used to create miscible 
conditions, allowing for more efficient oil recovery [17].

•	 Environmental considerations: CO2 injection also gained attention for its potential 
to sequester carbon while enhancing oil production [16].

2.5 Modern innovations (1990s – Present)

•	 Integration of advanced technologies: Improved reservoir modeling, horizontal 
drilling, and real-time monitoring enhanced the efficiency of EOR methods [16].

•	 Microbial EOR (MEOR): In the 1990s, biotechnological approaches using 
microbes to improve recovery were explored [18].

•	 Nanotechnology and hybrid EOR: Recent years have seen the introduction of 
nanoparticles and hybrid EOR methods to address complex reservoirs [19].

•	 Environmental and economic focus: The industry has increasingly focused on 
reducing the environmental impact of EOR, including integrating renewable 
energy sources for thermal methods and maximizing CO2 sequestration [16].
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2.6 Early awareness and challenges (mid-twentieth century)

•	 In the mid-1900s, EOR primarily relied on conventional chemicals and pro-
cesses, such as synthetic polymers and surfactants, which were effective but 
raised environmental concerns due to toxicity, persistence in ecosystems, and 
groundwater contamination risks [20].

•	 The environmental movement of the 1960s and 1970s highlighted the need for 
greener practices in industrial operations, including oil recovery [5, 21].

3. �Progress of biological resources and environmental concerns

3.1 Introduction of biopolymers and biosurfactants (1970s: 1980s)

•	 Researchers began exploring biodegradable alternatives like biopolymers (e.g., 
xanthan gum, guar gum, and Arabic gum) and biosurfactants produced by 
microorganisms [22]. These materials were environmentally friendly and 
performed comparably to synthetic options in some EOR processes [23].

•	 Early successes in pilot projects demonstrated the potential of biobased materials 
for reducing environmental harm [24].

3.2 Advances in biotechnology and green chemistry (1990s: 2000s)

•	 Advances in microbiology and biotechnology enabled the large-scale production 
of microbial-derived materials such as biosurfactants and bioengineered poly-
mers [25].

•	 Simultaneously, the concept of carbon capture and utilization (CCU) gained 
momentum, integrating captured CO2 in gas injection EOR projects to both 
enhance oil recovery and sequester greenhouse gases [26].

3.3 Emergence of nanotechnology and renewable resources (2000s: 2010s)

•	 Nanoparticles synthesized using green methods (e.g., plant-based processes) 
began being explored for their ability to enhance recovery by altering reservoir 
wettability and reducing oil–water interfacial tension [27].

•	 Algae-derived chemicals and other biobased solutions were developed as renew-
able, sustainable sources for EOR agents [28].

3.4 Modern era and sustainability focus (2010s to present)

•	 Growing global focus on sustainability, climate change, and the environmental 
impact of the oil industry accelerated research into green EOR materials.

•	 Governments, environmental agencies, and companies emphasized the develop-
ment of materials that reduce toxicity, enhance biodegradability, and leverage 
renewable sources.
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•	 The integration of renewable energy in thermal EOR methods, such as using 
solar energy for steam generation, emerged as a green enhancement to tradi-
tional techniques [16, 29, 30].

3.5 Current role in the industry

EOR has become a critical component of modern oil production, especially in 
mature fields and unconventional reservoirs. It is driven by the need to maximize 
recovery efficiency and address global energy demands while balancing environmen-
tal concerns [15]. The history of EOR reflects the interplay of technological innova-
tion, economic drivers, and environmental considerations in the petroleum industry.

Today, the use of green materials in EOR is increasingly recognized as a way to bal-
ance efficient oil recovery with environmental stewardship, addressing both energy 
demands and sustainability goals [31–34].

4. �Types of EOR methods

EOR can be broadly categorized into three main groups – based on the technique 
employed – as displayed in Figure 3.

4.1 Thermal EOR

Thermal enhanced oil recovery (thermal EOR) involves introducing heat into an oil 
reservoir to reduce the viscosity of heavy oil and facilitate its flow toward production 

Figure 3. 
Types of EOR methods.
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wells [12]. This technique is particularly effective in heavy and extra-heavy oil fields, 
where oil is too thick to flow under natural conditions [10, 35]. An illustration of the 
overall process is given in Figure 4.

4.1.1 Mechanism of thermal EOR

•	 Heat introduction: Heat is introduced into the reservoir through methods like 
steam injection or in-situ combustion [10, 36].

•	 Viscosity reduction: Heat reduces the viscosity of the oil, making it more fluid and 
easier to mobilize [7, 37].

•	 Pressure and expansion effects: In some cases, steam also generates pressure that 
pushes oil toward production wells [37, 38].

•	 Reservoir changes: Heat alters the reservoir’s wettability and reduces oil–water 
interfacial tension, further aiding oil flow [39, 40].

4.1.2 Types of thermal EOR

1.	Steam injection

•	 Cyclic steam stimulation (CSS): Also known as “huff and puff,” steam is 
injected, left to soak, and then oil is produced [41].

•	 Steam flooding: Continuous injection of steam to displace oil [12].

2.	In situ combustion

•	 A portion of the reservoir oil is ignited to generate heat, which reduces viscos-
ity and mobilizes the remaining oil [42, 43].

Figure 4 
Thermal enhanced oil recovery (Modified from reference [35]).
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3.	Hot water flooding (steam flooding effect)

•	 Injection of hot water instead of steam to achieve similar effects, though less 
commonly used [44, 45].

4.	Solar-assisted EOR

•	 Uses concentrated solar power to generate steam for injection, reducing reli-
ance on fossil fuels [12, 46].

The overall advantages and disadvantages of thermal EOR are collected in Table 1.

4.1.3 Economic impacts of thermal EOR

Thermal enhanced oil recovery (EOR) has a notable economic impact, with high 
initial investments required for steam generation facilities and supporting infrastruc-
ture (Figure 5). Despite these costs, the method remains cost-competitive per barrel, 
particularly in heavy oil fields. However, its profitability is highly sensitive to oil price 
fluctuations, as lower prices can render it economically unfeasible. On the positive 
side, thermal EOR fosters significant job creation across engineering, operations, and 
maintenance sectors, contributing to local economic growth and providing employ-
ment opportunities in specialized fields.

•	 High initial investment (40%): Capital costs for steam generation and infra-
structure dominate initial expenditures. Indeed, steam generation facilities and 
infrastructure comprise substantial capital costs [54].

•	 Cost per barrel (25%): This factor reflects competitiveness and efficiency in 
production, where the cost per barrel of oil produced through thermal EOR is 
competitive, especially in heavy oil fields [55].

•	 Oil price sensitivity (20%): Fluctuations in oil prices significantly affect profit-
ability but are secondary to fixed costs. Profits depend on oil prices; lower prices 
can make thermal EOR economically unfeasible [56].

•	 Job creation (15%): While crucial for socio-economic impact, its weight in overall 
economic assessment is lower compared to the other factors. Thermal EOR 
projects generate employment in engineering, operations, and maintenance [57].

Advantages of thermal EOR Disadvantages of thermal EOR

High efficiency: Particularly effective in recovering heavy 
oil and bitumen [47].
Enhanced recovery rates: Can recover up to 60–70% of 
the original oil in place in some cases [48].
Mature field application: Extends the productive life of 
mature and heavy oil reservoirs [12].
Economic viability: Steam generation is cost-effective 
compared to other methods, especially in heavy oil 
fields [49].

Energy intensive: Requires significant energy input for 
steam generation or combustion [50].
Water demand: Consumes large amounts of water, 
which can be a challenge in arid regions [51].
Reservoir suitability: Less effective in light oil reservoirs 
or highly fractured formations [52].
Operational complexity: Managing heat distribution and 
reservoir conditions is technically challenging [53].

Table 1. 
Advantages and disadvantages of thermal EOR.
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4.1.4 Environmental impact of thermal EOR

Thermal EOR can induce both positive and negative environmental aspects. On 
the positive side, it reduces gas flaring by using produced gas for steam generation 
and can integrate CO2 injection to enhance recovery while sequestering carbon 
[58, 59]. Negatively, steam generation contributes to greenhouse gas emissions, uses 
significant water resources, and risks groundwater contamination, alongside land 
disturbance from surface operations [60, 61].

4.1.5 Sustainability efforts

Sustainability efforts in thermal EOR focus on reducing its environmental 
footprint while maintaining efficiency. Solar-assisted thermal EOR uses renewable 
solar energy for steam generation, significantly lowering greenhouse gas emis-
sions compared to traditional fossil fuels [62]. Additionally, advancements in water 
management include recycling and treating produced water for reuse, minimizing 
freshwater consumption, and reducing risks to local water resources. Efforts also 
include optimizing CO2 injection, which not only enhances oil recovery but also 
aids in carbon sequestration. These initiatives aim to balance energy needs with 
environmental stewardship [63]. Innovations such as solar-assisted thermal EOR and 
recycling-produced water aim to mitigate environmental concerns and improve the 
sustainability of these methods [64]. Although thermal EOR is a powerful tool for 
maximizing oil recovery from heavy oil reservoirs, it requires careful management of 
its economic and environmental trade-offs.

4.1.6 Green materials in thermal enhanced oil recovery (thermal EOR)

Thermal enhanced oil recovery (thermal EOR) techniques, particularly steam 
injection, are commonly used to recover heavy oil and bitumen by increasing the 
temperature within the reservoir, which lowers the viscosity of the oil, making it 
easier to extract. However, the traditional thermal methods can be energy-intensive, 

Figure 5 
Economic impacts of thermal EOR.
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potentially contributing to environmental pollution, including high carbon emissions. 
This has led to increased interest in green materials in thermal EOR to reduce environ-
mental impacts, increase energy efficiency, and promote sustainability [12]. Green 
materials in thermal EOR aim to enhance oil recovery processes while reducing the 
reliance on fossil fuels and minimizing harmful environmental effects. These materi-
als are typically sourced from renewable, biodegradable, and non-toxic resources 
[65, 66]. Types of green materials used in thermal EOR and their importance are 
tabulated in Table 2. In addition, the benefits and challenges of using green materials 
in thermal EOR are gathered in Figure 6 [76].

4.2 Chemical EOR

Chemical EOR involves injecting chemicals into a reservoir to improve oil dis-
placement efficiency. These chemicals alter the physical properties of the oil and 
reservoir rock, enabling more oil to flow toward production wells. (Using chemicals 
to alter the properties of the oil or the reservoir, improving oil displacement [77, 78]).

4.2.1 Common methods of chemical EOR

•	 Polymer flooding: Polymers increase the viscosity of water injected into the 
reservoir, improving sweep efficiency [79].

•	 Surfactant-polymer flooding: Surfactants reduce the surface tension between oil 
and water, making it easier for oil to flow [80].

•	 Alkaline flooding: Alkaline chemicals react with crude oil to produce soap-like 
substances that improve recovery [81].

•	 Combination processes: Techniques often combine surfactants, polymers, and 
alkaline agents to enhance recovery efficiency further [82].

However, the rewards and drawbacks of chemical EOR are given in Table 3. 
In addition, the economic [88, 89] and environmental impacts [90, 91] of chemi-
cal EOR are summarized in Figure 7. Chemical EOR is a powerful technique for 
enhancing oil recovery, especially in reservoirs where traditional methods have 
failed. While its high costs and environmental challenges are notable, ongoing 
innovation in sustainable chemical alternatives and optimized processes continues 
to address these limitations [92].

In recent years, there has been growing interest in using green materials for 
chemical enhanced oil recovery (EOR) processes [77]. These materials are derived 
from renewable sources and are designed to minimize environmental impact, reduce 
toxicity, and enhance biodegradability [93]. The use of green materials in EOR aligns 
with the global emphasis on sustainability and environmental responsibility while 
still addressing the need to improve oil recovery in mature fields and challenging 
reservoirs [93].

4.2.2 Types of green materials used in chemical EOR

•	 Biopolymers: They are polymers derived from biological sources, such as plants, 
microorganisms, or algae [94, 95]. They include gums from different sources such 
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Green materials Description Examples Mechanism Advantages

Biopolymers for 
viscosity control

Biopolymers are 
naturally occurring 
polymers that can be 
used to improve the 
efficiency of thermal 
EOR processes by 
controlling the viscosity 
of the injected fluids 
[67].

Guar gum (from 
guar plant) and 
xanthan gum 
(from bacteria).

Thickening the 
injected fluid, 
making it more 
effective in 
displacing oil.
Modifying the 
rheology of water 
or steam injected 
into the reservoir, 
improving its 
mobility and 
distribution, thus 
enhancing the 
overall process 
efficiency [24, 68].

Biodegradable and 
non-toxic.

Surfactants 
from renewable 
resources

Surfactants are surface-
active materials that can 
reduce the interfacial 
tension between oil and 
water, which can help 
reduce the viscosity of 
heavy oils, making them 
easier to extract when 
combined with thermal 
techniques.

Alkyl 
polyglycosides 
(from plant 
sugars)
Fatty acid methyl 
esters (derived 
from plant oils).

Lowering the 
surface tension 
between oil and 
water improves 
the efficiency of 
oil displacement 
in thermal EOR 
processes [69, 70].

Renewable and 
biodegradable.
Non-toxic and safer 
for the environment.
Surfactants derived 
from renewable 
resources can replace 
synthetic surfactants 
that might be 
harmful to the 
ecosystem [24].

Green solvents Ecofriendly solvents 
that can replace 
traditional solvents 
that are being used in 
thermal EOR.

Limonene 
(derived from 
citrus fruits) and 
terpines.

They can be 
injected alongside 
steam to help 
reduce the viscosity 
of heavy oils, 
improving the flow 
and recovery rate 
during the thermal 
EOR process [71].

Biodegradable, 
highly effective, and 
sustainable [72, 73].

Nanomaterials They can be 
synthesized through 
environmentally 
friendly processes using 
renewable resources 
[31, 74, 75].

Silica 
nanoparticles 
derived from 
plant-based 
sources.
Magnetic 
nanoparticles 
synthesized 
using biobased 
methods.

They can be used 
in conjunction with 
steam injection 
to enhance heat 
transfer, improve 
oil mobility, or 
modify reservoir 
wettability, 
enhancing the 
overall oil recovery 
process [19].

Small size and 
large surface area 
allow nanoparticles 
to interact more 
effectively with the 
oil and the reservoir 
rock.
Can help in 
improving oil flow 
and increasing 
thermal recovery 
efficiency.
Can be designed to 
interact with steam 
or heat to reduce 
energy requirements 
for the thermal EOR 
process.

Table 2. 
Green materials used in thermal EOR.
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Figure 6. 
Benefits and challenges of using green materials in thermal EOR.

Rewards of chemical EOR Drawbacks of chemical EOR

Increased recovery efficiency: Enhances the recovery of 
residual oil trapped by capillary forces [83].
Applicable to diverse reservoirs: Effective in reservoirs with 
high heterogeneity and residual oil saturation [13].
Customizable formulations: Chemical mixtures can be 
tailored to reservoir conditions [84].

High costs: Chemicals, especially surfactants 
and polymers, can be expensive to produce and 
transport [85].
Reservoir compatibility issues: Not all reservoirs are 
suitable for chemical EOR; the injected chemicals 
may react negatively with the reservoir rock or brine 
[86].
Potential plugging: Polymers can clog the reservoir’s 
pore spaces, reducing permeability [87].

Table 3. 
Rewards and drawbacks of chemical EOR.

Figure 7. 
Economic and environmental impacts of chemical EOR.
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as xanthan gum (produced by bacteria), guar gum (from guar beans), and car-
boxymethyl cellulose (from plant cellulose). As natural polymers, they are benign 
to the environment. Most of these polymers are excellent viscosifiers and help 
improve oil displacement [96]. In chemical EOR, they are used to increase the 
viscosity of water, enhancing the efficiency of water flooding in reservoirs [79].

•	 Biosurfactants: These are surface-active compounds produced by microorgan-
isms, capable of lowering the interfacial tension between oil and water, making 
oil more mobile and less viscous [97]. They involve many materials that are 
usually of microorganism origin such as Rhamnolipids (produced by certain 
bacteria), Sophorolipids (produced by yeast), and Surfactin (produced by Bacillus 
subtilis). They fulfill the criteria of natural materials, being biodegradable 
and environmentally friendly. They can reduce toxicity compared to synthetic 
surfactants. In addition, they are highly effective at reducing the surface ten-
sion between oil and water, improving oil displacement [98]. Their major role 
in chemical EOR is to improve the recovery of trapped oil by reducing surface 
tension and facilitating better oil flow [98].

•	 Biobased surfactant alternatives: These categories are simply surfactants derived 
from renewable sources like plants or animal fats such as Fatty acid methyl esters 
(from vegetable oils) and Alkyl polyglycosides (from plant sugars). They can 
replace petrochemical-based sources [99]. They are environmentally friendly 
and biodegradable [99]. They can be more effective in certain types of reservoirs, 
reducing environmental concerns [100]. As surface-active compounds, they act 
by reducing the interfacial tension between the oil and water, making it easier to 
displace oil from reservoir rocks [101].

•	 Algae-derived materials: These materials are polymeric compounds produced 
from different algal species. They are mainly polysaccharides such as alginate 
and lipids. They combine the ecofriendly nature with a high ability to reduce the 
viscosity of the crude oil, facilitating its extraction [102–104].

•	 Nanoparticles (Green synthesis): These tiny particulates of 1–100 nm can be syn-
thesized via green methods from plant extracts or from other renewable sources 
Figure 8 [105]. They can be engineered to alter the wettability of reservoir rocks, 
improving oil mobility [106]. They can be used in both water flooding and gas injec-
tion techniques to improve oil recovery efficiency, considering the environmental 
impact of traditional methods [107]. Their green nature and their low toxicity make 
them very useful in controlling the environmental pollution, especially when they 
are discarded in the oil wells [31, 75]. However, applying this type of material is 
judged by some challenges such as the overall cost of the operation, performance 
variability according to the operation conditions, and the proper infrastructures 
required for scaling production of these materials [108, 109]. Indeed, the use of green 
materials in chemical EOR represents a promising step toward making oil recovery 
processes more sustainable and environmentally responsible. By replacing tradi-
tional, toxic chemicals with biodegradable, renewable alternatives, the oil industry 
can significantly reduce its environmental footprint while continuing to improve 
recovery rates [31]. The growing interest in green materials reflects a broader shift 
toward sustainability in the oil and gas sector, aligning energy production with 
ecological preservation and societal demands for cleaner energy practices [110].
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5. �Gas EOR

Gas EOR involves injecting some gases, such as carbon dioxide (CO2), nitrogen 
(N2), or natural gas, into an oil reservoir to enhance oil recovery. These gases either 
dissolve in the oil to reduce its viscosity or increase reservoir pressure to mobilize 
trapped oil [15, 111].

5.1 Common methods of gas EOR

5.1.1 CO2 injection

When carbon dioxide mixes with oil, oil viscosity is reduced and its flowability is 
enhanced (Figure 9) [111].

Figure 9. 
CO2 injection in gas enhanced oil recovery [109].

Figure 8. 
Nanoparticles (green synthesis) in EOR.
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5.1.2 Nitrogen injection

Displaces oil and maintains reservoir pressure (Figure 10) [112].

5.1.3 Miscible gas injection

Gases mix with oil to form a single phase, enhancing flow [112].

5.2 Mechanism of gas EOR

1.	Miscible gas injection

•	 Mechanism: Gases like CO2 are injected until they become miscible (blend 
seamlessly) with the oil at reservoir conditions. This reduces the interfacial 
tension between oil and gas, allowing the oil to flow more freely [113].

•	 Effect: Enhances the displacement efficiency of oil from the reservoir [114].

2.	Immiscible gas injection

•	 Mechanism: When miscibility cannot be achieved due to pressure or tempera-
ture limitations, gases act as a pressurizing agent, forcing oil toward produc-
tion wells [79].

•	 Effect: Improves reservoir pressure and oil recovery, though less efficiently 
than miscible techniques [115].

Figure 10. 
N2 injection in gas enhanced oil recovery [110].
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3.	Wettability alteration

•	 In some cases, gas injection alters the rock’s wettability, making it easier for oil 
to detach and flow [116].

4.	Gravity drainage

•	 Gases injected into the reservoir can flow to the top, aiding in oil movement 
through gravitational forces [117].

At last, cons and pros of gas EOR are given in Table 4.

5.3 Economic impact of gas EOR

1.	Positive economic outcomes

•	 Prolongs the productive life of reservoirs, maximizing the economic return on 
investment in existing fields [88].

•	 Particularly viable in mature fields where primary and secondary methods are 
no longer effective [123].

2.	Cost challenges

•	 High costs for gas sourcing, compression, and injection infrastructure [124].

•	 Economic feasibility is tied to oil prices; higher prices make gas EOR more 
attractive [125].

5.4 Environmental impact of gas EOR

1.	CO2 utilization and storage:

•	 Gas EOR offers a dual benefit of enhanced recovery and carbon sequestration, 
mitigating greenhouse gas emissions [126].

•	 However, there is a risk of leakage from improperly sealed reservoirs [127].

Returns of gas EOR Shortcomings of gas EOR

High efficiency in light oil reservoirs: Particularly effective 
for light and moderately heavy oils [118].
CO2 sequestration potential: CO2 injection not only 
enhances oil recovery but also serves as a method for 
carbon capture and storage (CCS) [117].
Reservoir pressure maintenance: Gas injection helps sustain 
reservoir pressure, improving long-term productivity 
[119, 120].

Limited miscibility conditions: Achieving miscibility 
requires specific pressure and temperature conditions, 
which may not be present in all reservoirs [121].
Gas availability and infrastructure: Reliable sources of 
CO2 or other gases and the infrastructure for injection 
and recycling are critical [112].
Gas breakthrough: Injected gas may bypass the oil, 
reaching production wells prematurely and reducing 
recovery efficiency [122].

Table 4. 
Gas EOR: advantages and disadvantages.
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2.	Energy consumption:

•	 Compressing and injecting gases require significant energy, contributing to 
the carbon footprint [128].

•	 Recycling gases can reduce energy demands but adds operational 
complexity [129].

3.	Potential groundwater contamination:

•	 Improper handling of injected gases can risk contaminating groundwater 
reserves [130].

Recently, emerging technologies such as microbial EOR and nanotechnology have 
expanded the scope of these methods.

5.5 Green materials in gas EOR

Why green materials are needed:

1.	Reducing environmental risks: Traditional gas injection processes involve potential 
greenhouse gas emissions, contamination risks, and resource-intensive opera-
tions. Green materials can mitigate these impacts [131].

2.	Improving sustainability: Biobased or biodegradable materials can complement 
gas EOR, enhancing oil recovery with lower environmental footprints [132].

3.	Integration with renewable energy: Renewable energy-powered CO2 capture and 
compression technologies can make gas EOR more sustainable [133].

Examples of green innovations:

•	 Biologically enhanced gas EOR: Introducing microbes that interact with gases to 
improve recovery efficiency [134].

•	 Nanoparticles in gas injection: Nanoparticles that stabilize miscibility and enhance 
oil mobility [107].

•	 Carbon-neutral gas sources: Sourcing CO2 from renewable energy-driven indus-
trial processes [135].

Gas enhanced oil recovery (EOR) is an exceptionally effective method, especially 
for reservoirs containing light oils or exhibiting diminished pressures. Especially for 
reservoirs with light oils or depleted pressures, gas EOR is a very effective technology 
[30, 136]. Although its ability to sequester CO2 is in line with global climate goals, 
there are environmental and economic obstacles. EOR is not only efficient but also 
sustainable for future energy needs because of these considerations, which highlight 
the significance of implementing green materials and methods [137, 138].

In enhanced oil recovery (EOR), green materials refer to ecologically accept-
able and sustainable substitutes for traditional chemicals and procedures. While 
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preserving or enhancing recovery efficiency, these materials seek to lessen their 
impact on the environment [31]. Here are a few instances:

1.	Biopolymers: Natural, biodegradable polymers generated from microorganisms, 
such as xanthan gum and scleroglucan, are utilized for polymer flooding to im-
prove oil mobility [22].

2.	Biosurfactants: Made by microorganisms, these surfactants are safer for the envi-
ronment than synthetic ones and increase oil displacement by lowering interfa-
cial tension [25, 139].

3.	Nanoparticles: By changing reservoir wettability and lowering oil viscosity, 
green-synthesized nanoparticles (such as silica derived from plants or biosyn-
thesis) enhance oil recovery [107].

4.	Algae-derived chemicals: Fatty acids and lipids, which can function as solvents 
or surfactants in EOR, are biobased chemicals that algae offer as a renewable 
resource [140].

5.	CO2 from renewable sources: Oil recovery and carbon sequestration are combined 
when captured CO2 from bioenergy operations is used in gas injection for mis-
cible flooding. These resources assist more environmentally friendly methods in 
the oil and gas sector by being in line with sustainability objectives [133].

5.6 Innovative and combined approaches

Innovative and combined approaches are being developed in addition to the 
conventional EOR methods:

•	 Microbial EOR (MEOR): By dissolving heavy oil molecules or lowering inter-
facial tension, microorganisms or their byproducts might enhance oil recovery 
[25].

•	 Nanotechnology in EOR: To improve recovery, nanoparticles modify fluid 
dynamics at the molecular level [141].

•	 Hybrid EOR methods: These methods combine gas, chemical, or thermal 
approaches to maximize recovery in intricate reservoirs [142].

6. �Applications of EOR

The petroleum industry makes extensive use of enhanced oil recovery (EOR) 
techniques to maximize oil production from reservoirs that are challenging to exploit 
with traditional methods. EOR is used in a wide range of geological, industrial, and 
economic settings. Applications of enhanced oil recovery (EOR) (Figure 11).

EOR, which aims to maximize the effective use of existing reservoirs and address 
falling output, is a crucial part of contemporary petroleum engineering [143].

Numerous geological, environmental, and economic contexts are covered by the 
applications of enhanced oil recovery, or EOR. EOR methods are essential for optimizing 
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hydrocarbon recovery, meeting energy needs, and facilitating sustainable oil production. 
The next step in making EOR procedures more effective and ecologically conscious is the 
incorporation of green materials and renewable energy sources [144].

7. �An overview of the future of green materials in enhanced oil recovery 
(EOR)

Given the increased focus on minimizing the environmental impact of industrial 
operations, especially oil recovery, enhanced oil recovery’s (EOR) future is strongly 
linked to sustainability. Green materials minimize negative environmental effects 
while increasing recovery efficiencies, providing an inventive way ahead. An outlook 
for the future of green material use in EOR is provided below, covering developments, 
obstacles, and the possibility of incorporating these materials into standard proce-
dures. Incorporating environmentally friendly materials into enhanced oil recovery 
(EOR) is not only a technological breakthrough but also a crucial step in the oil and 
gas sector’s transition to sustainability. With further development, these materials 
could make EOR a greener, cleaner process that strikes a balance between the need 
to produce energy and protect the environment [145]. Moreover, the most important 
green materials used in EOR and their specific role(s) are tabulated in Table 5.

However, the main challenges of utilizing natural materials in EOR are:

•	 Scalability: Natural nanomaterials sometimes require complex extraction.

•	 pH/salinity sensitivity: Performance varies in harsh reservoir conditions.

•	 Cost: Processing may offset sustainability benefits.

Figure 11 
Applications of EOR.
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8. �Sustainable development goals (SDGs) and green materials in enhanced 
oil recovery (EOR)

A number of the sustainable development goals (SDGs) of the UN are strongly related 
to the incorporation of green materials into enhanced oil recovery (EOR), Figure 12. 
These objectives seek to advance social well-being, environmental stewardship, and 
sustainability on a worldwide scale. By encouraging sustainability and environmental 
stewardship in the energy industry, the use of green materials into enhanced oil recovery 
(EOR) is in line with the sustainable development goals (SDGs) of the UN. By increasing 
energy efficiency, prolonging reservoir life, and integrating renewable energy sources 
like solar power into extraction processes, green EOR materials such as biosurfactants, 
biopolymers, and nanoparticles based on renewable resources support SDG 7. By encour-
aging innovation and sustainable industrial practices through environmentally friendly 
technologies, these developments also support SDG 9. Green materials help achieve 
SDG 12 by reducing environmental impact and guaranteeing responsible production by 
substituting biodegradable chemicals for hazardous ones [24]. Furthermore, gas EOR that 
makes use of carbon capture, utilization, and storage (CCUS) greatly lowers greenhouse 
gas emissions, which is consistent with SDG 13 and international climate action programs. 
By lowering the ecological dangers of conventional chemical pollutants, the implementa-
tion of green EOR techniques also safeguards terrestrial habitats (SDG 15) and aquatic 

Material Source General roles Key EOR 
mechanism

Advantages

Cellulose 
nanocrystals 
(CNCs)

Wood pulp, 
cotton, 
agricultural 
waste.

Interfacial tension reduction: 
Modifies oil–water interfaces. 
Emulsion stabilization: Forms 
Pickering emulsions for 
mobility control. Thermal 
stability: Withstands reservoir 
temperatures (up to 120°C).

Emulsion 
stabilization

Renewable, low-cost

Lignin 
nanoparticles

Paper/pulp 
industry waste, 
plant biomass.

Foam stabilizer: Enhances 
CO2/N2 foam durability for 
gas flooding. Antioxidant 
properties: Prevents crude oil 
oxidation. Heavy oil viscosity 
reduction: Disrupts asphaltene 
aggregates.

Foam/CO2 
flooding

Waste valorization

Chitosan 
nanofibers

Crab/shrimp 
shells, fungal 
biomass.

Wettability alteration: 
Biopolymer flooding: Improves 
sweep efficiency via viscosity 
enhancement. pH-responsive: 
Expands in low-pH reservoirs 
for pore blockage.

Wettability 
alteration

Biodegradability

Silica 
nanoparticles 
(Bio-SiO2)

Rice husk, 
sugarcane 
bagasse.

Nanofiltration and thermal 
conductivity.

Permeability 
modification

High abundance

Carbon 
quantum dots 
(CQDs)

Biochar, 
coconut shells.

Tracers and catalyst carriers. Reservoir 
monitoring

Non-toxic, optical 
properties

Table 5. 
The most important green materials used in EOR.
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ecosystems (SDG 14). Additionally, the creation of green materials encourages col-
laborations across sectors, uniting governments, businesses, and academic institutions 
to support sustainable energy solutions (SDG 17). By optimizing resource utilization, 
these advances protect ecosystems, lessen the environmental impact of oil extraction, 
and enhance global energy security. In addition to supporting the larger SDG frame-
work, green EOR materials collectively represent a revolutionary step toward tackling 
climate issues, creating resilience in the oil and gas sector, and striking a balance between 
energy demands and environmental sustainability [147].

9. �Governmental policies and industry regulations for green EOR

Several governmental regulations have been established to ensure the achievement 
of the best EOR practices. They include—but not limited to—regulatory drivers, 
industrial standardization for the materials used in the process, bans and phasing out 
potentially harmful materials, and funding giant research for innovative EOR proj-
ects. Some of these regulations and their impacts on EOR are given in Table 6.

Policy type Brief impacts on EOR Example

Carbon pricing and 
taxes

Enhancing the economic viability of CO2-EOR Alberta’s CCUS Hub

Biobased mandates Forces the implementation of plant-derived nanomaterials and 
chemicals

Brazil’s RenovaBio 
program

Emission caps Adoption of cleaner, low-emission EOR fluids Norway’s CLIMIT 
program

API/ISO guidelines Standards like ISO 14001 push for lifecycle assessments (LCA) of 
EOR chemicals (e.g., banning toxic solvents)

U.S. DOE’s NETL 
funds

Table 6. 
The impact of some governmental policies and industry regulations on EOR.

Figure 12. 
EOR in relevance to UN-SDGs [146].
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However, the most impactful challenges associated with these regulations are

•	 Policy fragmentation: Inconsistent regulations across regions (e.g., U.S. state-by-
state rules).

•	 High compliance costs: Small operators struggle with establishing green tech.

10. �Case studies for different green EOR techniques

At last, some case studies for EOR mandates are introduced in Table 7 to illustrate 
their role in enhancing the credibility and economic viability of EOR [148].

11. �Conclusions

In conclusion, the use of green materials in enhanced oil recovery (EOR) repre-
sents a promising and sustainable approach to improving oil extraction efficiency 
while minimizing environmental impact. As discussed throughout this chapter, 

Technique Mechanism Case study Performance data Policy driver

CO2-EOR CO2 injection with 
sequestration

Petra Nova, Texas 
(USA)

•	 Storage: 1.6 M 
tonnes CO2/yr.

•	 Oil gain: 15% 
recovery boost

•	 Cost: $60/barrel

45Q Tax Credit ($85/
tonne CO2)

Microbial EOR In-situ biosurfactant 
production

ONGC, 
Ankleshwar 
(India)

•	 Incremental oil: 
8–10%

•	 Cost: $2.5/barrel

•	 Carbon footprint: 
0.05 kg CO2/barrel

India’s biofuel policy 
subsidies

Solar-SAGD Solar-thermal steam 
generation

GlassPoint, Oman •	 Emissions: 80% 
lower than gas-fired 
SAGD

•	 Steam cost: 3.5/
MBTU vs. 3.5/
MBTU vs. 8.5

•	 Limitation: 
Land-intensive

Oman’s renewable 
energy targets

Lignin 
nanoparticles

Foam stabilization 
for facile gas flood

EcoEOR, North 
Sea (Norway)

•	 Foam half-life: 
3x longer than 
synthetic

•	 Cost: 30% 
lower than PEG 
surfactants

•	 Scalability: 500 bbl/
day pilot

EU REACH 
restrictions on 
synthetics

Table 7. 
Some case studies on EOR regulations and their economic impacts.
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natural polymers, biobased nanomaterials, and biodegradable surfactants have 
demonstrated significant potential to replace conventional chemicals that often pose 
ecological and health risks. These environmentally friendly alternatives not only 
enhance oil recovery performance but also align with global efforts toward sustain-
able development and cleaner energy production. Advances in biotechnology and 
nanotechnology have further improved the functionality and resilience of green 
materials under harsh reservoir conditions, making them increasingly viable for field 
applications. However, large-scale implementation still faces challenges, including the 
need for comprehensive field studies, economic feasibility assessments, and a deeper 
understanding of material-reservoir interactions. Despite these obstacles, the shift 
toward green EOR technologies reflects a growing awareness of the need to reduce the 
carbon footprint of the oil and gas industry. As environmental regulations tighten and 
societal demand for eco-conscious solutions increases, green materials are expected 
to play a pivotal role in shaping the future of EOR practices. Their integration could 
mark a key step toward achieving more sustainable and responsible resource recovery 
in the years to come.
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Chapter 3

Innovation Technique for Enhanced 
Oil Recovery: Sustainable 
Approaches and Environmental 
Considerations
Bongiwe Ladyfair Hem

Abstract

Enhance oil recovery development is under the intervention of rapid change in 
the increase of sustainability efforts and technological innovation. Data analytics and 
nanotechnology are being used to optimize enhanced oil recovery (EOR) processes, 
enhancing recovery efficiency and resource efficiency. Renewable energy sources, 
such as solar thermal, are being integrated into EOR operations, complementing 
global decarbonization efforts. The policy and regulatory support are also important 
for sustainable EOR, including water treatment and emission reductions. While 
innovation is ongoing, EOR could also bridge conventional fossil fuel production and 
clean energy sources.

Keywords: enhance, oil, recovery, sustainability, environmental

1. �Introduction

Advanced extraction method applied to recover oil that cannot be retrieved through 
primary and secondary recovery processes, but tertiary recovery is called enhanced oil 
recovery (EOR) [1]. EOR has become a foundation of the global oil industry, driven 
by its capacity to meet rising energy demands in the face of reducing conventional 
resources. While traditional extraction methods leverage natural reservoir pressure 
and water injection to push oil to the surface, EOR techniques aim to maximize oil 
extraction by altering the properties of the reservoir fluid. Utilizing advanced recovery 
techniques, EOR can boost oil recovery rates by up to 30–60%, making it an essential 
tool for stabilizing supply in a competitive and fluctuating energy market [2].

The risks of natural ecosystems that are linked to standard EOR methods, which 
result in environmental impacts, such as elevated carbon emissions, increased water 
consumption, and the risk of chemical contamination, need consideration [3]. The 
noted challenges require sustainable and environmentally friendly methods that can 
balance a long-term oil recovery with long-term ecological stability. Low-carbon 
thermal recovery, biodegradable chemical injections, and renewable energy aim to 
minimize environmental impact and reduce greenhouse emission while maintaining 
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EOR extraction methods [4]. The development of minimizing environmental impact 
is important for also compliance, cost reduction, and feasibility of oil production [5]. 
This chapter examines recent advancements in enhanced oil recovery (EOR), focus-
ing on sustainable methods and environmental factors crucial for reducing impact 
while addressing global energy requirements.

1.1 Background

Reducing oil viscosity and interfacial tension after primary and secondary 
recovery stages, while improving oil efficiency is what enhanced oil recovery (EOR) 
intends to achieve [6]. EOR research has developed over the years with advanced 
process that requires compliance standards due to population growth. Forty years ago, 
carbon dioxide EOR was developed to increase the percentage of oil that’s within the 
reservoir [7]. Nonetheless, the 1950s witnessed notable developments in chemical 
injection and thermal recovery, establishing the groundwork for modern OER, aimed 
at maximizing recovery and managing declining production rates [8].

1.2 Fundamentals of enhanced oil recovery

The following summarizes the stages of oil production that lead to improved oil 
recovery [9]:

a.	Initial recovery: this is the first phase of oil production from a reservoir, during 
which natural processes such as drainage, water migration, gas expansion, and 
oil expansion push oil to the surface [10].

b.	Secondary recovery: recovers up to 40% of oil by employing surface and 
submerged pumps to mechanically lift fluids in the reservoir, as well as water 
injection, natural gas reinjection, and gas lift [10].

c.	Third recovery, also known as improved oil recovery, is a method of boosting 
production and field life by injecting CO2 into exhausted oil or gas reservoirs. 
Accordingly, the recovery is increased to 30–60% [11].

When enhanced oil recovery (EOR) techniques are used to increase both the 
amount of oil recovered and the pace of recovery, two parts can be identified 
(Figure 1): both traditional and non-traditional [13].

1.3 Conventional

Conventional oil recovery involves natural flow, artificial lift, water floods, and 
pressure maintenance, as illustrated in Figure 1 [12]. Traditional conventional oil 
recovery often utilizes well drilling in those fields where a gas drive mechanism 
pushes the oil into production wells. However, the problem of pressure depletion can 
easily arise much earlier in the life of such a reservoir. In order to delay this process, 
reservoir engineers generally reinject the produced gas to maintain pressure.

According to Geologist skills [14], when a strong water drive exists, water 
flooding is commonly used once oil production slows. The objective is to push the 
remaining oil into production wells. Dry gas injection is done into the same types of 
porous (Figure 2).
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Conventional EOR methods can be categorized into the following groups:
Thermal EOR: By heating the reservoir, the oil’s viscosity is decreased, and its flow is 

enhanced with two popular techniques, which are combustion and steam injection [16].
Gas Injection EOR: Gases used in this process include CO₂, nitrogen, or natural 

gas, which can either maintain reservoir pressure or reduce oil viscosity, facilitating 
improved recovery [8].

Figure 1. 
Fundamental of recovery [12].

Figure 2. 
Traditional conventional oil recovery [15].
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1.4 Unconventional EOR

Unconventional EOR methods are those using innovative technologies and 
sustainability-driven approaches to extract oil more effectively. Examples include 
low-salinity water flooding, which lowers the interfacial tension between water and 
oil; nanotechnology-based EOR, in which nanoparticles change the ability to absorb 
water within the rock elements; and microbial EOR, which uses bacteria to improve 
oil recovery by producing surfactants or gases [17]. In recent years, such uncon-
ventional approaches have found wider application as sustainable and potentially 
cost-effective methods, especially in environmentally sensitive or complex reser-
voirs [18].

2. �Economic and technical challenges in EOR

EOR presents great economic and technical challenges, along with its potential. 
This is due to most of the EOR projects are capital-intensive, they requiring huge 
upfront costs in deploying technology, chemicals, and infrastructure, which may 
not be economically viable in a low oil price environment. In addition, EOR is 
usually energy-intensive, with thermal methods such as steam injection requiring 
huge amounts of fuel, which contributes to greenhouse gas emissions and increases 
operational costs.

Technically, the different EOR techniques need to be tailored with care for a 
reservoir whose temperature, pressure, rock composition, and fluid properties may 
be different from each other. This requires thorough reservoir characterization and 
modeling. The main reasons are therefore complexity and high implementation cost. 
Additionally, the majority of EOR compounds are vulnerable to harsh tank conditions 
like high salt levels or elevated temperatures, which could limit their use and neces-
sitate a sophisticated formulation[8, 19].

In general, EOR is one of the necessary means in the process of increasing pro-
duction from mature and complex reservoirs; it has constant needs for innovation 
to mitigate economic and technical difficulties. Developments in sustainable EOR 
methods are needed to mitigate environmental impact and minimize costs for the 
long-term sustainability of oil fields worldwide.

2.1 Innovative methods of enhanced oil recovery

The need to produce more oil with fewer environmental impacts has resulted 
in a significant development of EOR technology over the years. These methods 
are very important in recovering more oil in mature or problematic reservoirs 
and include a wide range of approaches tailored to specific reservoir conditions. 
This section highlights the latest innovations across chemical, thermal, gas injec-
tion, and microbial EOR techniques, with a focus on sustainable and eco-friendly 
practices.

2.2 Chemical EOR techniques

To improve the process of oil movement or recovery, fluids containing active 
agents are injected into the formation using physical and chemical EOR techniques. 
Surfactants, polymers, alkalis, sulfuric acid, carbon dioxide, and micellar solutions 
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are examples of active agents [20]. However, solvents improve mobility by lowering 
the interfacial tension between water and oil. Polymers improve the flooding process’s 
sweep efficiency by making water more viscous [18].

While carbon dioxide dissolves in the oil, decreasing its viscosity and causing it 
to swell for easier recovery, alkaline agents react with some crudes to create in situ 
surfactants [19]. Micellar solutions blend surfactants and co-surfactants to make 
microemulsions that displace trapped oil with high efficiency [21]. These methods are 
tailored to the reservoir characteristics in order to maximize recovery.

2.3 Flooding with polymers

In order to improve the efficiency of oil displacement by decreasing the mobil-
ity ratio between water and oil, polymer flooding involves injecting water-soluble 
polymers, usually polyacrylamides, which raise the viscosity of the injected water [8]. 
Although polymers increase the viscosity of injected water, they improve sweep effi-
ciency and decrease water channeling, which promotes the mobilization and recovery 
of oil that would otherwise be trapped (Figure 3) [21].

The reason for the addition of polymers in water is to increase viscosity, reduc-
ing permeability due to mechanical entrapment, which will result in decreased 
mobility in water [22]. Recently, there has been progress in developing high levels of 
salt alongside elevated heat-resistant polymers in addressing challenging reservoir 
conditions [18].

2.3.1 Surfactant and alkaline flooding

According to references [23, 24], surfactant and alkaline flooding is the method of 
delivering alkali, surfactant, and polymer onto the same drum. Surfactants improve the 
mobilization of oil droplets by reducing the interfacial tension between water and oil [25]. 

Figure 3. 
Polymer flooding [22].
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According to reference [8], this combination can greatly improve oil recovery, especially 
in reservoirs with highly salinized water.

To address environmental concerns, much research has been conducted on the 
development of biodegradable and eco-friendly surfactants and polymers from 
natural sources, such as lignin, cellulose, and starch-based materials [26]. These green 
chemicals aim to reduce the environmental footprint of chemical EOR and lower the 
risk of contamination of water sources [18].

2.3.2 Thermal EOR techniques

Conventional thermal methods, such as ordinary steam injection, do not apply for 
outsized oils from underground storage with a light coat [27]. To address this chal-
lenge, the following we looked into expect were looked into details:

2.3.2.1 Steam injection and its environmental impact

One of the most often used thermal EOR techniques is vapor infusion, primarily 
in the form of cyclic vapor stimulation and steam flooding [28]. In order to heat the 
reservoir and, as a result, reduce the viscosity of the oil for easier flow toward the 
production wells, steam at high temperatures is introduced into it [29]. Active agents 
and gases have been put in place to strategize how the optimization of steam injection 
can be improved; various works have explored the use of steam in combination with 
carbonate minerals as catalysts in improving combustion processes for improved 
recovery rates of heavy oil [30].

Steam injection may be a good way, but it does need massive energy investments 
and gives rise to carbon emissions during the combustion process for steam genera-
tion, thereby posing colossal environmental concerns [19]. Thus, in response to the 
environmental challenges of steam injection, microwave-assisted and electrical 
heating techniques have certainly emerged as possible alternatives [31]. Microwave 
heating produces heat right within the reservoir, thus reducing the energy required 
to achieve target temperatures and improving efficiency, while it has a major role in 
low-permeability formations [32]. Electrical heating, on the other hand, operates on 
resistive heating, thereby raising the temperature of the reservoir and enhancing oil 
flow, with minimum surface emissions [33].

Innovative thermal-enhanced oil recovery solutions for emission reduction consist 
of incorporating renewable energy sources such as solar steam generation, where 
solar energy is used to produce steam for injection [34]. Solar-assisted EOR has shown 
promise in reducing carbon footprints from steam injection, especially with respect to 
sunny areas while providing cheaper fuel use [4].

2.3.2.2 Gas injection EOR techniques

In particular, the three main gas injection techniques, CO₂, nitrogen, and hydro-
carbon gas injection, have revolutionized the oil business by increasing the recovery 
rate and production life cycle [35]. According to reference [36], carbon dioxide 
(CO2) is a renewable, inexpensive, abundant, and harmless material used in organic 
synthesis. Coinjection is the term used in the context of enhanced oil recovery (EOR) 
to describe the injection of CO₂ along with certain additives that create new ways to 
maximize recovery, reduce costs, and increase environmental benefits by utilizing the 
agents’ synergies [17].
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2.3.2.2.1 Water-substituting gas infusion using CO₂

Substituting gas infusion is a popular EOR technique that uses alternate gas and 
water injection to increase oil recovery and sweep efficiency (Figure 4) [38]:

•	 Benefits: Combining the advantages of water-substituting gas infusion with CO₂ 
helps regulate movement and reduces the influence of viscosity, increasing the 
extraction of oil [38].

•	 Innovation: The optimum well controls the ratios of CO₂ and water injection [39].

•	 Studies: An investigation titled water-alternating-gas injection with chemical 
assistance for increased sweep efficiency in CO₂-EOR was performed by Fang 
et al. [37]. Chemical-assisted CO₂-WAG has various advantages relative to con-
ventional methods, including an enhanced mobility ratio, sealing off fractures 
that may otherwise extend the production life in some cases, and easier access 
to production zones tightly connected by permeable channels. The technologies 
are shown to be critical in developing heterogeneous reservoirs economically, as 
proven by the recovery factors above 5% beyond conventional methods.

2.3.2.2.2 CO₂-polymer coinjection

The use of CO₂ and polymers for coinjection into the reservoir was recently 
developed as an EOR alternative that involves using CO₂ with polymers for mobility 
control of CO₂ to enhance the sweep efficiency and maximize the recovery [40].

•	 Benefits: The CO₂-polymer coinjection has several advantages, which include 
good operational performance, good behavior of the esthetic, cost-effective, 
inclusion of other types of polymers with unique characteristics, enhanced 

Figure 4. 
Water injection to increase oil recovery [37].
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control over mobility and volumetric sweep efficiency, and advances in special 
physical development properties, according to reference [41].

•	 Innovation: Introduction of environmentally friendly polymers and Nano poly-
mers. Running along is the rising tide of CO₂-based polymerization of CO₂/
olefins, CO₂/alkyne, CO₂/isocyanides, and CO₂/FLP polymerizations [17].

•	 Studies: Oil recovery enhancement by about 30% has been shown by laboratory 
tests in the case of CO₂-only injection (Table 1) [18].

2.3.2.2.3 Coinjection of CO₂-nitrogen (N₂)

The method for recovering methane from hydrate structures is coinjection of 
CO₂-nitrogen (N₂) [42].

•	 Benefits: Reduction of CO2 in coal seams, improved gas drainage efficiency, 
improved geological underground storage of CO2, improved restoration, and 
increased CH4 diffusion [43–46].

Year of study Research and findings

2008 Thomas [19], conducted a study using a mechanism of reduced oil viscosity by 
injecting CO₂, which expanded the oil recovery.

•	 Polymer improves mobility control by increasing water viscosity and 
reducing fingering.

The findings were as follows:

•	 Polymer improves mobility control by increasing water viscosity and 
reducing fingering, with a range of concentration of polymers within 500 
to 2000 ppm.

•	 CO₂ injection rates: 0.5–1.5 MSCF/day.

2010 Research to study the improvement of oil recovery by integrating CO₂ injection 
with polymer flooding in order to enhance the sweeping efficiency while 
reducing the mobility of CO₂ was conducted by Alvarado and Manrique [17].
Some of the following results were found:

•	 increase in oil recovery of 10–20% and

•	 Reduction in the mobility of CO₂ by 30–60%.

Alvarado and Manrique [17], also performed an experiment that proved that 
the use of the introduction of environmentally friendly polymer Reduced CO₂ 
recycling costs.
Cost-saving contribution in operational efficiency at 15–30%.

2014 A discovery was made by Sheng [18] that while the area of polymers has been 
one of the most interesting research fields in the years, there are challenges yet 
associated with the degrading of polymers at high temperatures, compatibility 
of the polymer with reservoir conditions, salinity, hardness.
It was found that hydrolyzed polyacrylamides were susceptible to 
degradation under harsh conditions; therefore, much effort has been 
done toward developing sulfonated and thermally stable polymers [18]. 
Advancement in cross-linked and modified polymers enhanced performance 
in saline reservoirs and achieved 10–15% incremental oil recovery [18].

Table 1. 
Summarized work done on CO₂-polymer coinjection.
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•	 Innovation: Gas mixtures can be optimized for particular reservoir conditions by 
real-time monitoring and simulation [47].

•	 Studies: McLaughlin et al. [41] conducted an investigation on the recovery of 
methane from hydrate structures using a binary CO2/N2 gaseous mixture, where 
they compared to pure carbon dioxide, and the proportion of methane recovered 
was low, staying below 26%, the mixture, which is 50/50 volume % carbon 
dioxide and nitrogen, was found to be less expensive.

2.3.2.2.4 CO₂ with surfactants

The choice of the CO2-foam descending method depends on the selection of 
surfactant, which should have low adsorption, low oil phase partitioning, low 
adsorption, poor sodium tolerance, and low heat stability (Figures 5 and 6) [50].

•	 Benefits: EOR efficiency is increased by mixing carbonated water with chemical 
additions like surfactants and nanoparticles [51]. There are some open issues regard-
ing early breakout problems, limited mobility control and gravity segregation that 
were reported by Peach and Eastoe [52]]. Many surfactants with higher partition 
coefficients are much more efficient at improving oil recovery [53]. Although mobil-
ity control is an issue still to be overcome, CO₂ injection projects can contribute to 
climate change mitigation efforts through underground CO₂ storage [47].

•	 Innovation: Recent advancements in surfactant compositions, foam fluid move-
ment, fluid imaging, modeling tools, process design, and reservoir performance 

Figure 5. 
Representation of CO₂-nitrogen (N₂) to improved restoration, and increased CH4 diffusion [48].
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evaluation issues are all explored, along with preliminary experiments including 
the deployment of CO2 foam in carbonate reservoirs [47].

•	 Studies: Zhang et al. [53], assessed surfactants and nanoparticles in oil recovery 
foam. Their main focus was to find conditions under which the process had 
increased stability and strength for difficult reservoir conditions. Oil recovery 
addition increased nanoparticle addition substantially; the addition may act in 
ways that could stabilize CO2/Brine foam. 

3. �Impact on the environment and risk reduction

On the other hand, although these techniques are viewed as enhancing the oil 
recovery rates, they have adverse effects on the environment with emissions, water 
usage, and land disturbance. Thus, effective risk management techniques are signifi-
cantly needed, in order to weed these out [18]. Thermal and other such EOR techniques 
warrant monitoring and management for their polluting nature-emissions due to fuel 
burning, local water bodies withering away, and land subsidence [19].

This is why a complex regulatory framework – prescripts regarding emissions, 
water usage, and disposal of waste – must be established for any given EOR project to 
manage these matters, to ensure compliance with environmental standards, and, at the 
same time, reduce ecological harm. For example, CO₂ injection for EOR must conform 
to CO₂ storage regulations to prevent leaks and protect groundwater quality [3]. The 
sequential order of effective risk management involves the assessing of risks, which 

Figure 6. 
Addition of nanoparticles to mobilized oil [49].
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aptly fall within the frames of certain EOR methodologies. Hence, reservoir charac-
terization, environmental impact analyses, and groundwater modeling become vital 
instruments for understanding probable hazards and formulating mitigation plans.

Gbadamosi et al. [5] mentioned that such evaluations assist operators in predicting 
the possible effects of EOR operations on the ecosystem and community resources. 
Operators can often employ best practices in monitoring and clean-up so as to 
minimize environmental issues. Environmental concerns can be ameliorated in EOR 
projects through timely remediation and routine monitoring of emissions and water 
characteristics. Environmental condition-monitoring technologies include automated 
leak detection systems and real-time monitoring systems to ensure that any problem 
becomes an issue of the past [19].

4. �Conclusion

EOR development has reached an important turning point as rising sustainability 
efforts are becoming part of technological innovations and an even stronger commit-
ment to environmental responsibility. Insights from renewable energy integration 
always suggest that EOR remains one of the best solutions to meet the global energy 
demand and avoid threatening the environment.

4.1 An overview of the main conclusions

•	 Technology innovations: Uses of data analytics for optimizing the EOR process 
will contribute to online decision-making that enhances recovery efficiency 
while using fewer resources and nanotechnology to enhance mobility that makes 
recovery viable in low-permeability formations, especially when mixing eco-
friendly and biodegradable materials.

•	 The environmental benefits of renewable energy and CO₂-EOR: The incorpora-
tion of renewable energy sources like solar thermal into EOR operations allows 
them to become greener and complement global decarbonization efforts. CO₂-
EOR fits into dual-stage procedures: stimulating oil production and sequestration 
of CO2 as a very strong enabling technique for sustainable energy production. ₂.

•	 Policy and regulatory support: These include regulations around water treatment 
and emission reductions, which are examples of how regulation is among initia-
tives that the realization of sustainable EOR will need. Such support will thus 
ensure environmental compliance as well as cheap and resource-efficient recovery.

•	 As innovation progresses, EOR could serve as a go-between for traditional fossil fuel 
production on one hand and clean energy sources on the other. The future of EOR 
will begin tagging along with its responsiveness, as it gradually turns into an active 
technique of recovery into a New World that is bound to be carbon-conscious.

4.2 Recommendation

•	 Environmentally-safe materials: Develop environmentally safe materials that 
would minimize environmental pollution while meeting environmental sustain-
ability standards. Utilizing renewable energy for thermal EOR, instead of using 
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steam injection techniques, the technique would apply solar-assisted steam 
generation. These developments, especially in very dry regions, would reduce the 
energy used and carbon emitted per barrel of oil while enhancing the recovery 
efficiency.

•	 Apply advanced techniques of CO2 injection with chemical assistance, and this 
could enhance recovery by improving the efficiency of techniques to increase oil 
recovery. Regarding certain reservoirs, both simulation and real-time optimiza-
tion would identify the gas-to-water ratio.

•	 Enhancing gas injection methodology by the use of nanotechnology. This would 
also improve foam stability, mobility control, and oil recovery in challenging 
reservoir conditions, as well as assist in carbon separation.

•	 Improve the level of risk mitigation and environmental monitoring through the 
development of comprehensive regulatory frameworks and the deployment of 
technologies such as real-time monitoring and automatic leak detection. Conduct 
detailed reservoir characterization, environmental impact studies, and ground-
water modeling in order to reduce potential risks and ensure sustainability.

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 4

Perspective Chapter: Using 
Artificial Intelligence Tools to 
Determine the Status of an Oil Well 
Prior to Applying Enhanced Oil 
Recovery Techniques 
Esbeydi Villicaña-García, Arturo Palacio-Pérez and 
Silvia Raquel García-Benítez 

Abstract 

As the global demand for fossil fuels is increasing, and access to them is becoming 
more complicated and expensive, it has been important to find alternatives where 
existing resources are better used. For this reason, this work proposes a methodology 
to detect areas where oil production is low compared to its peak but still has proven 
available crude resources. Then, enhanced recovery techniques can be practiced, 
diminishing the risk of failure. Using artificial intelligence tools such as fuzzy logic, 
the aim is to categorize oil wells according to geophysical variables pertaining to crude 
oil such as pressure, production, saturation, viscosity, API gravity, compressibility 
and volume factor, highlighting that historical data is not required to determine if the 
well can be subject to recovery. The results show that the values obtained have a good 
margin of coincidence with the interpretation that is proposed. 

Keywords: exhausted well, oil wells, artificial intelligence, fuzzy logic, enhanced oil 
recovery 

1. Introduction 

Fossil fuels account for 80% of current global primary energy demand [1]. Fossil 
fuel consumption has increased significantly over the past half-century, approxi-
mately eightfold from 1950 to 1980. The fuel type shifted from coal alone to a 
combination of oil and gas [2]. Today, fossil fuels are necessary for human survival 
and daily life and are the world’s primary source of energy. Most countries with large 
fossil fuel deposits have economies dependent on fossil fuel extraction [3]. In 2023, 
proven crude oil reserves in Mexico reached 6.154 billion barrels (Figure 1), which 
represented an increase of 1.58% compared to proven reserves in 2022 [4]. Proven 
reserves are those reserves which, from geoscience and engineering data, are
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estimated with reasonable certainty to be commercially recoverable from a given date 
onwards from known reservoirs under defined economic conditions, operating 
methods and governmental regulation [5]. 
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Figure 1. 
Proven oil reserves in Mexico [4]. 

Oil-producing wells are abandoned when the reservoir is depleted, that is, when 
the amount of oil produced is not sufficient to make hydrocarbon extraction profitable 
for the company. The United States has more than a century of oil production history, 
and in places such as Pennsylvania, Texas or California it is estimated that there are 
millions of abandoned installations, many of which are poorly documented or 
unrecognized [6]. The cost of a failed exploration, such as seismic surveys and drilling 
a dry hole, can cost between 5 and 20 million dollars per exploration site and, in some 
cases, much more. However, when an exploration site is successful and oil and gas 
extraction is productive, exploration costs are recovered and are significantly lower 
compared to other production costs [7]. Applications have been shown for the use of 
abandoned horizontal wells for underground storage of natural gas [8]. The method-
ology for fuzzy integral multi-criteria decision-making is proposed to select the most 
suitable sites that have the role of storage, where the solutions are based on a set of 
criteria and linguistic variables to be used in the model [9]. 

It is important to find techniques to predict descriptive parameters of oil-
producing wells, such as production rate, with the help of machine learning method-
ology that speeds up calculations, since previously to predict detailed and accurate 
reservoir information such as porosity and permeability that are used to determine the 
estimated final recovery could take hours or days making it computationally expen-
sive [10]. Likewise, machine learning techniques have significantly solved huge prob-
lems related to real-time data anomalies and the decrease in interaction processes of 
data engineers [11]. In addition, the combination of several techniques such as 
convolutional neural network, long-term memory neural network and self-attention 
mechanism can be used to predict oil well production, achieving improved perfor-
mance in terms of adaptation to the basic trend of oil well production [12]. 

Fuzzy logic is an extension of conventional Boolean logic developed to handle the 
concept of partial truth – truth values between “completely true” and “completely 
false ” [13]. Fuzzy logic has presented the industry with a new interpretation
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technique that fully takes into account uncertainty to predict reservoir parameters 
such as permeability [14]. The advantage of fuzzy logic over other techniques in 
reservoir characterization is the fact that it is not affected by data deficits, which is a 
serious challenge in the early stages of reservoir exploitation [15]. 
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However, in the reviewed literature, the use of fuzzy logic has not been considered 
to categorize an oil well as “subject to recovery”, which means that its production is 
very low compared to its maximum peak, but it still has proven reserves, making it 
necessary to use enhanced recovery techniques for its exploitation. For the evaluation 
of oil wells, it is necessary to know geophysical variables such as operating pressure, 
bubble pressure, pressure gradient, hydrostatic pressure and formation pressure, 
highlighting that this way of approaching the problem facilitates analysis and 
decision-making despite the low availability of related historical data concerning wells 
production. 

2. Problem statement 

Nearly 30 million oil and gas wells around the world have been abandoned in 
recent decades by the oil industry [16]. Three out of five oil wells are inactive, and 
only one-third of these have been permanently closed [17]. Due to the high energy 
consumption and the great need to meet the associated demands today, it is vitally 
important to find better alternatives for the use of existing fossil fuels. For this reason, 
a new methodology is proposed to detect areas that were considered lost for obtaining 
fossil resources and determine if they can be categorized as subject to recovery 
[Recoverable (RE) or Barely recoverable (BRE)], that is, where production is very low 
compared to its maximum production point but proven resources continue to exist in 
the subsoil, making it necessary to use enhanced oil recovery (EOR) techniques. If the 
well can carry on producing autonomously, that is, without the need of any EOR, then 
it will be considered as No Recoverable (NRE). 

3. Methodology 

To establish if a well may be categorized as “subject to recovery”, the use of fuzzy 
logic tools is proposed, which, through membership functions and the construction of 
“if-then” rule blocks, allow determining the level of membership to a certain category 
and consequently choosing the wells that meet specifications such as operating pres-
sure, bubble pressure, pressure gradient, hydrostatic pressure and formation pressure 
(Figure 2). As a following stage of this work, other parameters such as saturation, ° 
API, viscosity, compressibility and volume factor will be considered. 

The concept of fuzzy logic is related to the way people perceive their surroundings. 
If someone says “it’s hot today” it is interesting to know to what extent this is true. 
Fuzzy sets define such ambiguities and are an extension of classical set theory, where 
an element belongs or does not belong to a set, but ambiguities are not defined. Fuzzy 
sets are intended to model the ambiguity with which a variable is perceived [18]. 
Decision-making based on non-specific information is considered an everyday proce-
dure. This is what fuzzy logic attempts to emulate based on observation of the envi-
ronment and formulation of logical rules and mechanisms for decision-making. This 
topic is specific to artificial intelligence, where the aim is to emulate human thought.
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Figure 2. 
Fuzzy logic system for categorizing oil wells. 

3.1 Fuzzy logic basics 

Fuzzy logic (FL) is a mathematical tool that aims to imitate the way human beings 
reason and process information. It is a simple method that is ideal for information 
processing, decision-making and process control [19]. Zadeh [20], its creator, con-
cluded that traditional techniques were too rigid to model most complex problems. 
The central idea is that data have a partial membership value associated with sets that 
make up a universe of analysis. Among the most successful applications of FL are 
control systems (the most documented case is the subway trains of Sendai, Japan 
[21]), but its field of application is very extensive: any process that is associated with 
knowledge (experience). 

The concept of a set is intuitively understood as a perfectly defined grouping of 
elements in which it is possible to determine for any element, in a given universe, 
whether it belongs or not to the set (classical or Boolean sets). In fuzzy sets, a value, 
degree of belonging or membership (ranging from 0 to 1) is assigned to the element 
with respect to a set, so it is understood that classical sets are contained in fuzzy sets. 
Each fuzzy set, comprised by a universe of discourse U, which is the aggregate of 
objects that are spoken of in a given context or situation, is associated with a linguistic 
value that can be a word or a label to associate it with the name of the set. The fuzzy 
set is characterized by a membership function called μA(x) that indicates the degree 
to which the variable x is included in the set represented by the label A (0 ≤ μA(x) 
≤1). If this function takes the value 0, it means that such value of x is not included in 
A and if it takes the value 1, it is absolutely included in A [22]. All elements of the 
universe of discourse belong to a certain degree to all sets of the universe of discourse. 
In this way, a fuzzy set in a universe of discourse is defined as: 

A = x, μA x(  )( )  x| ∈U{ } (1)

An example of this is shown in Figure 3, where the universe of discourse is the 
heights in the interval 140 to 200 centimeters, that is: U[140, 200 cm]. Three fuzzy 
sets were chosen whose linguistic values are [Short, Average, Tall]. In this way, an 
individual who is 180 centimeters tall belongs to the three sets as follows: 0 in Short, 
0.5 in Average and 0.5 in Tall. 

A linguistic variable is used to represent any element that is too complex, for which 
there is no concrete definition, or whose numerical conception is uncertain (its 
obtention is susceptible to contamination by epistemic or random sources). Each 
variable X is associated with T(X), which is its set of terms (or linguistic labels), U is 
the universe of discourse (or underlying domain), G is a context-free grammar
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through which terms in T(X) are generated (in the case of the example it could be 
“very high”, “not very low”), and M is a semantic rule that associates each linguistic 
value of X with a meaning M(X). 
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Intersection (AND): 
μA∩B 

Union (OR): μA∪B Complement 
(NOT): μA x(  )  

Zadeh operators MIN/ 
MAX 

min μA x(  ), μB x( )( max μA x(  ), μB x( )( ) 1- μA x(  )  

Probabilistic PROD/ 
PROBOR 

μA x(  ) X  μB x( ) μA x(  ) +  μB x(  ) - μA x(  ) X μB x( ) 1- μA x(  )  

Table 1. 
Operators for fuzzy sets. 

Figure 3. 
Elements of fuzzy sets. 

The choice of membership functions is fundamental to the creation of a system and 
depends on the principle that it applies to solve a problem (reasoning). The only 
condition that a membership function must fulfill is that its values oscillate between 0 
and 1 continuously. Identifying the variables that are determinants for the categori-
zation of a well as “subject to recovery” is the starting point for being able to qualify a 
well that will require enhanced recovery techniques. The proposal is to determine the 
ranges of values required for operating pressure, bubble pressure, pressure gradient, 
hydrostatic pressure and formation pressure. With this information, the membership 
functions that will be used to create a block of rules that determine the level of 
membership of the well to the “subject to recovery” category are established, this 
being the main objective of the study.

Three basic operations of conventional sets can be generalized to fuzzy sets: com-
plement, union and intersection. Such operations for fuzzy sets can be analyzed from 
the point of view of Zadeh operators [23], as observed in Table 1. Figure 4 graphically 
illustrates the operations based on Zadeh operators. 

Fuzzy controllers (FC) were introduced by Mamdani [24] and Mamdani and 
Assilian [25] for the control of complex processes or those whose mathematical 
models involve complicated knowledge. FC works in a very different way from
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conventional control systems because it uses expert reasoning to generate a knowl-
edge base that will give the system the ability to discern certain actions. These systems 
use a set of rules similar to those that a person would use to control a process and take 
action (Figure 5). 
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Figure 4. 
Zadeh operators for (A) union, (B) intersection and (C) complement. 

Figure 5. 
Structure of a fuzzy controller [26]. 

Fuzzification comes from the term fuzzy logic and deals with the transformation 
of an element of the universe of discourse (measured variable of the process) into a 
value (of membership) for each membership function. Inference refers to the block
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with which the input and output fuzzy sets are related, simulating the human decision 
process. The difference between inference systems is the way in which the member-
ship degrees influence the rules; the two most common inference models are 
Mamdani and TSK (Takagi, Sugeno and Kang) [27]. In this research, the first of them 
is used, since TSK is also a method based on fuzzy rules but in which the consequent 
does not generate a fuzzy set but a series of linear functions. In Mamdani inference, 
fuzzification is executed and then the rules are evaluated. The rules are composed of 
an IF part (or antecedents) and a THEN part (consequence or result). If a rule has 
multiple antecedents, the AND or operators are used to obtain a single value or the 
result of the evaluation. This number (the truth value) is applied to the consequent 
with a scaling or trimming derived from the truth value of the antecedent. Details of 
the process are given in [28]. 

Perspective Chapter: Using Artificial Intelligence Tools to Determine the Status of an…
DOI: http://dx.doi.org/10.5772/intechopen.1009251

At the end of the evaluation of all the rules, the aggregation is performed, in which 
the outputs of all the rules are added, that is, the membership functions of all the 
previously trimmed or scaled consequences are combined to obtain a single fuzzy set 
for each output variable. This result is used in the defuzzification stage. In this 
research, the Center of Gravity (CoG) is calculated to determine the representative 
value of the fuzzy set, this being the categorization to which the well belongs, that is, 
the output variable obtained. 

3.2 Membership functions 

Figure 6 shows the variables that may be considered for further analysis, even 
though as stated above, in this stage of the research pressure will be used as the main 
variable in its diverse forms (operating pressure, bubble pressure, pressure gradient, 
hydrostatic pressure and formation pressure). The pressure value should not be 
appropriate for a natural flow to exist, and in this way, recovery techniques are used, 
therefore, the labels for the pressure conditions are subnormal in the case of the

Figure 6. 
Work flowchart. The selected variables are framed within blue squares in such a way that in the resulting output 
variable, the depleted well indicator may lead to “recoverable” (orange square).
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formation pressure gradient, hardly recommended for the relationship between the 
operating pressure and bubble pressure and underbalanced for the relationship 
between the hydrostatic pressure and formation pressure. This implies that the pro-
duction level is much lower than the maximum production peak that was ever reached 
and therefore the use of enhanced recovery techniques is necessary for the exploita-
tion of the resource. The intention of highlighting the labels selected with blue boxes 
in Figure 7 for each pressure condition (formation pressure gradient, relationship 
between operating pressure and bubble pressure, relationship between hydrostatic 
pressure and formation pressure) is that in the output variable, the depleted well 
indicator may lead to “recoverable” (orange box). It is important to reiterate that as a 
first approximation, only pressure is considered. For future work, other variables will 
be considered such as production, saturation, viscosity, API gravity, compressibility 
and formation volume. In this way, in the first instance, the well must categorized as 
recoverable (step 1), only the well categorized as recoverable should continue the 
process. Afterward, according to other different parameters, the best-enhanced oil 
recovery method will be determined (step 2) in order to optimize the process (step 3) 
and finally select the best location of injection wells (step 4).
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Figure 7. 
Membership function for the ratio of operating and bubble pressure. 

3.3 Pressure-related variables 

Bubble pressure is an important oil property. The bubble point implies the pressure 
at which the most volatile components present in the oil begin to bubble. The reser-
voir performance changes significantly when producing with pressure below the 
bubble point, which corresponds to the oil and gas flows in producing wells. The 
pressure at the bubble point in conventional oil reservoirs varies between 1800 and 
2600 psi [29]. That is, if the operating pressure is less than 1800 psi, a technique is 
sought to increase the pressure or to cause the oil still trapped in the subsoil to flow to 
the surface and maintain production. The way to consider the bubble pressure is by 
defining the relationship between the well operating pressure and the bubble pressure 
(Poperation/Pbubble). The well is categorized as “recoverable” when the well opera-
tion pressure is less than the bubble pressure, that is, Poperation/Pbubble <1, which 
implies using an external agent to improve the pressure and that the relationship
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between operating pressure and bubble pressure is at least equal to 1, therefore 
the label selected when the relationship is less than 1 is “hardly recommended” 
(Figure 7). 
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Another pressure that is related to extraction is the formation pressure, which is 
the pressure exerted by the liquid or gas content in the pore spaces of the formation. 
The formation pressure can be classified according to the range of values that it can 
achieve. 

Normal Formation: Normal pressure formations exert a pressure equal to the 
column of native fluid in that formation up to the surface. The pressure gradient 
typically ranges from 0.443 to 0.465 psi/ft [30]. 

Abnormal formation: Abnormally pressured formations exert pressure greater 
than the hydrostatic pressure of the fluids contained in the formation. Pore pressure 
increases, generally exceeding 0.465 psi/ft. The resulting increase in overload causes 
the latter to be partially supported by pore fluids rather than by the rock grains. 

Subnormal formation: Formations with subnormal pressures have gradients lower 
than those of fresh water, that is, less than 0.433 psi/ft. Formations with subnormal 
pressures may be developed when overload has been eroded, leaving the formation 
exposed to the surface. 

For the purposes of this study, the subnormal pressure is chosen, since it implies 
having a pressure lower than that required for the well to perform in a “natural” way, 
and based on that, the well can be classified as “recoverable” (Figure 8) and therefore 
an EOR technique would be required for improvement of the well production. It is 
important to highlight that when the pressure gradient is 0.454 psi/ft. it implies 100% 
a normal well (μ = 1) if the pressure decreases, it stops being normal and starts being 
subnormal (blue line) and if it starts to increase from 0.454 psi/ft. it stops being 
normal and starts being abnormal (pink line).

In the oil industry, another pressure related to the extraction of crude oil is the 
hydrostatic pressure [30], which is the pressure exerted at a given point in the well by 
a fluid column due to its density (ρ) and its height (h). The difference between the 
formation pressure (FP) and the downhole hydrostatic pressure (HP) is the differen-
tial pressure. There are three different cases: Overbalance: HP > FP, Balance: HP = FP, 
Underbalance: HP < FP. 

Figure 8. 
Membership function for the formation pressure gradient.

971



Recent Approaches in Enhanced Oil Recovery – New Perspectives and Future Outlook

Figure 9. 
Membership function representation for the ratio of hydrostatic pressure and formation pressure. 

To consider these relationships in the membership functions, it is approached as 
follows: the relationship between hydrostatic pressure and formation pressure as a 
balanced well varies between 0.95 and 1, if this relationship is greater than one it is 
considered overbalanced and if it is less than 0.95 it is considered underbalanced 
(Figure 9) [30]. 

Therefore, if the different types of pressure that have been discussed are consid-
ered, the membership functions would imply that the formation pressure gradient is 
less than 0.433 psi/ft. (subnormal), that the ratio of operation pressure to bubble 
pressure is less than 1 (hardly recommended), and also that the ratio of hydrostatic and 
formation pressure is less than 0.95 (underbalanced) to qualify the oil well as depleted 
or subject to recovery. 

4. Case study 

The oil zones of Mexico are distributed mainly in the east of the country and 
correspond to large sedimentary basins where the accumulation of organic matter has 
the potential to generate hydrocarbons. In Mexico, 12 oil provinces are recognized 
(Figure 10) [31], six producing provinces: Sabinas-Burro-Picachos, Burgos, Tampico-
Misantla, Veracruz, South and Deep Gulf of Mexico, and six provinces with medium-
low potential: Yucatan Platforms, Chiapas Fold Belt, Sierra Madre Oriental Fold Belt, 
Chihuahua, Gulf of California and Vizcaíno-LaPurísima -Iray. 

Pemex exploration and production considers that the deepest part of the Gulf of 
Mexico Basin has the greatest oil potential, with a prospective resource of 29.5 billion 
barrels of crude oil equivalent, which represents 56% of the country’s total resource 
[32]. As of 2015, there are great expectations of incorporating production from the 
Gulf of Mexico, neglecting the remaining resources in the land area of the country. 
That is why this work focuses on the land area of the country, mainly in the basins: 
Veracruz, Southeast Basin, Tampico-Misantla and Burgos (Figure 11). Wells located 
in that area suitable to be evaluated with the proposed methodology to determine their 
status for recovery of remaining oil. 

A representative and trivial example is herein discussed, where the three most 
important steps in the use of fuzzy logic are used and described: Fuzzify, infer and
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aggregate (Figure 12). In this example, the fuzzy inference system for the problem 
takes as inputs the service and the quality of the food and calculates a tip percentage 
using the following rules: 
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Figure 10. 
Oil provinces of Mexico. 

Figure 11. 
Remaining onshore petroleum resources in Mexico.
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• If the service is bad or the food is stale, the tip is low. 

• If the service is good, the tip is average. 

• If the service is excellent or the food is delicious, then the tip is generous. 

The first step is to take the inputs and determine the degree to which they belong 
to each of the appropriate fuzzy sets using membership functions (fuzzification). 
Once the inputs are fuzzified, the degree to which each part of the antecedent is 
fulfilled for each rule is known. If the antecedent of a rule has more than one part, the 
fuzzy operator is applied to obtain a number that represents the result of the rule’s 
antecedent. This number is then applied to the output function. The input to the fuzzy 
operator is two or more membership values of fuzzy input variables. The result is a 
single truth value. Before applying the implication method, it must be determined the 
weight of the rule. Each rule has a weight or a degree of membership (DoS) (a number 
from 0 to 1), which is applied to the number given by the antecedent. Aggregation is 
the process by which fuzzy sets representing the results of each rule are combined into 
a single fuzzy set. Aggregation only occurs once for each output variable, which is 
before the final defuzzification step. The output of the aggregation process is a fuzzy 
set for each output variable. For more details see [33]. 

FuzzyTech software is used to analyze the study system. The input variables are 
specified: Pressure gradient, operating and bubble pressure ratio and the hydrostatic 
and formation pressure ratio with their respective ranges of typical values as shown in 
Figures 7–9. Then the output variable is established as the well qualification, where 
the range of values goes from 0 to 100%, 50% the well is fully recoverable, less than

Figure 12. 
Evaluation of the three rules: Fuzzification, inference and aggregation.
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50% is barely recoverable and greater than 50% is self-sufficient. It should be noted 
that an oil well is being qualified according to the different pressures already defined 
in previous paragraphs, to determine if it can be subject to recovery with techniques 
to modify its conditions, whether primary, secondary or enhanced. Since the variables 
(input and output) are available, the block of rules with the 81 generated rules and 
their degrees of belonging must be specified. These rules are generated from the 
combination of the three variables with their three labels. In this way, the process 
carried out is the fuzzification and defuzzification of the variables, that is, having a 
fixed input value, an output value with a well rating can be obtained. The process is 
shown in Figure 13, where it starts with input data that measures the process variable, 
which may present noise and deviations with respect to the real value. Then, in the 
fuzzification, a number of values corresponding to the membership functions to 
which it belongs are converted, in order to subsequently carry out the evaluation of 
the rules, which define the control or knowledge strategy, and operations are carried 
out between the sets, to later move to the inference, which involves determining the 
output set of each rule. Likewise, the aggregate follows, where the membership 
function of the output variable is obtained from some operation between all the 
output sets of the inference stage. In the defuzzification, the membership function of 
the output is defined, and it is determined which data is the most representative of the 
total output set. Finally, the output data is obtained, which is the variable that will be 
taken to modify the state of the process.
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The values of the degree of support range from 0 to 1, with 0 being totally 
discarded the rule and 1 implying that it is totally confirmed. The combination of the 
three variables being considered (pressure gradient, the relationship of operating 
pressure and bubble pressure, and the relationship of hydrostatic pressure and for-
mation pressure) with their respective labels that were previously analyzed (Fig-
ures 7–9) results in 81 rules (Appendix A). It is important to mention that all rules 
were evaluated with the degree of support (DoS) to determine the degree of confir-
mation. 

For example, Table 2 shows the combination of some labels for the three variables 
with their respective degrees of support (DoS) in the resulting category “status well”. 
If you are 100% sure that the resulting category is met (barely recoverable, recover-
able and self-sufficient), DoS = 1. On the other hand, if you are 100% sure that this 
category will not occur DoS = 0. In this way, rules 1, 2 and 3 the pressure gradient is

Figure 13. 
Stages for decision making.
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subnormal, the relationship between the operating pressure and the bubble pressure is 
hardly recommended and the relationship between the hydrostatic pressure and the 
formation pressure is underbalanced, the combination of these three labels imply that 
there is a 100% certainty that the well can be recovered, therefore DoS = 1 for 
recoverable, DoS = 0 for barely recoverable and DoS = 0 for self-sufficient. In case 
there is no complete certainty what will happen with the combination of labels, for 
example in rules 55–57, the pressure gradient is abnormal, the ratio of operating 
pressure to bubble pressure is hardly recommended and the ratio of hydrostatic 
pressure to formation pressure is underbalanced, two labels meet “hardly 
recommended and underbalanced” for the recoverable category, that is the reason of 
DoS = 0.66, “abnormal” is a label for “barely recoverable” and none of the categories 
would give the conditions for the well to be “self-sufficient”, because of that, DoS = 0.
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Rule Pressure 
gradient 

Operating 
pressure/bubble 

pressure 

Hydrostatic 
pressure/formation 

pressure 

DoS Status well 

1 If Subnormal And Hardly 
recommended 

And Underbalanced Then 0 Barely 
recoverable 

2 If Subnormal And Hardly 
recommended 

And Underbalanced Then 1 Recoverable 

3 If Subnormal And Hardly 
recommended 

And Underbalanced Then 0 Self-
sufficient 

55 If Abnormal And Hardly 
recommended 

And Underbalanced Then 0.33 Barely 
recoverable 

56 If Abnormal And Hardly 
recommended 

And Underbalanced Then 0.66 Recoverable 

57 If Abnormal And Hardly 
recommended 

And Underbalanced Then 0 Self-
sufficient 

Table 2. 
Block of rules where the type of well is qualified, where DoS = 1 is fully confirmed, DoS = 0 is fully ruled out. 

The three oil well pressure conditions discussed above are related: 

1.Formation pressure gradient. 

2.Relationship between operating pressure and bubble pressure. 

3.Relationship between hydrostatic pressure and formation pressure. 

In this way, the well can be categorized as depleted, which implies that it is 
“recoverable” with enhanced recovery (EOR) techniques, as shown in Figure 14. 

Each condition must be evaluated to obtain a label. That is, the formation pressure 
gradient can be subnormal, normal or abnormal according to the established value 
ranges; for the purposes of this methodology to be pertinent, the formation pressure 
gradient is required to be “subnormal” for an EOR technique to be required for 
improvement of the well production, in this way, the formation pressure gradient is 
below normal, which implies that the pressure must be increased with EOR to 
improve the condition and thus obtain more resources. It should be noted that the well 
conditions that are selected are not normal, they must be those that need stimulation
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with EOR to be restored to the level required for the well resource to be recovered. 
The next condition, which is the one that relates the operating pressure and the bubble 
pressure, can be hardly recommended, recommended or not recommended; the label that 
must be selected for an EOR to be required is “hardly recommended”, which means that 
an external agent is necessary to improve the operation pressure to a value at least 
equal to the bubble pressure. The last condition that is being considered is the rela-
tionship of the hydrostatic pressure with the formation pressure; it can be 
underbalanced, balanced or overbalanced; In this case, the relationship must be 
“underbalanced” for EOR to be used. The combination of these three labels will allow 
to categorize the evaluated well, and therefore the well status can be classified as 
barely recoverable, recoverable and self-sufficient. If the combination of the three condi-
tions are: subnormal, hardly recommended and underbalanced, the status of the evalu-
ated well is recoverable, that is, only for this combination DoS =1, which means that is 
100% recoverable and EOR must be used to recover the remaining resource 
(Figure 15). 
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Figure 14. 
Fuzzy subsystem structure: status well. 

5. Results 

To determine the correct performance of the proposed methodology, three values 
of each of the three defined pressure parameters are used to generate different sce-
narios that allow for establishing the dependence between the variables and their 
applicability.
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Figure 15. 
Qualification of the well to be recovered. 

Figure 16. 
Pressure gradient effect: variation in hydrostatic pressure/formation pressure and variation in operation pressure/ 
bubble pressure. Their respective well rating is included (capital letters in gray. RE: Recoverable, ARE: Barely 
recoverable, SS: Self-sufficient). 

In the first scenario being analyzed, the pressure gradient is kept constant using 
three different values (0.4, 0.45, 0.5) while the operating pressure/bubble pressure 
ratio is varied with three values between 0 and 2 (the typical values being shown in
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Figure 7) and the hydrostatic pressure/formation pressure ratio with three values 
between 0.9 and 1.05. All the value combinations are shown in Appendixes - B. 
Figure 16 illustrates that if there are at least two variables with values close to the lower 
limit, it leads to the well qualification result being “recoverable” (cases 1, 2, 4, 5, 6, 11); 
this makes sense, since the block of rules was built under that scheme. Subnormal
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Figure 17. 
Effect of hydrostatic pressure and formation pressure ratio: variation in pressure gradient and variation in 
operation pressure/bubble pressure. Their respective well rating is included (capital letters in gray. RE: 
Recoverable, ARE: Barely recoverable, SS: Self-sufficient). 

Figure 18. 
Effect of operating pressure and bubble pressure ratio: variation in pressure gradient and variation in hydrostatic 
pressure/formation pressure. Their respective well rating is included (capital letters in gray. RE: Recoverable, ARE: 
Barely recoverable, SS: Self-sufficient).
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pressures, that is, those pressures that are below the normal gradient, can cause lost 
circulation problems in wells drilled with liquid drilling mud [34]. On the other hand, 
in case 7, the resulting label is “SS”, that is, self-sufficient, this behaves according to the 
rules that were established in the block of rules, where the values 0.45 for the 
pressure gradient, 0.8 for the operating pressure/bubble pressure and 1 for 
hydrostatic pressure with formation pressure are intermediate values in the ranges 
of each case. It then implies that the conditions are adequate to continue producing; 
no recovery technique is required. When at least one of the three established values 
is met, it results in the qualification of barely recoverable as in cases 3, 8, 9, 10 and 
12–15. Figure 17 considers the constant relationship between hydrostatic pressure 
and formation pressure. It behaves in the same way as the three variables under 
consideration. That is, if two of them are close to the lower limit, it implies a 
recoverable well. If two variables are at the middle limit, the well is “self-sufficient” 
and if two of the three variables tend to the upper limit, the well is classified as 
“barely recoverable”. It should be noted that the fact that the well is “recoverable” 
means that although it does not have enough energy to continue producing autono-
mously, it is a candidate well for an EOR technique depending on other factors, such as 
economic and environmental factors. Figure 18 shows that with different value ranges 
of the relationship between operating pressure and constant bubble pressure, it 
behaves in a similar way. Since pressure variables are being handled, what is sought is 
for the values to be below the operating limits so that it is possible to classify the well 
as recoverable.

Recent Approaches in Enhanced Oil Recovery – New Perspectives and Future Outlook

6. Conclusions 

The growing problem of fuel shortages has given rise to the search for 
alternatives for the best use of existing resources. That is why it is important to 
categorize oil wells as “subject to recovery” with the intention that by knowing 
pressure parameters, it can be determined if it is possible to achieve such categoriza-
tion since currently there are no alternatives that can be easily and quickly qualified. 
One of the most important facts is that a history of values or databases is not required 
to generate results. This is a huge advantage of using fuzzy logic for this type of 
problem.

The methodology was verified with three variables associated with different kinds 
of pressure, demonstrating that the results obtained are consistent with what is 
established in the block of rules. As a following stage of this work, other parameters 
such as saturation, °API, viscosity, compressibility and volume factor will be 
considered. 

It should be noted that this is the first step, and as future work, it is intended that 
after categorizing the well, the best option for enhanced recovery technique is chosen 
according to availability, cost and feasibility. Later on, it is intended to promote the 
use of economic incentives for the incorporation of enhanced recovery techniques. 
Finally, efforts will also be made to find the best geolocation of the injection wells in 
the recovery of the wells. 
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Appendices and nomenclature 

A. Block of rules 

See Table A1. 

Rule Pressure 
gradient 

Operating 
pressure/Bubble 

pressure 

Hydrostatic 
pressure/ 
Formation 
pressure 

DoS Status 
well 

1 If S And AR And SU Then 0 ARE 

2 If S And AR And SU Then 1 RE 

3 If S And AR And SU Then 0 SS 

4 If S And AR And B Then 0 ARE 

5 If S And AR And B Then 0.666666667 RE 

6 If S And AR And B Then 0.333333333 SS 

7 If S And AR And SB Then 0.333333333 ARE 

8 If S And AR And SB Then 0.666666667 RE 

9 If S And AR And SB Then 0 SS 

10 If S And R And SU Then 0 ARE 

11 If S And R And SU Then 0.666666667 RE 

12 If S And R And SU Then 0.333333333 SS 

13 If S And R And B Then 0 ARE 

14 If S And R And B Then 0.333333333 RE 

15 If S And R And B Then 0.666666667 SS 

16 If S And R And SB Then 0.333333333 ARE 

17 If S And R And SB Then 0.333333333 RE 

18 If S And R And SB Then 0.333333333 SS 

19 If S And NR And SU Then 0.333333333 ARE 

20 If S And NR And SU Then 0.666666667 RE 

21 If S And NR And SU Then 0 SS 

22 If S And NR And B Then 0.333333333 ARE 

23 If S And NR And B Then 0.333333333 RE 

24 If S And NR And B Then 0.333333333 SS 

25 If S And NR And SB Then 0.666666667 ARE 

26 If S And NR And SB Then 0.333333333 RE 

27 If S And NR And SB Then 0 SS 

28 If N And AR And SU Then 0 ARE 

29 If N And AR And SU Then 0.666666667 RE 

30 If N And AR And SU Then 0.333333333 SS 

31 If N And AR And B Then 0 ARE

19
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If N And NR And SB Then 0.333333333 SS 
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Rule Pressure
gradient

Operating
pressure/Bubble

pressure

Hydrostatic
pressure/
Formation
pressure

DoS Status
well

32 If N And AR And B Then 0.333333333 RE 

33 If N And AR And B Then 0.666666667 SS 

34 If N And AR And SB Then 0.333333333 ARE 

35 If N And AR And SB Then 0.333333333 RE 

36 If N And AR And SB Then 0.333333333 SS 

37 If N And R And SU Then 0 ARE 

38 If N And R And SU Then 0.333333333 RE 

39 If N And R And SU Then 0.666666667 SS 

40 If N And R And B Then 0 ARE 

41 If N And R And B Then 0 RE 

42 If N And R And B Then 1 SS 

43 If N And R And SB Then 0.333333333 ARE 

44 If N And R And SB Then 0 RE 

45 If N And R And SB Then 0.666666667 SS 

46 If N And NR And SU Then 0.333333333 ARE 

47 If N And NR And SU Then 0.333333333 RE 

48 If N And NR And SU Then 0.333333333 SS 

49 If N And NR And B Then 0.333333333 ARE 

50 If N And NR And B Then 0 RE 

51 If N And NR And B Then 0.666666667 SS 

52 If N And NR And SB Then 0.666666667 ARE 

53 If N And NR And SB Then 0 RE 

54

55 If AB And AR And SU Then 0.333333333 ARE 

56 If AB And AR And SU Then 0.666666667 RE 

57 If AB And AR And SU Then 0 SS 

58 If AB And AR And B Then 0.333333333 ARE 

59 If AB And AR And B Then 0.333333333 RE 

60 If AB And AR And B Then 0.333333333 SS 

61 If AB And AR And SB Then 0.666666667 ARE 

62 If AB And AR And SB Then 0.333333333 RE 

63 If AB And AR And SB Then 0 SS 

64 If AB And R And SU Then 0.333333333 ARE 

65 If AB And R And SU Then 0.333333333 RE 

66 If AB And R And SU Then 0.333333333 SS 

67 If AB And R And B Then 0.333333333 ARE
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Rule Pressure
gradient

Operating
pressure/Bubble

pressure

Hydrostatic
pressure/
Formation
pressure

DoS Status
well

68 If AB And R And B Then 0 RE 

69 If AB And R And B Then 0.666666667 SS 

70 If AB And R And SB Then 0.666666667 ARE 

71 If AB And R And SB Then 0 RE 

72 If AB And R And SB Then 0.333333333 SS 

73 If AB And NR And SU Then 0.666666667 ARE 

74 If AB And NR And SU Then 0.333333333 RE 

75 If AB And NR And SU Then 0 SS 

76 If AB And NR And B Then 0.666666667 ARE 

77 If AB And NR And B Then 0 RE 

78 If AB And NR And B Then 0.333333333 SS 

79 If AB And NR And SB Then 0.333333333 ARE 

80 If AB And NR And SB Then 0 RE 

81 If AB And NR And SB Then 0 SS 

Complete block of rules where the type of well is qualified, where DoS = 1 is fully confirmed, DoS = 0 is fully 
ruled out. 

B. Variation for results 

To test the proposed block of rules, the effect of the change for each variable is 
shown with the well rating and its degree of belonging to the established label 
(Table B1). 

Pressure 
gradient 

Hydrostatic pressure/formation 
pressure 

Operating pressure/bubble 
pressure 

Grade Label 

1 0.4 0.9 0 50 RE 

2 0.4 1 0.8 50 RE 

3 0.4 1.05 2 12.5 ARE 

4 0.4 0.9 2 50 RE 

5 0.4 1.05 0 50 RE 

6 0.45 0.9 0 50 RE 

7 0.45 1 0.8 87.5 SS 

8 0.45 1.05 2 12.5 ARE 

9 0.45 0.9 2 12.5 ARE 

10 0.45 1.05 0 12.5 ARE 

11 0.5 0.9 0 50 RE 

21

83



Recent Approaches in Enhanced Oil Recovery – New Perspectives and Future Outlook

Pressure
gradient

Hydrostatic pressure/formation
pressure

Operating pressure/bubble
pressure

Grade Label

12 0.5 1 0.8 12.5 ARE 

13 0.5 1.05 2 12.5 ARE 

14 0.5 0.9 2 12.5 ARE 

15 0.5 1.05 0 12.5 ARE 

16 0.4 0.9 0 50 RE 

17 0.45 0.9 0.8 87.5 SS 

18 0.5 0.9 2 12.5 ARE 

19 0.4 0.9 2 50 RE 

20 0.5 0.9 0 50 RE 

21 0.4 1 0 50 RE 

22 0.45 1 0.8 87.5 SS 

23 0.5 1 2 12.5 ARE 

24 0.4 1 2 12.5 ARE 

25 0.5 1 0 12.5 ARE 

26 0.4 1.05 0 50 RE 

27 0.45 1.05 0.8 87.5 SS 

28 0.5 1.05 2 12.5 ARE 

29 0.4 1.05 2 12.5 ARE 

30 0.5 1.05 0 12.5 ARE 

31 0.4 0.9 0 50 RE 

32 0.45 1 0 87.5 SS 

33 0.5 1.05 0 12.5 ARE 

34 0.5 0.9 0 50 RE 

35 0.4 1.05 0 50 RE 

36 0.4 0.9 0.8 50 RE 

37 0.45 1 0.8 87.5 SS 

38 0.5 1.05 0.8 12.5 ARE 

39 0.5 0.9 0.8 50 RE 

40 0.4 1.05 0.8 50 RE 

41 0.4 0.9 2 50 RE 

42 0.45 1 2 12.5 ARE 

43 0.5 1.05 2 12.5 ARE 

44 0.5 0.9 2 12.5 ARE 

45 0.4 1.05 2 12.5 ARE 

Table B1. 
Combinations of values of each variable and their degree of belonging to the established label.
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Chapter 5

Smart Technologies in Enhanced 
Oil Recovery: Integrating AI, 
Nanotechnology, and Sustainable 
Practices
Nouratan Singh, Poonam Rani and Neeraj Tandan

Abstract

Enhanced oil recovery (EOR) is a critical method for extracting additional oil 
from mature reservoirs, but it faces increasing pressure to become more efficient and 
environmentally sustainable. This chapter explores the integration of smart technolo-
gies such as artificial intelligence (AI), nanotechnology, and sustainable practices into 
EOR. AI is revolutionizing EOR operations by optimizing reservoir management, 
improving real-time monitoring, and reducing operational costs. Nanotechnology 
enhances oil recovery through the use of functionalized nanoparticles and smart fluids, 
which improve oil mobility and reduce chemical consumption. Additionally, sustain-
able practices, including CO2-EOR, water-efficient techniques, and biodegradable chemi-
cals, are being adopted to lower the environmental impact of EOR, especially in terms 
of carbon emissions and water use. While challenges remain—such as the high cost 
of technology and fluctuating oil prices—the future of EOR holds promise through 
continuous technological innovation and a growing emphasis on sustainability.

Keywords: enhanced oil recovery (EOR), artificial intelligence (AI), nanotechnology, 
sustainable practices, carbon capture utilization and storage (CCUS), reservoir 
management, microbial enhanced oil recovery (MEOR), functionalized nanoparticles, 
renewable energy integration, water management in EOR, biodegradable polymers, 
low-carbon EOR, energy transition

1. �Introduction

The growing global demand for energy, coupled with the declining availability of 
easily accessible oil reserves, has necessitated the development of more advanced oil 
recovery methods. Enhanced oil recovery (EOR) techniques, which aim to extract 
additional oil beyond what primary and secondary recovery methods can achieve, 
have played a critical role in increasing oil production. However, conventional EOR 
methods—including thermal recovery, gas injection, and chemical flooding—are not 
without limitations. These traditional techniques often face operational inefficiencies, 
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high costs, and environmental concerns, making them less viable as standalone solu-
tions, particularly in challenging reservoir conditions [1].

In response to these challenges, the oil and gas industry is increasingly looking 
towards smart technologies to enhance the effectiveness of EOR operations. These tech-
nologies—ranging from Artificial Intelligence (AI) and nanotechnology to sustainability-
driven innovations—have the potential to revolutionize oil recovery by improving 
efficiency, reducing costs, and addressing environmental concerns [2]. Integrating 
AI and machine learning with EOR processes allows for data-driven decision-
making and predictive modeling, enabling more precise optimization of reservoir 
management [3]. Nanotechnology, on the other hand, provides new materials and 
mechanisms for improving oil mobility at the molecular level, significantly boosting 
recovery rates [4]. Moreover, sustainable methods like Carbon Capture, Utilization, 
and Storage (CCUS) are being implemented to mitigate the environmental impact of 
enhanced oil recovery (EOR) processes, in accordance with worldwide initiatives to 
decrease carbon emissions [5].

1.1 The growing need for smart technologies in EOR

The increasing complexity of oil reservoirs—many of which are highly hetero-
geneous, deep, or involve high-temperature and high-pressure conditions—has 
exposed the limitations of traditional EOR techniques. For example, thermal recovery 
methods, while effective in some reservoirs, can be energy-intensive and costly, 
particularly in deep or offshore reservoirs. Similarly, chemical flooding methods face 
challenges such as chemical degradation and environmental risks related to waste-
water disposal [6]. The integration of AI and machine learning helps overcome some 
of these limitations by providing real-time data analysis, which enables operators to 
make informed decisions about how to adjust their recovery strategies based on evolv-
ing reservoir conditions. AI models have been successfully used to predict reservoir 
performance, optimize injection rates, and prevent equipment failures, improving 
both operational efficiency and production outcomes [7].

At the same time, nanotechnology is providing innovative solutions for EOR. 
Nanoparticles, due to their small size and large surface area, exhibit unique properties 
that can enhance fluid flow, reduce interfacial tension, and alter wettability—critical 
factors in improving oil mobility and recovery rates [8]. For example, nanoparticles 
are being engineered to improve the efficiency of water flooding, surfactant-polymer 
flooding, and other chemical EOR methods by increasing the displacement efficiency 
of oil trapped in the porous rock [9]. Field trials in various locations have demon-
strated that nanotechnology can significantly increase oil recovery while reducing the 
amount of chemicals needed, thus lowering environmental risks [10].

1.2 Sustainability concerns in traditional EOR

The environmental impact of conventional EOR techniques has raised significant 
concerns in recent years, particularly in the context of climate change and global 
efforts to reduce greenhouse gas emissions. Conventional methods often involve the 
use of large quantities of chemicals or high energy inputs, both of which contribute to 
carbon emissions and environmental degradation [11]. For instance, steam-assisted 
gravity drainage (SAGD) and other thermal methods generate considerable carbon 
emissions due to the energy required to produce steam at the surface [12]. Chemical 
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EOR methods, on the other hand, pose challenges related to chemical toxicity and the 
safe disposal of produced water.

In light of these challenges, sustainability is becoming a key consideration in 
the future of EOR. Technologies such as Carbon Capture, Utilization, and Storage 
(CCUS), which involves capturing CO2 emissions from industrial processes and 
injecting them into oil reservoirs to enhance recovery, are emerging as dual-purpose 
solutions. CCUS not only improves oil production but also mitigates CO2 emissions, 
making it a viable solution for reducing the carbon footprint of EOR operations [13]. 
Projects such as the Weyburn-Midale CCUS project in Canada have already dem-
onstrated the potential of this technology, capturing millions of tons of CO2 while 
increasing oil recovery rates [14].

1.3 The convergence of AI, nanotechnology, and sustainability in EOR

The future of enhanced oil recovery lies in the integration of AI, nanotechnology, 
and sustainable practices. By combining these smart technologies, oil producers can 
overcome the limitations of traditional methods and maximize recovery efficiency 
while minimizing environmental impact. AI enables predictive modeling and data-
driven optimization, which leads to more efficient operations and reduced downtime 
[15]. Nanotechnology enhances the physical and chemical processes involved in 
oil recovery, improving the displacement of trapped oil and increasing the overall 
recovery factor [16]. Sustainability-driven innovations, such as CCUS, help reduce 
the carbon footprint of EOR processes, making oil production more environmentally 
friendly [17].

This convergence of smart technologies offers a promising future for the oil 
industry, especially as more fields enter maturity and the focus shifts to maximizing 
the recovery of remaining resources. As these technologies continue to evolve, they 
will play a pivotal role in the future of energy production, enabling more efficient and 
sustainable recovery methods that can meet the world’s growing energy needs while 
addressing environmental concerns.

2. �Artificial intelligence in enhanced oil recovery

Artificial Intelligence (AI) has emerged as a transformative technology in various 
industries, and its impact on Enhanced Oil Recovery (EOR) is no exception. In EOR 
operations, AI’s ability to process vast amounts of data, model complex reservoir behav-
iors, and optimize operational parameters in real-time has led to significant improve-
ments in oil recovery efficiency. Data on AI applications in EOR shown in Table A1. By 
leveraging machine learning algorithms, neural networks, and data analytics, AI has 
provided the oil industry with a powerful toolkit to address challenges such as declining 
reservoir performance, high operational costs, and environmental concerns.

2.1 The role of AI in EOR

The integration of AI in EOR focuses primarily on predictive modeling, reservoir 
characterization, and process optimization. Traditional EOR methods often rely 
on limited data and are based on simplified reservoir models, which can result in 
suboptimal decision-making. AI, on the other hand, enables data-driven models that 
analyze large datasets from reservoirs to provide more accurate predictions of oil 
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recovery potential under different scenarios [18]. These models can simulate reservoir 
behavior with higher precision, allowing operators to dynamically adjust injection 
strategies, enhance oil displacement, and maximize recovery rates [19].

One of the key areas where AI is applied in EOR is reservoir management. AI-based 
models can analyze geological, geophysical, and production data to generate highly 
detailed reservoir simulations. These simulations enable a better understanding of 
reservoir heterogeneities, fluid flow patterns, and the impact of various recovery 
methods. For example, AI-powered tools can predict changes in reservoir pressure 
and fluid saturation during injection processes, providing insights that help optimize 
the placement of injection wells and the choice of recovery techniques [20].

AI also plays a crucial role in optimizing injection rates and well performance. 
Machine learning algorithms analyze historical data from wells and reservoirs to 
determine the optimal rates of injection for water, gas, or chemicals. These models 
continuously learn and adapt based on real-time data, allowing operators to fine-tune 
the injection process to maximize oil recovery while minimizing waste and costs [21].

2.2 Applications of machine learning in EOR

Machine learning, a subset of AI, has gained significant traction in EOR opera-
tions due to its ability to recognize patterns, handle complex datasets, and make 
predictions based on past experiences. Various machine learning techniques, such as 
neural networks, decision trees, and support vector machines, are used to improve 
decision-making in EOR projects.

The decision-making process in EOR projects is enhanced with the use of several 
machine learning techniques. These approaches include neural networks, decision 
trees, and support vector machines.

One prominent application of machine learning in EOR is reservoir performance 
forecasting. Neural networks, in particular, are well suited for analyzing nonlinear 
relationships between reservoir parameters and production data. These networks 
can predict future production rates, estimate remaining oil in place, and suggest 
optimal recovery strategies [22]. By providing accurate forecasts, machine learning 
models help operators reduce the risk of underperformance and enhance production 
efficiency.

Another key application of machine learning is real-time data processing and predic-
tive maintenance. In EOR operations, maintaining equipment reliability is critical to 
minimizing downtime and avoiding costly failures. Machine learning algorithms are 
used to monitor the health of equipment such as pumps, compressors, and pipelines. 
By analyzing sensor data from these machines, AI can detect early warning signs 
of equipment failure, enabling proactive maintenance and reducing unplanned 
shutdowns [23]. Predictive maintenance enhances operating efficiency and prolongs 
equipment longevity, hence decreasing long-term expenses.

2.3 Reinforcement learning for optimizing EOR processes

In addition to machine learning, reinforcement learning (RL) has shown promise 
in optimizing EOR processes. In contrast to conventional machine learning, which 
emphasizes pattern recognition in data, reinforcement learning entails an agent that 
acquires knowledge by interaction with an environment, getting feedback in the form 
of rewards or punishments.
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The reinforcement learning (RL) agent learns by interacting with an environment 
and receiving feedback in the form of rewards or penalties. In the context of EOR, 
RL can be used to optimize recovery strategies by continuously adjusting injection 
parameters based on real-time reservoir performance.

For example, in water flooding operations, RL algorithms can be programmed 
to adjust the water injection rate based on how the reservoir responds to different 
injection pressures and flow rates. The RL agent learns over time which injection 
parameters yield the highest oil recovery, leading to more efficient operations [24]. 
RL is also being explored in the optimization of gas injection and chemical flooding, 
where it can help adjust the composition and volume of injected materials to achieve 
maximum recovery.

2.4 AI for reservoir characterization and monitoring

Reservoir characterization is a critical aspect of EOR, as it provides detailed infor-
mation about the geological and fluid properties of the reservoir. AI-powered tools 
enhance reservoir characterization by processing large datasets from seismic surveys, 
well logs, and core samples. These tools can identify geological features such as faults, 
fractures, and high-permeability zones that are not easily detectable using traditional 
methods [25].

AI techniques, particularly deep learning, are increasingly used in the interpreta-
tion of seismic data. Deep learning models can analyze seismic images and automati-
cally classify reservoir zones, making it easier for geoscientists to identify areas with 
high oil saturation. This enables more accurate placement of injection and production 
wells, improving the effectiveness of EOR methods [26].

Moreover, AI is being employed in reservoir monitoring through the use of sensor 
networks and remote sensing technologies. By integrating data from sensors placed 
throughout the reservoir, AI algorithms can monitor real-time changes in reservoir 
conditions such as pressure, temperature, and fluid composition. This real-time 
monitoring allows operators to detect potential issues, such as water breakthrough or 
gas migration, early and adjust their recovery strategies accordingly [27].

2.5 Case studies of AI in EOR

The application of AI in EOR has led to several successful case studies. For exam-
ple, Chevron Corporation has implemented AI-driven reservoir management systems 
in its mature fields, leading to significant improvements in oil recovery. By analyzing 
production data and adjusting injection rates in real time, Chevron reported a 10% 
increase in recovery rates in certain fields [28].

In another case, Petrobras, the Brazilian oil company, utilized machine learn-
ing algorithms to optimize the injection of water and gas in its offshore fields. The 
AI-driven optimization reduced operational costs by 15% and increased oil recovery 
by over 12% [29]. These examples demonstrate the potential of AI to transform EOR 
operations by improving efficiency, reducing costs, and enhancing recovery [30].

3. �Nanotechnology in enhanced oil recovery

Nanotechnology has emerged as a powerful tool in enhanced oil recovery (EOR), 
offering new approaches to overcome the limitations of conventional recovery 
93



Recent Approaches in Enhanced Oil Recovery – New Perspectives and Future Outlook

6

techniques. The application of nanotechnology in EOR primarily focuses on enhanc-
ing fluid properties, improving mobility control, and altering reservoir wettability at 
the nanoscale, thus maximizing oil recovery from mature and challenging reservoirs. 
Nanoparticles (NPs) exhibit unique physical and chemical properties, such as high 
surface area-to-volume ratios and tunable functionalities, which make them highly 
effective for improving oil displacement and sweep efficiency in EOR processes. 
Properties of functionalized nanoparticles shown in Table B1.

3.1 Role of nanoparticles in EOR

Nanoparticles play a crucial role in EOR by altering the interactions between 
reservoir fluids and rock surfaces. Their small size and high reactivity enable them 
to penetrate deep into reservoir pores, enhancing oil recovery through mechanisms 
such as altering wettability, reducing interfacial tension, and improving the viscosity 
of injection fluids. In particular, nanoparticles can be tailored to work synergistically 
with existing EOR methods, such as water flooding, chemical flooding, and gas injec-
tion, to achieve higher recovery factors.

One of the primary mechanisms through which nanoparticles enhance EOR is 
wettability alteration. In many reservoirs, oil remains trapped in pores due to unfavor-
able wettability conditions, where the rock surface is oil-wet or mixed-wet, prevent-
ing the effective displacement of oil. Nanoparticles can alter the wettability of the 
reservoir rock to become more water-wet, improving the mobility of the trapped oil 
and allowing it to be swept more efficiently by the injected fluids [31]. For instance, 
silica nanoparticles have been widely used for this purpose due to their ability to alter 
wettability and reduce interfacial tension between oil and water phases [32].

Another important role of nanoparticles is in reducing interfacial tension (IFT). 
High IFT between oil and water often leads to poor displacement efficiency, with 
significant amounts of oil remaining in the reservoir. Nanoparticles, particularly those 
functionalized with surfactants or other surface-active agents, can significantly reduce 
IFT, enabling better mixing of the injection fluids with the oil phase. This leads to 
improved mobilization of the residual oil, enhancing the overall recovery factor [33].

3.2 Types of nanoparticles used in EOR

Several types of nanoparticles have been developed and tested for their effective-
ness in EOR, each with unique properties that contribute to oil recovery in different 
ways. Some of the most commonly used nanoparticles in EOR include the following:

Silica nanoparticles (SiO2): Silica nanoparticles are among the most studied and 
widely used in EOR due to their ability to alter wettability and reduce interfacial 
tension. These nanoparticles can be functionalized with various chemical groups to 
improve their performance in specific reservoir conditions. Silica NPs have shown 
significant potential in water flooding operations, where they increase oil recovery by 
improving the displacement efficiency of trapped oil [34].

Metal oxide nanoparticles: Metal oxide nanoparticles, such as titanium dioxide 
(TiO2) and zinc oxide (ZnO), are known for their thermal stability and photocatalytic 
properties, making them suitable for high-temperature reservoirs. These nanopar-
ticles can enhance EOR by altering wettability, reducing interfacial tension, and 
promoting oil displacement through their unique surface interactions with reservoir 
fluids [35].
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Magnetic nanoparticles: Magnetic nanoparticles, such as iron oxide (Fe3O4), have 
attracted attention for their ability to be manipulated using external magnetic fields. 
This property allows for more controlled injection and distribution of nanoparticles 
within the reservoir. Additionally, magnetic nanoparticles can improve oil recovery 
by enhancing the viscosity of injection fluids and altering the flow characteristics of 
the reservoir [36].

Carbon-based nanoparticles: Carbon-based materials, such as carbon nanotubes 
(CNTs) and graphene oxide, offer unique properties, including high surface area, 
electrical conductivity, and mechanical strength. These materials can improve oil 
recovery by enhancing fluid properties and altering the wettability of reservoir rocks. 
CNTs, in particular, have shown potential in thermal EOR applications, where they 
help improve heat transfer and oil displacement in steam injection processes [37].

3.3 Mechanisms of nanotechnology in EOR

The mechanisms by which nanoparticles enhance oil recovery are complex and 
involve several interrelated processes. Some of the key mechanisms include the 
following:

Wettability alteration: As mentioned, altering the wettability of the reservoir 
rock from oil-wet to water-wet is a critical mechanism in improving oil mobility. 
Nanoparticles can be engineered to adsorb onto the rock surface, changing its affinity 
from oil to water and thus facilitating better oil displacement during water flooding 
or chemical flooding operations [38].

Interfacial tension reduction: Nanoparticles can reduce the interfacial tension 
between oil and water, improving the ability of injected fluids to mobilize trapped oil. 
This is particularly important in surfactant-assisted EOR processes, where nanopar-
ticles act as co-surfactants to enhance the emulsification and displacement of oil from 
the reservoir pores [39].

Viscosity modification: Nanoparticles can modify the viscosity of injection fluids, 
making them more effective at displacing oil from the reservoir. For example, adding 
nanoparticles to polymer solutions in polymer flooding can improve the stability and 
viscosity of the polymer, leading to better sweep efficiency and higher oil recovery [40].

Enhanced thermal conductivity: In thermal EOR methods such as steam injection, 
nanoparticles can improve the thermal conductivity of the injected fluids, allowing 
for more efficient heat transfer to the reservoir. This enhances the ability of steam to 
reduce the viscosity of heavy oil and mobilize it for production [41].

3.4 Field applications and case studies

Numerous field trials and laboratory studies have demonstrated the effectiveness 
of nanoparticles in enhancing oil recovery. For instance, Petroleum Development 
Oman (PDO) conducted a field trial using silica nanoparticles in a mature reservoir to 
improve water flooding efficiency. The trial resulted in a 10% increase in oil recovery, 
highlighting the potential of nanoparticles to enhance conventional EOR methods [42].

Similarly, Chevron Corporation has explored the use of metal oxide nanoparticles 
in their steam injection operations. By incorporating titanium dioxide nanoparticles 
into the steam, Chevron was able to improve heat transfer and reduce the viscosity of 
heavy oil, leading to a 15% increase in recovery rates from high-temperature reser-
voirs [43].
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In another case, Saudi Aramco conducted a study on the use of magnetic nanopar-
ticles in chemical flooding operations. The magnetic properties of the nanoparticles 
allowed for better control of fluid injection and distribution, resulting in more 
efficient sweep and higher recovery rates [44]. These examples illustrate the versatil-
ity and effectiveness of nanotechnology in enhancing oil recovery across a variety of 
reservoir conditions.

3.5 Challenges and future outlook

Despite the promising potential of nanotechnology in EOR, several challenges 
remain. The cost of producing and scaling up nanoparticle-based EOR solutions can 
be high, particularly for more complex nanoparticles such as carbon nanotubes and 
magnetic nanoparticles. Additionally, there are concerns about the environmental 
impact of nanoparticles, particularly in terms of their long-term behavior in the 
subsurface environment and potential toxicity to ecosystems [45].

However, ongoing research and development are addressing these challenges by 
focusing on the development of more cost-effective and environmentally friendly 
nanoparticles. As the technology matures, it is expected that nanotechnology will 
play an increasingly important role in the future of EOR, particularly in the context of 
complex and mature reservoirs where conventional methods are less effective.

4. �Sustainable practices in enhanced oil recovery

Enhanced oil recovery (EOR) has traditionally been viewed as a means of extend-
ing the life of declining reservoirs and maximizing oil recovery. However, as global 
concerns over environmental sustainability and climate change intensify, the oil 
and gas industry has come under increased scrutiny for its environmental impact. 
Sustainable practices in EOR aim to balance the demand for increased oil production 
with the need to reduce greenhouse gas emissions, minimize environmental degrada-
tion, and ensure the responsible use of resources. This shift towards sustainability 
has led to the adoption of greener technologies, carbon management strategies, and 
resource-efficient methods that reduce the overall environmental footprint of EOR 
operations [46].

4.1 The importance of sustainability in EOR

EOR processes are energy-intensive and often involve the use of chemicals, steam, 
or gases that can have detrimental environmental effects if not managed properly. 
For instance, steam injection, a common thermal EOR technique, requires significant 
amounts of water and energy, leading to increased CO2 emissions. Similarly, chemi-
cal flooding can introduce potentially harmful substances into the environment. In 
response to these concerns, there is a growing emphasis on incorporating sustainabil-
ity into EOR projects to ensure that they not only improve oil recovery but also reduce 
environmental harm.

Sustainable EOR practices are being developed to address the following key areas:
Carbon emissions reduction: As global efforts to mitigate climate change intensify, 

reducing carbon emissions in EOR operations has become a critical focus. This is 
being achieved through carbon capture and storage (CCS), as well as carbon capture, 
utilization, and storage (CCUS) techniques [13].
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Water management: The efficient use of water in EOR processes is essential for 
reducing the environmental impact of operations, especially in regions where water 
scarcity is a concern [47].

Chemical minimization: Sustainable EOR practices aim to reduce the reliance on 
harmful chemicals and develop biodegradable or less toxic alternatives [48].

Energy efficiency: Sustainable EOR also focuses on increasing the energy efficiency 
of operations, utilizing renewable energy sources, and reducing the overall energy 
consumption of EOR methods [49].

4.2 Carbon management in EOR: CO2-EOR

One of the most prominent sustainable practices in EOR is CO2-EOR, which 
simultaneously enhances oil recovery and mitigates carbon emissions. CO2-EOR 
involves the injection of carbon dioxide into the reservoir to improve oil displacement 
by reducing oil viscosity and increasing its mobility. This technique enhances oil 
recovery while facilitating the long-term sequestration of CO2 in the reservoir, hence 
diminishing the volume of CO2 emitted into the environment.

This dual benefit of CO2-EOR makes it one of the most promising sustainable EOR 
techniques.

In CO2-EOR, collected CO2 from industrial sources, such power plants or refiner-
ies, is compressed and pumped into the reservoir. Carbon dioxide amalgamates with 
the oil, diminishing its viscosity and facilitating its flow into producing wells. After 
the injection process, a portion of the CO2 remains trapped in the reservoir, providing 
a form of carbon sequestration that helps reduce greenhouse gas emissions [50]. This 
method has been successfully implemented in numerous fields worldwide, particu-
larly in North America, where it has been used to enhance recovery from mature 
fields while simultaneously reducing emissions.

The main environmental advantage of CO2-EOR is its ability to permanently store 
CO2 in geological formations, effectively removing it from the atmosphere. Studies 
estimate that CO2-EOR can store up to 0.6 metric tons of CO2 for every barrel of oil 
produced, making it a key technology for achieving climate goals while continuing 
oil production [51]. However, the long-term effectiveness of CO2 storage, potential 
leakage risks, and monitoring challenges remain critical areas of research and devel-
opment [52].

4.3 Water management in EOR

Water is a critical resource in many EOR methods, particularly in water flooding, 
steam injection, and polymer flooding. However, the large volumes of water required 
for these processes can lead to water scarcity issues, especially in arid regions. 
Sustainable water management practices in EOR focus on reducing freshwater 
consumption, reusing produced water, and minimizing the environmental impact of 
water disposal.

One approach to sustainable water management is the use of produced water—the 
water that is co-produced with oil and gas during extraction. Instead of disposing of 
produced water, which can be expensive and environmentally harmful, many EOR 
operations are increasingly reusing it for injection purposes. Water recycling technologies 
are being developed to treat produced water so that it meets the quality standards required 
for reinjection into the reservoir [53]. This not only reduces the demand for freshwater but 
also minimizes the environmental impact of wastewater disposal.
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In steam-assisted gravity drainage (SAGD), a thermal EOR method, efficient water 
management is crucial due to the large volumes of steam required for heavy oil 
production [54].

Closed-loop water systems are being developed to recycle the steam condensate, 
reducing freshwater consumption and improving the overall sustainability of SAGD 
operations. Moreover, innovations in desalination and water treatment technologies 
are enabling the use of saline or brackish water in EOR processes, further decreasing 
the reliance on freshwater resources [55].

4.4 Minimizing chemical use in EOR

Chemical flooding, particularly surfactant flooding and polymer flooding, 
involves the injection of chemicals into the reservoir to improve oil displacement. 
However, the use of large quantities of synthetic chemicals poses environmental risks, 
such as soil and water contamination if they are not properly managed. To address 
these concerns, sustainable EOR practices aim to develop biodegradable or environ-
mentally friendly chemicals that reduce environmental harm while maintaining the 
effectiveness of EOR processes.

Research is being conducted on biosurfactants and biopolymers, which are 
derived from natural, renewable resources and are less harmful to the environ-
ment than traditional chemicals. For instance, rhamnolipids, a type of biosurfac-
tant produced by bacteria, have shown potential in reducing interfacial tension 
and enhancing oil recovery without the environmental risks associated with 
synthetic surfactants [56]. Similarly, biodegradable polymers, such as xanthan 
gum, are being tested as alternatives to synthetic polymers for improving sweep 
efficiency in polymer flooding [57].

Moreover, nanotechnology is playing an increasingly important role in reducing 
the chemical use in EOR. Nanoparticles can be used to enhance the performance of 
surfactants and polymers, allowing for the same or better oil recovery with lower 
chemical concentrations. This reduces the overall chemical load on the environment 
while maintaining the effectiveness of the EOR process [45].

Enhanced oil recovery (EOR) is a critical technology in the petroleum industry, 
aimed at maximizing the extraction of hydrocarbons from reservoirs [58]. Among 
the various EOR methods, chemical EOR—including surfactant flooding and poly-
mer flooding—plays a significant role [59]. However, the use of chemicals in these 
processes poses environmental and economic challenges, necessitating strategies to 
minimize chemical usage while maintaining efficiency.

4.4.1 Important chemicals used in surfactant flooding and chemical flooding

Surfactant flooding: Surfactant flooding is one of the most widely used methods in 
enhanced oil recovery (EOR), which improves oil recovery by reducing the interfacial 
tension between oil and water. This process involves the injection of surfactants to 
mobilize oil from the reservoir [60]. The key chemicals involved in surfactant flood-
ing include:

Anionic surfactants: Anionic surfactants are negatively charged and are highly 
effective in reducing interfacial tension. These surfactants are used extensively in 
surfactant flooding due to their ability to improve oil displacement. Sodium dodecyl 
sulfate (SDS), a commonly used anionic surfactant, is known for its strong efficiency 
in reducing interfacial tension [61].
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Cationic surfactants: Cationic surfactants carry a positive charge and are 
used in reservoirs where the rock surface is negatively charged. These surfac-
tants are often employed to enhance oil recovery in certain types of formations. 
Cetyltrimethylammonium bromide (CTAB) has been studied for its effectiveness in 
oil recovery in cationic surfactant systems [62].

Nonionic surfactants: Nonionic surfactants do not carry any charge, making them 
less sensitive to the salinity of the reservoir water. These surfactants are particularly 
useful in high-salinity environments, where ionic surfactants tend to lose their 
effectiveness. Polyethylene glycol (PEG) derivatives are commonly used in nonionic 
surfactant systems due to their stability and low sensitivity to salinity [63].

Amphoteric surfactants: Amphoteric surfactants possess both positive and nega-
tive charges, allowing them to work efficiently in various pH and salinity conditions. 
These surfactants provide flexibility in different reservoir conditions. Lauryl betaine 
has been used in laboratory studies for its ability to perform well across a range of pH 
and ionic conditions [64].

Co-surfactants and solvents: Co-surfactants and solvents are often used to enhance 
the solubility and efficiency of primary surfactants. These compounds work by 
altering the physicochemical properties of the surfactant solution. Alcohols like 
butanol and isopropyl alcohol (IPA) are common co-surfactants that help improve the 
stability of surfactants in oil [65].

Chemical flooding: Chemical flooding involves the injection of chemicals that alter 
the properties of reservoir fluids, improving oil recovery by increasing the viscosity 
of water or breaking down oil components [66, 67]. The chemicals commonly used in 
chemical flooding include the following:

Polymers: Polymers are often injected to increase the viscosity of the water, which 
helps improve the sweep efficiency by reducing the mobility of water in comparison 
to oil. Partially hydrolyzed polyacrylamide (HPAM) is the most commonly used 
polymer for chemical flooding due to its high viscosity and cost-effectiveness [68].

Alkaline agents: Alkaline agents are injected to raise the pH of the reservoir, 
promoting the formation of soap-like compounds that can emulsify crude oil, thus 
aiding in oil recovery. Sodium hydroxide (NaOH) and potassium hydroxide (KOH) 
are commonly used as alkaline agents in chemical flooding processes [69].

Polymer-surfactant mixtures: The combination of surfactants and polymers is often 
used to improve both displacement and sweep efficiencies. The polymer increases the 
viscosity, while the surfactant reduces interfacial tension. A mixture of polyacryl-
amide with surfactants like SDS or Triton X-100 has been demonstrated to improve 
the overall recovery factor in chemical flooding operations [70].

Viscosifiers: Viscosifiers are chemicals used to increase the viscosity of injected 
water or fluids, making them more effective in displacing oil. Xanthan gum is widely 
used as a viscosifier in chemical flooding because of its excellent stability and high 
viscosity at low concentrations [71].

Enzymes: In some chemical flooding processes, enzymes are used to break down 
high-viscosity oil components, making it easier to recover the oil from the reservoir. 
Cellulases and lipases are examples of enzymes that have been tested for their ability 
to degrade oil components [72].

4.4.2 Strategies to minimize chemical usage

Optimized formulation: Developing tailored chemical formulations for specific 
reservoir conditions can reduce the quantity of chemicals required [73].
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Nanotechnology integration: Incorporating nanoparticles into surfactants and 
polymers can improve their efficiency, thereby reducing the amount needed [74].

Smart water injection: Modifying the ionic composition of the injected water can 
enhance oil recovery, potentially reducing the reliance on chemicals [75].

Advanced monitoring techniques: Real-time monitoring and modeling of EOR 
processes can optimize chemical injection and minimize wastage [76].

Biodegradable and eco-friendly alternatives: Developing and using biodegradable 
chemicals can reduce environmental impact and enhance sustainability [77].

4.5 Energy efficiency and renewable energy integration in EOR

EOR processes, particularly thermal methods like steam injection, are highly 
energy-intensive, contributing to increased carbon emissions and operational costs. 
To improve sustainability, there is a growing focus on energy efficiency and the 
integration of renewable energy sources into EOR operations.

One promising approach is the use of solar energy to generate steam for thermal 
EOR methods. In regions with abundant sunlight, solar thermal plants can be used to 
produce the steam required for steam injection, reducing the reliance on fossil fuels 
and lowering the carbon footprint of the operation [78].

Geothermal energy is another renewable energy source being explored for EOR. 
Geothermal heat can be harnessed to generate the steam or hot water needed 
for thermal EOR processes, providing a sustainable and cost-effective energy 
solution [79].

In addition to renewable energy integration, energy recovery systems are being 
developed to capture waste heat from EOR operations and reuse it within the process. 
By improving energy efficiency and reducing waste, these systems help lower the 
overall environmental impact of EOR operations [80].

4.6 Challenges and future directions in sustainable EOR

While sustainable practices in EOR have shown significant potential, several 
challenges remain. The cost of implementing sustainable technologies, such as carbon 
capture and renewable energy systems, can be prohibitively high for some operators. 
Additionally, the long-term environmental impacts of certain sustainable methods, 
such as nanoparticle use and CO2 storage, are still being studied. There is also the 
challenge of regulatory and policy frameworks, which vary by region and can influ-
ence the adoption of sustainable EOR practices [81].

Looking forward, continued innovation and investment in sustainable EOR 
technologies will be critical to reducing the environmental impact of oil production. 
The development of low-carbon technologies, renewable energy integration, and 
resource-efficient methods will help ensure that EOR can continue to contribute to 
global energy needs while aligning with climate and sustainability goals [82].

5. �Future prospects and challenges in enhanced oil recovery (EOR)

As the global energy landscape evolves, the future of enhanced oil recovery (EOR) 
lies at the intersection of technological advancements, environmental sustainability, 
and economic viability. While EOR has proven to be an effective strategy for increas-
ing oil recovery from mature fields, significant challenges remain. These challenges 
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include the cost and complexity of EOR technologies, environmental concerns, and 
fluctuating oil prices. However, continued innovation and research are paving the 
way for more efficient, environmentally friendly, and cost-effective EOR techniques.

5.1 Prospects for technological advancements in EOR

EOR technologies are expected to evolve rapidly in the coming decades, driven by 
advancements in artificial intelligence (AI), nanotechnology, and sustainable prac-
tices. The integration of these technologies promises to improve the efficiency and 
success rates of EOR operations while reducing their environmental impact.

AI-driven optimization: The use of AI in EOR is expected to grow, with advanced 
algorithms helping to optimize reservoir management, predict production rates, and 
reduce operational costs. AI models can also analyze vast datasets to recommend the 
most effective EOR methods for specific reservoirs. AI can improve real-time moni-
toring, automate decision-making processes, and optimize the allocation of resources, 
all of which enhance recovery rates and reduce environmental risks [83]. In the 
future, AI systems could further integrate data from multiple sources, enabling even 
more precise control over EOR operations.

Nanotechnology: The future of nanotechnology in EOR holds immense potential 
for revolutionizing the industry. Nanoparticles can improve the mobility of trapped 
oil, enhance chemical reactions, and reduce the amount of chemicals required in EOR 
processes. As research progresses, functionalized nanoparticles—those designed for 
specific reservoir conditions—will likely become more prevalent. These particles can 
be customized to alter their properties under different temperature, pressure, and 
salinity conditions, making them highly versatile for a range of EOR applications 
[84]. Furthermore, the use of smart fluids with nanomaterials may provide a more 
efficient and sustainable method for oil recovery, reducing the environmental impact 
of traditional chemical flooding techniques.

Biotechnology: Microbial enhanced oil recovery (MEOR) is another emerging 
technology with potential future applications. By utilizing bacteria and other micro-
organisms, MEOR can enhance oil recovery by altering the reservoir’s fluid proper-
ties, reducing oil viscosity, and creating natural surfactants. While MEOR is still in its 
infancy compared to other EOR techniques, advances in biotechnology and micro-
biology are expected to improve its efficiency and adaptability in different reservoir 
environments [85].

5.2 Environmental and sustainability challenges

Despite the advancements in EOR technologies, the industry still faces significant 
challenges related to environmental sustainability. The extraction and recovery of 
hydrocarbons contribute to greenhouse gas (GHG) emissions and environmental 
degradation. As global efforts to combat climate change intensify, EOR projects must 
align with sustainability goals to remain viable.

Carbon emissions: One of the primary environmental concerns in EOR operations 
is the generation of CO2 and other GHGs, particularly in thermal EOR processes that 
require large amounts of energy. While CO2-EOR offers a solution by injecting cap-
tured carbon into reservoirs, its long-term success depends on the ability to securely 
store CO2 without leakage [86]. Regulatory frameworks and advanced monitoring 
techniques are essential to ensuring that CO2 injected into reservoirs remains perma-
nently sequestered [87].
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Water usage: Water-intensive methods, such as steam injection and water flooding, 
continue to pose sustainability challenges, especially in regions facing water scarcity. 
Future EOR operations will need to adopt more water-efficient techniques, such 
as closed-loop systems that recycle water or the use of alternative fluids like CO2 or 
nitrogen for injection [77]. Additionally, advanced water treatment technologies will 
be necessary to safely reuse produced water, reducing the environmental impact of 
wastewater disposal. Water-efficient EOR technologies shown in Table C1.

Sustainable chemical use: While chemical flooding has proven effective in many 
reservoirs, it involves the use of synthetic chemicals that can harm the environment 
if not properly managed. To address this, future EOR methods must prioritize the 
use of environmentally friendly chemicals and biodegradable materials that reduce 
the potential for contamination and minimize the environmental footprint [88]. 
Continued research into biosurfactants and biopolymers will likely play a significant 
role in achieving this goal.

5.3 Economic challenges and future viability

The economic viability of EOR is heavily influenced by the fluctuating prices of 
oil and the costs associated with EOR technologies. As oil prices remain volatile, the 
high capital and operational costs of many EOR methods, such as steam injection and 
CO2-EOR, can deter investment in EOR projects, especially in low-margin fields.

Cost of advanced technologies: While technologies like AI, nanotechnology, and 
renewable energy integration promise to improve EOR efficiency, their upfront 
costs remain a barrier for widespread adoption. CO2 capture, utilization, and storage 
(CCUS), for example, is a critical technology for reducing emissions, but its cost is 
often prohibitively high without financial incentives or regulatory frameworks that 
encourage investment [89]. Overcoming these economic barriers will require both 
technological innovations that reduce costs and supportive policies that promote the 
adoption of low-carbon technologies.

Uncertain oil demand: Another economic challenge facing EOR is the uncertain 
future demand for oil, as the world transitions towards renewable energy sources. 
While oil will likely continue to play a significant role in the global energy mix for 
decades, the pace of the energy transition could reduce the need for EOR in certain 
regions. However, EOR projects that prioritize sustainability and minimize environ-
mental impact may be better positioned to succeed in a low-carbon future [90].

5.4 Future directions and policy considerations

Looking ahead, the future of EOR will be shaped not only by technological advance-
ments but also by regulatory and policy frameworks designed to address climate change 
and environmental sustainability. Governments and industry stakeholders will need 
to work together to create policies that incentivize the adoption of sustainable EOR 
technologies and reduce the overall environmental impact of oil production.

Carbon pricing and incentives: Implementing carbon pricing mechanisms, such 
as carbon taxes or cap-and-trade systems, could provide the necessary financial 
incentives for operators to adopt low-carbon EOR technologies. Policies that support 
investment in CCUS and other carbon management technologies will be crucial for 
the future viability of CO2-EOR and other sustainable EOR methods [91].

Regulations on water use and chemical management: Future policies will likely impose 
stricter regulations on water use and chemical management in EOR operations. 
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Governments may encourage the use of recycled water and environmentally friendly 
chemicals through subsidies or other incentives. In addition, monitoring and report-
ing standards will need to be strengthened to ensure that EOR projects comply with 
environmental regulations and minimize their impact on local ecosystems [92].

Collaboration and innovation: The future of EOR will also depend on continued 
collaboration between industry, academia, and government agencies. Research 
partnerships will be essential for advancing the next generation of EOR technologies, 
from AI and nanotechnology to sustainable chemical solutions. By fostering a culture 
of innovation, the oil and gas industry can ensure that EOR remains a viable and envi-
ronmentally responsible method for meeting global energy demands.

6. �The ability to minimize environmental impact

The sustainable EOR practices aim to develop biodegradable or environmentally 
friendly chemicals that reduce environmental harm while maintaining the effective-
ness of EOR processes. Recent advancements in this area have led to the development 
of several environmentally friendly chemicals that are being tested for their ability to 
minimize environmental impact as shown in Tables 1 and 2. Some examples include 
the following.

6.1 Biodegradable surfactants

These surfactants are designed to break down into non-toxic components after 
use, reducing long-term environmental impact. For example, surfactants derived 
from renewable resources, such as fatty acids or sugar-based surfactants, have been 
shown to exhibit biodegradability while maintaining oil recovery efficiency. In 
one study, it was found that biodegradable surfactants could reduce the toxicity of 
effluent by up to 30% compared to traditional surfactants like sodium dodecyl sulfate 
(SDS) [93]. While the cost of biodegradable surfactants may be higher (about 10–20% 
more expensive than conventional ones), their environmental benefits and regulatory 
acceptance make them a viable option for sustainable EOR.

Parameter Conventional EOR practices Sustainable EOR practices

Cost of surfactants (per kg) $2–$4 (for synthetic 
surfactants like SDS)

$2–$3 (for biodegradable surfactants or 
biosurfactants)

Environmental toxicity High (toxic effluents in 
wastewater)

25–30% reduction in toxicity 
(biodegradable options)

Cost of polymers (per kg) $1.5–$2 (for synthetic HPAM) $2–$2.5 (for biopolymers like xanthan 
gum)

Wastewater contamination High, requires expensive 
treatment

30–35% reduction in contamination 
(biopolymers, enzymes)

Oil recovery efficiency 40–60% (depending on 
reservoir conditions)

40–60% (comparable with improved 
sustainability)

CO2 emission reduction (in 
CO2-EOR)

Moderate 50% reduction in emissions (natural 
alkali agents)

Table 1. 
Statistical comparison of old vs. new practices.
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6.2 Biosurfactants

Biosurfactants, produced by microorganisms, are an environmentally friendly 
alternative to traditional synthetic surfactants. They are biodegradable, non-toxic, 
and effective in reducing interfacial tension in EOR. Rhamnolipids, produced by 
Pseudomonas aeruginosa, have been shown to achieve oil recovery rates similar to 
conventional synthetic surfactants. Studies show that rhamnolipids can be pro-
duced at a cost of approximately $2–$3 per kilogram, which is comparable to some 
synthetic surfactants used in the industry [62]. Additionally, biosurfactants exhibit 
a lower environmental impact due to their natural origins and biodegradability. A 
study comparing biosurfactants to synthetic surfactants reported a 25% reduction in 
environmental toxicity in wastewater treatment processes.

6.3 Polymer-based flooding using biopolymers

Biopolymers, such as xanthan gum, which are naturally derived, can be used in 
chemical flooding. These biopolymers offer an eco-friendly alternative to synthetic poly-
mers like partially hydrolyzed polyacrylamide (HPAM). A field study comparing the 
cost-effectiveness of xanthan gum to HPAM showed that the latter was about 15–20% 
less expensive; however, the biodegradability of xanthan gum resulted in a more sustain-
able long-term solution, with a 30% reduction in the environmental footprint [94].

Category Traditional EOR AI-based EOR Nanotechnology EOR Sustainable EOR

Techniques used Water, gas, 
and chemical 
flooding

AI-driven reservoir 
modeling, predictive 
analytics

Nanoparticles, 
nanofluids

CO2 sequestration, 
biosurfactants, 
renewable energy

Efficiency Moderate High (optimized 
through AI insights)

High (enhanced fluid 
properties)

Moderate to high 
(depends on 
approach)

Cost High (due to 
chemical and 
energy use)

Lower (efficiency 
reduces operational 
costs)

Moderate to high 
(depends on 
nanoparticle cost)

Moderate (cost 
offset by sustainable 
benefits)

Environmental 
impact

High (hazardous 
chemicals, water 
use)

Moderate (depends 
on implementation)

Low to moderate 
(depends on 
nanoparticle recycling)

Low (focus on 
minimizing 
emissions)

Scalability Established, 
widely 
implemented

High (scalable with 
existing data)

Moderate (requires 
advanced materials)

Moderate to high 
(depends on policy 
support)

Technological 
barriers

Minimal 
(well-understood 
processes)

Requires expertise in 
AI and data science

Advanced material 
development and 
handling

Integration of 
sustainable energy 
and processes

Case studies Extensive Emerging (e.g., 
predictive 
maintenance)

Field applications still 
growing

Proven in CO2-EOR 
and bio-based EOR

Key challenges High chemical 
and water use, 
emissions

Data availability 
and computational 
resources

Cost of nanoparticles, 
field deployment

Policy and upfront 
costs

Table 2. 
A comparison showcasing the features, advantages, and challenges of different enhanced oil recovery (EOR) 
technologies.
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6.4 Enzyme-based EOR

The use of enzymes, such as lipases and cellulases, for breaking down high-viscos-
ity oil components provides an environmentally sustainable approach. These enzymes 
are biodegradable and less harmful compared to chemical additives. A comparative 
study of enzyme-based EOR and conventional chemical flooding found that enzyme-
based methods led to a 20% reduction in chemical usage, while maintaining similar 
oil recovery rates [72, 95]. The overall environmental impact was also reduced by 
35%, as enzymes do not contribute to the same level of contamination or toxicity in 
wastewater compared to synthetic chemicals.

6.5 Environmentally friendly chemical additives for CO2-EOR

Chemical additives designed to improve CO2-EOR processes while being environ-
mentally safe have also been developed. For instance, using natural alkali agents like 
sodium bicarbonate instead of conventional chemicals such as potassium hydroxide 
leads to a 10% reduction in operational costs while offering a 50% reduction in envi-
ronmental contamination associated with wastewater disposal [73]. These natural 
agents are less toxic, easily recyclable, and more environmentally friendly than 
traditional alkaline agents used in CO2-EOR.

By shifting towards these environmentally friendly chemicals, the oil and gas 
industry can move towards more sustainable EOR practices that reduce environmen-
tal degradation while ensuring the continued effectiveness of oil recovery methods. 
The combination of lower toxicity, biodegradability, and a reduced environmental 
footprint makes these newer technologies a better choice for the future of EOR.

A bar chart comparing the relative costs of traditional EOR methods versus those 
employing advanced technologies like AI, nanotechnology, and sustainability-focused 
approaches. This visualization highlights the cost efficiency of modern practices in 
enhanced oil recovery as shown in Figure 1.

Figure 1. 
Cost comparison: traditional vs. advanced EOR technology.
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A bar chart visualizing the reduction in hazardous emissions achieved through 
sustainable enhanced oil recovery (EOR) practices compared to traditional methods. 
It demonstrates the significant environmental benefits of integrating AI, nanotech-
nology, and sustainability into EOR processes as shown in Figure 2.

7. �Recent technologies in enhanced oil recovery (EOR) to reduce costs and 
minimize hazardous emissions

Enhanced oil recovery (EOR) methods have been pivotal in maximizing oil produc-
tion from mature reservoirs. However, traditional EOR techniques can be expensive 
and environmentally challenging due to high chemical usage, energy consumption, 
and greenhouse gas emissions. Recent technological advancements aim to address these 
issues by improving cost-effectiveness, reducing chemical and energy consumption, and 
minimizing environmental impacts. Below are key innovations that are reshaping EOR:

7.1 Carbon capture and storage (CCS) integrated with CO2-EOR

One of the most significant innovations in reducing both the costs and environmental 
impact of EOR is the integration of carbon capture and storage (CCS) with CO2-EOR. In 
this process, carbon dioxide is injected into the reservoir, not only aiding in oil recovery but 
also acting as a long-term storage solution for CO2. This approach helps mitigate climate 
change by trapping CO2 underground, preventing it from entering the atmosphere [96].

Benefits:

•	 Cost reduction: CO2-EOR can extend the life of existing oil fields, reducing the 
need for new drilling and the associated costs.

•	 Environmental impact: By sequestering CO2, this method significantly reduces 
greenhouse gas emissions, contributing to carbon neutrality goals.

Figure 2. 
Emission reduction: traditional vs. advanced EOR technology.
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7.2 Nanotechnology for environmentally friendly EOR

Nanotechnology has the potential to enhance EOR efficiency while reducing envi-
ronmental hazards. Nanofluids, which consist of nanoparticles suspended in fluids, 
are used in EOR to improve sweep efficiency and reduce oil viscosity. Moreover, nano-
materials can be engineered to minimize the use of harmful chemicals and optimize 
the recovery process [16, 97].

Benefits:

•	 Cost efficiency: Nanoparticles can be used in smaller quantities, reducing the need 
for large chemical volumes in the recovery process.

•	 Reduced environmental impact: The use of environmentally friendly nanoparticles 
(e.g., silica nanoparticles) minimizes the toxicity and environmental risks associ-
ated with traditional EOR chemicals.

7.3 Biotechnology and microbial enhanced oil recovery (MEOR)

Microbial enhanced oil recovery (MEOR) utilizes bacteria and microbial metabo-
lism to improve oil recovery. This biotechnology-based approach involves injecting 
specific microorganisms or nutrients into the reservoir to either alter the viscosity of 
the oil, reduce surface tension, or produce gases that help displace the oil [85, 98].

Benefits:

•	 Cost reduction: Microbial agents are often less expensive than chemical additives 
and can be produced in situ, reducing transportation and handling costs.

•	 Environmental sustainability: MEOR is an eco-friendly approach as it involves the 
use of natural organisms, which can be less toxic and more biodegradable than 
conventional chemicals.

7.4 Advanced polymer flooding with bio-based polymers

Polymer flooding has been a well-established technique in EOR, where polymers 
like HPAM (partially hydrolyzed polyacrylamide) are injected to increase the viscosity 
of the water, improving the sweep efficiency of injected fluids. However, recent innova-
tions involve the use of bio-based polymers, which are derived from renewable sources 
and are biodegradable, reducing the environmental footprint of the process [94, 99].

Benefits:

•	 Cost reduction: Bio-based polymers are often cheaper to produce than synthetic 
polymers.

•	 Environmental sustainability: They are more eco-friendly, biodegradable, and less 
harmful to reservoir ecosystems.

7.5 Renewable energy-powered EOR systems

Incorporating renewable energy sources such as solar and wind energy to power EOR 
operations can significantly reduce the carbon footprint associated with conventional 
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fossil fuel-based energy sources. Renewable energy-powered injection systems can 
reduce the need for traditional energy sources, lowering operational costs and 
emissions [80, 100].

Benefits:

•	 Cost efficiency: Solar and wind energy can offer long-term savings by reducing 
reliance on expensive grid power.

•	 Sustainability: These systems can substantially decrease the carbon emissions 
associated with EOR operations, aligning with the global push towards sustain-
able energy practices.

8. �Conclusion

Enhanced oil recovery (EOR) continues to play a pivotal role in meeting global energy 
demands by maximizing oil production from mature and declining reservoirs. However, 
as environmental sustainability and economic efficiency become increasingly critical, the 
integration of advanced technologies and greener practices in EOR has emerged as the key 
to its future viability. This chapter has explored the profound impact of artificial intel-
ligence (AI), nanotechnology, and sustainable practices on transforming EOR into a more 
efficient, eco-friendly, and economically sustainable method.

Artificial intelligence has proven instrumental in optimizing EOR operations, allowing 
for data-driven decision-making, real-time monitoring, and process automation, thereby 
enhancing recovery rates while reducing costs. The application of nanotechnology offers 
innovative solutions for improving fluid mobility, reducing chemical usage, and tailoring 
recovery methods to specific reservoir conditions. Sustainable practices, including carbon 
management through CO2-EOR, efficient water usage, the minimization of harmful 
chemicals, and the integration of renewable energy sources, have underscored the indus-
try’s commitment to reducing its environmental footprint.

Despite these promising advancements, significant challenges remain. The high costs 
associated with implementing advanced technologies, coupled with concerns about 
carbon emissions, water consumption, and long-term sustainability, require continued 
research, investment, and regulatory support. However, with global efforts to mitigate cli-
mate change and transition to a low-carbon future, EOR’s role in ensuring energy security 
while aligning with environmental goals has become more important than ever.

Recent advancements in technology offer promising solutions to reduce the costs 
and environmental impact of enhanced oil recovery (EOR). By integrating carbon 
capture, nanotechnology, biotechnology, bio-based polymers, and renewable energy, 
the oil and gas industry can enhance production efficiency while adhering to sustain-
able practices. These innovations are pivotal in ensuring the continued viability of 
EOR while minimizing its ecological footprint.

The future of EOR will be shaped by ongoing innovations in AI, nanotechnology, 
and sustainable practices, as well as the industry’s ability to navigate the economic 
and environmental challenges it faces. By fostering collaboration between industry, 
government, and academia, and by embracing forward-thinking policies that support 
sustainability and technological advancement, EOR has the potential to remain a vital 
and responsible contributor to global energy supply. As EOR technologies evolve and 
become more sustainable, they will ensure that oil recovery is not only more efficient 
but also more aligned with the growing demand for environmental stewardship.
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Nomenclature

EOR			�   Enhanced Oil Recovery – Techniques used to 
increase oil extraction from mature fields

AI			�   Artificial Intelligence – Technology that simulates 
human intelligence in decision-making processes

Nanotechnology 		�  The use of nanoparticles to improve oil recovery 
by altering fluid properties or enhancing chemical 
reactions

CO2-EOR			�   A method of EOR using carbon dioxide to increase 
oil displacement and storage in reservoirs

CCUS			�   Carbon Capture, Utilization, and Storage – 
Technology for capturing and storing carbon 
emissions from industrial processes

Smart fluids			�   Fluids that incorporate advanced materials like 
nanoparticles to improve flow and oil recovery 
efficiency

Functionalized nanoparticles	� Nanoparticles that are engineered to perform spe-
cific functions in EOR, such as reducing oil viscosity 
or improving mobility

MEOR			�   Microbial Enhanced Oil Recovery – A technique 
using microorganisms to improve oil recovery by 
altering reservoir properties

Water-flooding			�   An EOR method where water is injected into the 
reservoir to displace oil and increase recovery

Sustainable EOR	 		�  Environmentally conscious approaches to EOR that 
focus on reducing resource use and emissions

Acronyms and abbreviations

EOR	 enhanced oil recovery
AI	 artificial intelligence
CO2-EOR	 carbon dioxide enhanced oil recovery
CCUS	 carbon capture, utilization, and storage
MEOR	 microbial enhanced oil recovery
NPs	 nanoparticles
SNPs	 surface-functionalized nanoparticles
IoT	 Internet of things
ML	 machine learning
NN	 neural networks
RF	 reservoir fluid
ANN	 artificial neural networks
PVT	 pressure-volume-temperature
NMR	 nuclear magnetic resonance
SLN	 smart liquid nanoparticles
FTIR	 Fourier transform infrared spectroscopy
SDS	 sodium dodecyl sulfate
SWCNT	 Single-walled carbon nanotubes
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LCA	 life cycle assessment
TDS	 total dissolved solids
FPS	 field performance simulation

Appendices

Appendix A: Data on AI applications in EOR

Appendix B: Properties of functionalized nanoparticles

Appendix C: Water-efficient EOR technologies

Application Description Impact on EOR

Predictive 
analytics

AI algorithms predict production rates and 
optimize recovery methods

Increases accuracy in decision-making, 
reduces operational risks

Real-time 
monitoring

Sensors and AI analyze data from reservoirs 
and wells

Enhances real-time adjustments, 
improving recovery efficiency

Automation in 
drilling

AI-driven automation of drilling and 
reservoir management

Reduces costs, increases precision, and 
minimizes human error

Table A1.  
Data on AI applications in enhanced oil recovery (EOR).

Nanoparticle type Function in EOR Key benefits

Silica nanoparticles Reduce oil viscosity, improve 
mobility

Enhanced oil displacement, reduced 
chemical use

Metal-oxide 
nanoparticles

Improve thermal properties for 
thermal EOR techniques

Improved heat transfer and fluid behavior

Carbon nanotubes Adsorption of oil and contaminants Increased recovery efficiency, less 
environmental contamination

Table B1.  
Properties of functionalized nanoparticles used in EOR.

Technology Description Impact on sustainability

Closed-loop systems Reuse and recycle water within 
EOR operations

Minimizes freshwater usage, reduces 
wastewater production

CO2 and nitrogen 
injection

Alternative to water-based 
flooding methods

Reduces dependence on water, lowers 
environmental impact

Advanced water 
treatment

Technologies to treat and reuse 
produced water

Enables the safe reuse of water, reduces 
disposal challenges

Table C1.  
Water-efficient technologies applied in enhanced oil recovery (EOR).
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Nanoparticles-Assisted Polymer 
Flooding: A New Approach toward 
Enhanced Oil Recovery
Khalaf Gad Salem, Adel Salem, Sayed Gomaa  
and Abdelaziz El-hoshoudy

Abstract

Polymer flooding is widely regarded as the most effective method for 
chemical-enhanced oil recovery due to its ability to reduce water mobility and 
improve sweep efficiency. However, traditional polymer flooding has some 
limitations, such as the degradation of polymer structure in harsh reservoir 
conditions. Recently, experimental investigations have shown that the synergy of 
nanoparticles (NPs) and polymer can enhance flooding performance and increase 
oil recovery compared to traditional polymer flooding. The focus of this chapter 
is on nanoparticle-assisted polymer flooding and its use to enhance oil recovery. 
Therefore, the purpose of this chapter is to provide a brief but thorough overview 
of key aspects necessary to understand this technology as a new enhanced oil 
recovery process. This chapter covers various aspects, including preparations, 
enhanced oil recovery (EOR) mechanisms, displacement tests, numerical simu-
lations, and economic assessments of nanoparticle-assisted polymer flooding. 
Additionally, the chapter identifies the challenges and future directions for 
polymeric nanofluids. Overall, the polymeric nanofluids significantly enhance 
rheological properties, reduce interfacial tension (IFT), and alter wettability for 
EOR purposes. Moreover, polymeric nanofluids demonstrate higher incremental 
oil recovery than conventional polymer flooding.

Keywords: enhanced oil recovery, polymer flooding, nanoparticles, experimental 
investigation, polymeric nanofluid, IFT reduction, polymer viscosity

1. �Introduction

Typically, nearly half of the oil and gas initially present in a reservoir remains 
unrecovered after primary and secondary recovery processes. This is primarily 
due to capillary forces and an unfavorable mobility ratio between the aqueous and 
oleic phases, which cause the oil to either be bypassed or become trapped within 
the reservoir [1, 2]. To maximize the amount of recoverable oil, enhanced oil recov-
ery (EOR) techniques must be carefully planned and implemented [3]. Figure 1 
exhibits the classification of various oil-recovery terminology: primary, secondary 
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and tertiary recovery. The primary recovery typically involves extracting oil using 
the reservoir’s natural energy or with the help of artificial lift systems. This stage 
usually recovers less than 30% of the initial oil in place. Once the natural energy is 
depleted, leading to a decline in reservoir pressure, or when it becomes uneconomical 
to continue production, additional energy must be introduced to maintain pressure 
and sustain oil production. This is achieved through secondary recovery methods, 
such as injecting water or gas to support reservoir pressure. The secondary recovery 
phase can increase the total recovery to 30–50% of the oil initially in place. Next, the 
enhanced oil-recovery stage is applied to increase the oil recovered beyond the range 
that conventional primary and secondary recovery can reach. EOR methods may be 
categorized into four classes: chemical [2, 5], thermal [6], miscible gas [7], and others 
[8]. Polymer flooding stands out as a well-established and effective method within 
the realm of chemically enhanced oil recovery (EOR) [9]. This technique works by 
lowering the mobility ratio between the water and oil phases, thereby enhancing 
the efficiency of the sweep process. This improvement is illustrated by the following 
equation [10–13]:

	
Mobility of oil phase /

Mobility of water phase /
o koM
w kw
µ
µ

= =
 
	 (1)

where M is mobility ratio; μo is oil viscosity; ko is oil permeability; μw is water 
viscosity; kw is water permeability.

Despite its effectiveness, traditional polymer flooding faces several practical chal-
lenges, especially in the high-temperature and high-salinity environments typical of 
many reservoirs [14–16]. Consequently, researchers are actively working to enhance 
the performance of conventional polymers to better suit these demanding conditions 
for EOR applications.

Figure 1. 
Classification of oil recovery [4].
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2. �Applications of nanotechnology in enhanced oil recovery

The groundbreaking advancements in nanotechnology have significantly trans-
formed researchers’ perspectives on the application of nanomaterials in enhanced oil 
recovery (EOR). This shift in perception underscores the potential of nanotechnology 
to revolutionize EOR techniques, making them more efficient and effective [17–21]. 
A nanofluid is characterized as a base fluid containing nanoparticles (NPs) with 
an average size of less than 100 nanometers in a colloidal suspension [20]. Thanks 
to their diminutive size, these nanoparticles exhibit an exceptionally high surface-
to-volume ratio, as illustrated in Figure 2. This extensive surface area significantly 
boosts the proportion of atoms present on the surface of the nanoparticles. In 
enhanced oil recovery (EOR) applications, nanofluids can be categorized into four 
distinct groups based on the formulation of nanoparticles (NPs) used in the flooding 
process: (a) only NPs in the injected water [21–23], (b) a mixture of NPs and polymer 
[24–26], (c) a mixture of NPs and surfactant [25, 27, 28], and (d) a mixture of NPs, 
polymer, and surfactant [27–29]. Recently, nanoparticle-induced chemical-enhanced 
oil recovery (EOR) has emerged as a promising alternative to traditional chemical 
EOR techniques [20, 30, 31]. The integration of polymers and nanoparticles (NPs) is 
seen as a viable replacement for conventional polymer flooding in EOR [16, 32]. The 
primary reason for combining nanoparticles with polymer solutions is to enhance 
the properties of the polymers, particularly their thermal, chemical, and mechanical 
stability, thereby achieving higher oil-recovery rates than traditional polymer injec-
tion [11, 32]. Furthermore, nanoparticle-induced polymer flooding has been shown 
to reduce interfacial tension (IFT) [24, 33], alter wettability [26, 34], and decrease 
polymer adsorption in porous media [35–37], all of which contribute to improved 
oil recovery performance. This innovative class of EOR techniques is referred to as 
polymeric nanofluid, nanoparticle-assisted polymer flooding, or nanocomposite 
polymer flooding [11, 38–40].

3. �Preparation of nanoparticles-assisted polymer flooding

According to the literature, two primary methods are employed to prepare 
polymeric nanofluids: the polymer nano-grafting method and the polymer 

Figure 2. 
Schematic diagram of nanoparticles with high surface-to-volume ratio [20].
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nanosuspension method. Before formulating polymeric nanofluids, it is essential 
to treat the nanoparticle (NP) surfaces either physically or chemically to enhance 
dispersion compatibility [16]. Physical treatments involve coating the NP surfaces 
with polymers or surfactants. In contrast, chemical treatments may involve modifica-
tions using coupling agents like silane and zirconate or grafting polymers onto the NP 
surfaces.

In polymer nano-grafting (PNG), polymers are chemically bonded to nano-
materials, enhancing stability and reducing particle agglomeration by filling the 
interstitial spaces of nanoparticles (NPs) [41]. This method offers significant 
advantages, including improved stability and reduced agglomeration. There are two 
primary techniques for chemically grafting polymers onto NP surfaces, as illus-
trated in Figure 3.

1.	“Grafting to”: This involves the covalent attachment of polymer ends to the nano-
material surface.

2.	“Grafting from”: This method initiates polymerization directly from the nanopar-
ticle surface.

“Grafting from” is typically executed using free radical polymerization, 
atom-transfer radical polymerization, nitroxide-mediated radical polymeriza-
tion, ring-opening polymerization, and reversible addition-fragmentation chain 
transfer. Additionally, “grafting in” refers to the attachment of a pre-synthesized 
polymer chain to the surface of a nanoparticle [41]. This process is facilitated by a 
coupling agent that interacts with both the nanoparticle surface and the polymer 
chain. For instance, silica NP surfaces can be functionalized with silanes contain-
ing reactive functional groups, allowing the polymer to attach via a chemical 
reaction. On the other hand, “grafting from” involves initiating polymerization 
from the nanoparticle surface using a suitable initiator [42]. After the initia-
tor is attached, a monomer can be polymerized from the surface, leading to the 
development of a polymer chain that is covalently bonded to the nanoparticle, as 
illustrated in Figure 3.

In the second method, known as polymer nanosuspension (PNS), nanoparticles 
are incorporated into the polymer matrix through methods like sonication and 
high-pressure homogenization [32]. Optimizing the dispersion process is crucial to 

Figure 3. 
The types of grafting techniques [16].

126



N
anoparticles-A

ssisted Polym
er Flooding: A

 N
ew

 A
pproach tow

ard Enhanced O
il Recovery

D
O

I: http://dx.doi.org/10.5772/intechopen.1009252

5

Polymer NPs Method Remarks Author

Type Concentration Type Size, nm Concentration

HPAM 2000 ppm Al2O3

SiO2

7 2000 ppm Polymer nanosuspension The polymeric nanofluid demonstrated excellent 
performance in terms of polymer viscosity, 

interfacial tension (IFT), wettability alteration, 
and enhanced oil recovery.

[43]

HPAM 1000–4000 ppm SiO2 and 
Al2O3

Polymer nano-grafting The nanocomposite polymer exhibited excellent 
performance in terms of polymer rheology, 
interfacial tension (IFT), and oil recovery.

[24]

HPAM 2000 ppm Al2O3

SiO2

15–20 1000 ppm Polymer nanosuspension The polymeric nanofluid demonstrated excellent 
performance related to polymer rheology, 

wettability alteration, and oil recovery.

[26]

Xanthan 
gum

2000 ppm ZnO/SiO2 under 100 2000 ppm Polymer nanosuspension The polymeric nanofluid demonstrated excellent 
performance in terms of oil recovery, interfacial 
tension (IFT), emulsion stability, and wettability 

alteration.

[39]

Acrylamide SiO2 20–30 2.5 wt.% Polymer nano-grafting Excellent outcomes in oil recovery, interfacial 
tension (IFT), and wettability alteration.

[34]

Xanthan 
gum

2000 ppm TiO2 20 0.01–1 wt% Polymer nanosuspension Excellent outcomes in polymer rheology, 
interfacial tension (IFT), wettability alteration, 

and oil recovery.

[44]

Xanthan 
gum

0.5 wt% SiO2, TiO2, 
and Al2O3

15–20 nm 0.5 wt.% Polymer nanosuspension Excellent outcomes in polymer rheology, 
interfacial tension (IFT), and oil recovery.

[33]

Gum Arabic 0.05 g/L Graphene 190–
1100 nm

0.05 mg/mL Polymer nano-
grafting and polymer 

nanosuspension

Excellent outcomes in polymer rheology, 
interfacial tension (IFT), wettability alteration, 

and oil recovery.

[45]

HAPAM 0.15 wt% SiO2 10 nm 0–3% w/w Polymer nano-grafting The nanohybrid polymer improved oil recovery 
by 7.82%, compared to just 2.53% achieved by the 

conventional polymer solution.

[46]

Table 1. 
Examples of polymeric nanofluids Formulation.
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ensure a stable and uniform distribution of nanoparticles. This method is favored 
by researchers due to its simplicity and ease of formulation. However, it does have 
some drawbacks, such as the challenge of achieving a homogeneous distribution of 
nanoparticles within the polymer mixture. This difficulty arises from the nanopar-
ticles’ strong tendency to aggregate and form agglomerates. Additional examples 
of polymeric nanofluid preparation are illustrated in Table 1. Researchers typically 
utilized two main techniques: grafting and polymer nanosuspension [45]. Among 
these, polymer nanosuspension emerged as the more commonly adopted method, as 
evidenced in Table 1.

4. �Characterization and stability evaluation

It is important to emphasize that nanofluid characterization is crucial for evaluat-
ing their performance. This involves measuring the physical and chemical properties 
of nanoparticles (NPs) using various instruments such as scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), and dynamic light scattering 
(DLS). Additionally, Fourier transform infrared (FTIR) spectroscopy is commonly 
used for characterizing polymeric nanofluids. SEM and TEM are typically employed 
to analyze the surface morphology of nanoparticles. SEM provides detailed informa-
tion on the morphology and size of NPs, while TEM offers insights into their appear-
ance, size, defects, crystal structure, and electronic state. DLS is used to determine 
NP size and to analyze their Brownian motion in suspension, which is related to the 
velocity and size of the nanoparticles.

The stability of nanofluids is a significant challenge in nanofluid flooding. The sta-
bility of nanoparticles (NPs) in various fluids is determined by the balance between 
attractive and repulsive forces on NP surfaces [47]. When repulsive forces dominate, 
the suspension remains stable, preventing nanoparticle aggregation. Therefore, it is 
essential to evaluate the stability of nanoparticle-enhanced chemical-enhanced oil 
recovery (EOR) before injecting them into reservoirs.

Several techniques are employed to assess nanofluid stability, including dynamic 
light scattering (DLS), zeta potential measurement, spectral absorption, and struc-
tural analysis. Zeta potential measurement is a widely used method to determine 
nanofluid stability by balancing van der Waals forces (attractive) and electrostatic 
forces (repulsive) [47, 48]. An increase in the absolute value of the zeta potential 
indicates improved nanofluid stability due to stronger electrostatic repulsion around 
the particles. Table 2 illustrates the relationship between zeta potential values (in 
millivolts) and the degree of stability.

Absolute value of Z potential (mv) Level of stability

0 No stability

15 Fair

30 Moderate

45 Good

60 Very good

Table 2. 
The zeta potential and the stability level of nanofluids [47].

128



Nanoparticles-Assisted Polymer Flooding: A New Approach toward Enhanced Oil Recovery
DOI: http://dx.doi.org/10.5772/intechopen.1009252

7

5. �Mechanisms of nanoparticles-assisted polymer flooding

Through experimental studies, the introduction of nanomaterials into polymer 
solutions has revealed several mechanisms by which polymeric nanofluids improve 
oil recovery. Researchers have identified these mechanisms as the enhancement of 
polymer rheological properties, alteration of wettability, reduction of interfacial 
tension, and decreased polymer retention.

5.1 Enhancement of polymer viscosity

A key aspect of polymer flooding is the use of a mobility control agent, which 
reduces the mobility ratio and thereby enhances sweep efficiency. Achieving a 
favorable mobility ratio is possible when the viscosity of the injectant exceeds that 
of the displaced fluid (oil), resulting in a piston-like displacement with a more 
uniform front [2, 10]. In traditional polymer flooding, the viscosity of the polymer 
can decrease under harsh reservoir conditions such as high temperatures and salinity. 
Polymers, especially synthetic ones, also degrade due to high shear rates. However, 
incorporating nanoparticles (NPs) into the polymer enhances viscosity because NPs 
form a network structure through hydrogen bonding, which also influences shear 
stress. Consequently, polymeric nanofluids exhibit superior viscosity performance 
and surpass pure polymer solutions [24, 49].

Many studies on nanoparticle-enhanced polymers have focused on changes in 
the viscosity of polymer solutions. Liu et al. [46] used in situ polymerization to 
synthesize a silica nanoparticle-polymer, which they then compared to conventional 
polymers. Their findings revealed that nanohybrid polymers exhibited superior thick-
ening capabilities at equivalent polymer concentrations. Moreover, the silica nanopar-
ticles were uniformly incorporated into the polymer matrix, significantly boosting 
its viscosity. They also studied the impact of high temperatures on polymer behavior, 
concluding that the viscosity of the nanohybrid polymer, which was double that of 
conventional polymers, exhibited the best temperature resistance. In one study, Cao 
et al. [50] explored how the degree of hydrolysis affects the rheological properties of 
both pure synthetic and nanohybrid polymers. Their analysis revealed that polymers 
with low degrees of hydrolysis did not enhance viscosity. In contrast, nanohybrid 
polymers with high hydrolysis levels showed a marked increase in viscosity, especially 
when the nanoparticle concentration was kept below 0.25 weight percent. Bera et al. 
[40] observed that the viscosity of guar gum increases with the addition of silica 
nanoparticles (NPs) across various temperatures and NP concentrations. They also 
found that higher NP concentrations enhance the viscosity at elevated temperatures, 
enabling guar gum to maintain its functionality under such conditions. El-hoshoudy 
et al. [24] examined how reservoir salinity, temperature, and shear rate affect the 
viscosity of polyacrylamide and the nanocomposite polymer (HAPAM–SiO2). Their 
findings indicated that nanocomposite polymers perform better than conventional 
polymers in terms of salt tolerance, temperature stability, and shear resistance.

5.2 IFT reduction

It is important to note that reducing oil–water interfacial tension (IFT) is a ben-
eficial mechanism for enhanced oil recovery (EOR). Typically, high IFT prevents oil 
droplets from passing through pore throats. However, lowering IFT enables oil droplets 
to pass through, mobilizing trapped oil in reservoir pores, as shown in Figure 4. 
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Notably, reducing IFT is not a mechanism for enhancing oil recovery through con-
ventional polymer flooding. However, it has been proven effective in EOR when using 
nanohybrid polymer injection due to the presence of nanoparticles in the polymer 
structure. Polymeric nanofluids reduce IFT by forming micelle-like assemblies, which 
decrease the oil-water interfacial tension. This reduction in interfacial tension increases 
the capillary number, thereby reducing residual oil and enhancing oil recovery:

	
µ
σ

= w
ca

ow

vN
 
	 (2)

where Nca represents the capillary number; μw denotes the viscosity of displacing 
fluid; v is the velocity of the injection fluid, and σow signifies the interfacial tension 
(IFT) between the displacing and displaced fluids.

El-hoshoudy et al. [24] engineered the HPAM-SiO2 nanocomposite polymer by 
integrating silica into its backbone structure. Their findings demonstrated a substan-
tial reduction in the interfacial tension (IFT) between the nanocomposite polymer 
and brine solution. This reduction in IFT is attributed to the presence of amphiphilic 
structures that promote intermolecular associations. Additionally, the inclusion of 
hydrophobic groups in the polymer’s backbone helps form micelles, which decreases 
the polymer’s affinity for water and further lowers the IFT. Jie Cao et al. [51] created a 
nano-silica polymer and investigated its impact on reducing interfacial tension (IFT). 
They found that adding nanoparticles significantly lowered the IFT between crude 
oil and the polymer solution. However, their experiments also showed that once the 
nanoparticle concentration surpassed a certain threshold, further reduction in IFT 
was not possible. Salem et al. [52] formulated three nanocomposite polymers: HPAM-
SiO2, HPAM-Al2O3, and HPAM-ZrO2. These nanocomposites have also been found to 
be a remarkable agent for reducing interfacial tension.

5.3 Wettability alteration

A reservoir’s wettability refers to the propensity of a fluid to either spread across 
or adhere to a solid surface when other immiscible liquids are present. This property 

Figure 4. 
Schematic of IFT phenomena in porous media (a) trapped oil due to high IFT and (b) mobilization of oil due to 
low IFT [31].
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is crucial for controlling displacement efficiency and oil recovery. It should be 
highlighted that changing the wettability of rock from strongly oil-wet to water-wet 
is often seen as an effective strategy for enhancing oil recovery. Recent studies have 
shown that incorporating nanoparticles into polymer flooding techniques can signifi-
cantly alter the wettability of porous media. This modification enhances oil recovery 
by integrating nanoparticles into the polymer matrix. The change in wettability is 
primarily due to the adsorption of nanoparticles onto the rock surface, which forms a 
new surface layer and substantially decreases the water phase’s contact angle, as illus-
trated in Figure 5. In their research, Fan et al. [54] explored the effects of incorporat-
ing silica dioxide nanoparticles (NPs) into polymers. Their findings revealed that at 
low concentrations of silica, there was a notable reduction in the contact angle. They 
identified that the optimal concentration of NPs was 3000 ppm, as increasing the 
concentration beyond this point did not result in any further decrease in the contact 
angle. Liu et al. [46] synthesized a nanohybrid polymer through in situ polymeriza-
tion and examined its contact angle properties. They noted that the contact angle 
increased from 54.8° to 72.8° as the concentration of silica nanoparticles in the 
polymer rose to 3 wt.%. Insertion of NP in the polymer was advantageous for modify-
ing rock wettability, they also impacted the polymer’s rheological characteristics. 
Gbadamosi et al. [55] studied the wettability alteration of HPAM with nanoparticles. 
They found that oil-wet cores immersed in a polymeric nano solution at a concentra-
tion of 1000 ppm exhibited a reduction in contact angles across various temperatures. 
At 27°C, the contact angles for SiO2-polymer and Al2O3-polymer were 91.6° and 71.9°, 
respectively. At 90°C, the contact angles decreased to 78.6° for SiO2-polymer and 60.6° 
for Al2O3-polymer. Al2O3 nanoparticles demonstrated a greater potential for altering 
wettability on sandstone surfaces compared to SiO2 due to their stronger electrostatic 
affinity and better thermal stability.

5.4 Polymer adsorption reduction

During flow in porous media, interactions between polymer molecules and 
the rock matrix cause polymers to be retained within the medium, as depicted in 
Figure 6. Polymer adsorption in porous media typically leads to a loss of viscosity and 
hinders its propagation. This phenomenon is measured in laboratory using static and 
dynamic methods. Some researchers have explored how nanomaterials affect polymer 
adsorption by conducting both types of tests. They found that nanoparticle-enhanced 
polymer solutions exhibit lower adsorption and retention compared to pure polymer 
solutions. Adding nanomaterials to polymer formulations not only enhances polymer 
performance in terms of rheological properties and interactions with fluids and rocks 

Figure 5. 
Schematic of wettability changes in porous media due to NPs adhering to the surface of rocks [53].
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but also reduces polymer loss to formation rock due to adsorption. Khalilinezhad 
et al. [57] performed static adsorption tests on silica NP-HPAM and pure HPAM 
solutions in sandstone rock. They found that polymer adsorption was lower for 
silica NP-polymer solutions than for conventional HPAM solutions, suggesting that 
reduced polymer adsorption is a key mechanism in the enhanced oil recovery (EOR) 
of NP-assisted polymer flooding. Cheraghian et al. [35] conducted an adsorption test 
to examine how clay and silicon oxide nanoparticles (NPs) affect polymer adsorp-
tion in carbonate and sandstone reservoirs. Their static adsorption tests revealed that 
NP-assisted polymer solutions exhibited lower adsorption and higher oil recovery 
than conventional polymers. Additionally, the adsorption of nano-polymers was 
greater in carbonate rocks than in sandstone. Giraldo et al. [58] also used adsorption 
tests to demonstrate the reduced adsorption of polymer nanosuspensions made from 
silicon oxide NP and HPAM. These findings suggest that the need for polymer dosages 
could be minimized, thereby reducing operational costs in enhanced oil recovery 
(EOR) applications.

5.5 Structural disjoining pressure

Disjoining pressure has been identified as a crucial mechanism in nanofluid-
enhanced oil recovery (EOR). This pressure arises from the surface energy effects 
caused by the accumulation of millions of nanoparticles (NPs) at the interface [59]. 
Nanofluids play a crucial role in modifying the disjoining pressure between two 
immiscible fluids. In three-phase systems, nanoparticles (NPs) are dispersed in the 
liquid form wedge-shaped structures that exert forces toward the oil-solid contact 
area. This action enhances the spreading and wetting properties of the nanofluid on 
the solid surface. Wasan et al. [60] showed that nanoparticles can reduce oil adsorp-
tion on rock surfaces by increasing the structural disjoining pressure between the oil 
and the rock. This is achieved by establishing a wedge-film structure on rock surfaces, 
which helps release oil droplets and thus improves oil recovery, as schematically illus-
trated in Figure 7. Additionally, structural disjoining pressure is a key mechanism for 
altering the wettability of the rock-oil-water system. The components of structural 
disjoining pressure include van der Waals forces and a combination of electrostatic 
and van der Waals forces [61, 62].

Figure 6. 
Schematic of polymer retention in porous media [56].
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6. �Core flooding experiments

The effectiveness of enhanced oil recovery (EOR) methods is typically assessed by 
the incremental recovery factor (RF). This factor represents the extra oil recovered 
through the EOR process relative to the initial oil in place [2]. Silica nanoparticles 
(NPs) have been the most extensively studied in core flooding experiments and 
have shown increased oil recovery. Additionally, core flooding experiments with 
aluminum, titanium, iron, zinc oxides, and graphene, especially when combined 
with polymers, have yielded improved results. Gbadamosi et al. [55] conducted oil 
displacement tests on sandstone cores using two polymeric nanofluids: SiO2-polymer 
and Al2O3-polymer. They found that Al2O3-polymer achieved higher oil recovery than 
SiO2 polymer, with cumulative oil recoveries of 65.3% and 60.81% of the original 
oil in place (OOIP), respectively. Additionally, Bera et al. [40] assessed oil recovery 
through core displacement tests using a mixture of silica nanoparticles and guar gum. 
They reported an incremental oil recovery ranging from 10.7% to 27.3% of OOIP. The 
enhanced oil recovery was attributed to the enhancement of polymer viscosity and 
the modification of core wettability from intermediate wet to water wet.

6.1 Factors affecting the performance of nanoparticles-assisted polymer flooding

Nanoparticles-assisted polymer flooding is a promising enhanced oil recovery 
(EOR) technique. Understanding and optimizing these factors can significantly 
enhance the performance of nanoparticle-assisted polymer flooding, making it a 
more effective EOR technique. Several factors influence its performance:

6.1.1 Effect of the salinity

Typically, water salinity can adversely affect polymer performance in reservoirs. 
However, the combined effect of polymers and nanoparticles in nanohybrid polymers 

Figure 7. 
The disjoining pressure mechanism [60].
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mitigates the negative impact of salt on the polymer’s rheological properties, thereby 
enhancing incremental oil recovery [45, 63–65]. Additionally, the improved viscosity 
of nanohybrid polymers compared to pure polymers supports higher incremental oil 
recovery in high salinity and temperature conditions, as they maintain their viscosity 
better under harsh conditions [52, 66]. Maghzi et al. [67] found that under similar 
salinity conditions, the recovery factor with a nano-polymer solution is about 10% 
higher than with a pure polymer. When saline is introduced to a pure polymer, the 
polymer’s ionic charge (–CO-O−) is neutralized by the cationic charge, reducing elec-
trostatic repulsions. In contrast, when mixed with nanoparticles (NPs), an additional 
positive charge from the NPs enhances electrostatic repulsion among the polymer 
chains. Haruna et al. [63] performed flooding tests to examine the impact of adding 
NPs to polymer flooding on additional oil recovery under high-salinity conditions. 
They utilized two distinct displacing fluids: API brine, which has a salinity of around 
100,000 ppm, and formation brine, with a salinity of approximately 138,000 ppm. 
In the first set of experiments with API brine, additional oil recovery was 4.30% for 
pure polymer, 7.61% for SiO2-polymer, and 11.28% for modified SiO2-polymer. In the 
second set with formation brine, additional oil recovery was 3.56% for pure polymer, 
5.23% for SiO2-polymer, and 10.79% for modified SiO2-polymer. These results suggest 
that nanohybrid polymers perform better under harsh salinity conditions.

6.1.2 Effect of the temperature

The effectiveness of polymeric nanofluids was examined at various reservoir tem-
peratures in the literature. Helmi et al. [68] explored how temperature affects the per-
formance of nanocomposite polymer flooding. They tested flooding at temperatures 
of 40, 60, 80, 90, and 100°C, keeping slug size, nanocomposite concentration, and 
salinity constant at 40% PV, 2000 ppm, and 30,000 ppm, respectively. Their findings 
indicated that higher flooding temperatures reduced the cumulative oil recovery with 
nanocomposite polymer flooding. They also noted that the nanocomposite polymer 
could withstand temperatures up to 90°C, beyond which no additional oil recovery 
was observed due to thermal degradation. Additionally, Agi et al. [69] conducted core 
flooding tests to simulate polymeric nanofluid flooding under extreme temperature 
conditions of 120°C. They recorded incremental oil recoveries of 13%, 17%, and 
23% for SiO2 polymeric nanofluid, Al2O3 polymeric nanofluid, and crystalline starch 
nanofluid, respectively. Their results suggest that polymeric nanofluids had long-term 
stability and could withstand high-temperature degradation, suggesting that they are 
a viable alternative to traditional polymer flooding.

6.1.3 Effect of polymer concentration

Generally, a high polymer concentration is needed to achieve the desired viscosity 
of the displacing fluid [40]. Increasing the molecular weight or polymer concentra-
tion can enhance the polymer’s viscosity [70]. Salem et al. [14] found that higher 
polymer concentrations led to greater incremental oil recovery, positively impacting 
overall oil recovery. Both synthetic and natural polymers were used in core flood tests 
of polymeric nanofluids, with the required polymer concentration varying by type. 
For biopolymers, higher concentrations are used compared to synthetic polymers 
like polyacrylamide, due to their typically lower molecular weight. Since polymer 
viscosity increases with molecular weight, higher concentrations are necessary for 
low molecular weight polymers to achieve the desired viscosity. In medium and high 
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permeability conditions, polymers that require lower concentrations but still provide 
high displacement efficiency, such as the hyperbranched polymer synthesized by Liu 
et al., are more advantageous [71, 72].

6.1.4 Effect of the NPs concentration and NPs type

The concentration and type of NPs in polymeric nanofluids are crucial factors 
that directly influence oil recovery. In their study, Salem et al. [14] indicated the most 
commonly reported concentrations range from 0.05 to 3 wt.%. Researchers have 
focused on determining the optimal NP concentration and its benefits for reducing 
interfacial tension (IFT) and modifying wettability [43]. The reported results indicate 
that oil recovery improves with increasing NP concentration up to an optimal level. 
However, NP concentrations above 3 wt.% may reduce reservoir permeability [73]. 
Maghzi et al. [67] found that increasing NP concentration enhances the viscosity 
of polymeric nanofluids due to ion-dipole interactions between cations and NPs. 
Core flooding tests by Gbadamosi et al. [33] showed that Al2O3-xanthan gum, TiO2-
xanthan gum, and SiO2-xanthan gum nanofluids achieved up to 28.4% OOIP incre-
mental oil recovery after water flooding. They also noted that metal oxide polymer 
nanofluids (TiO2-XG and Al2O3-XG) had higher recoveries than SiO2-XG. Conversely, 
Hu et al. [43] reported that SiO2-polymer flooding resulted in better oil recovery than 
Al2O3-polymer. For SiO2 nanoparticles, increasing NP concentration reduced the 
interfacial tension (IFT) for oil-water and oil-polymer but beyond 0.2 wt.%, there 
was no significant change in contact angle. Therefore, laboratory tests are crucial for 
each reservoir to determine the optimal NP concentration before field-scale applica-
tion. Overall, incremental oil recovery improves significantly with increasing NP 
concentration [14]. Understanding and optimizing these factors can significantly 
enhance the performance of nanoparticle-assisted polymer flooding, making it a 
more effective EOR technique.

7. �Numerical simulation

Numerical simulation plays a crucial role in forecasting the oil recovery efficiency 
of polymer flooding. The first step in enhanced oil recovery (EOR) modeling is to 
select a suitable simulator that can accurately represent the behavior of the proposed 
EOR method [74]. Polymer flooding and other EOR techniques can be simulated 
using various commercial reservoir simulators such as IMEX, STARS, and GEM 
(by CMG company); T-Navigator (by RFD company); ECLIPSE (by Schlumberger 
company); and UTCHEM (by the University of Texas at Austin) [75, 76]. While 
these simulators are generally similar in performing numerical simulations, they 
differ slightly in how they model polymer viscosity. Therefore, it is essential to input 
accurate polymer rheology properties into the simulator to create an accurate model 
for polymer transport through porous media. Key factors derived from experimental 
studies that are valuable for modeling polymer injection include resistance factors 
(RF), polymer adsorption, and residual resistance factors [77].

Numerical simulation studies have been conducted to evaluate the effectiveness 
of nanoparticle-enhanced polymer flooding. Loaiza et al. [78] performed numerical 
studies to simulate polymeric nanofluid injection for EOR. They included polymer 
adsorption and NP retention in their models, validating their results with commercial 
software and core flood tests.
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Khalilinezhad et al. [37] explored the effects of nanoparticles (NPs) on polymer 
injection performance through both experimental assessments and numerical model-
ing. They validated their numerical model with laboratory experiments to ensure its 
reliability. Their results indicated that the presence of nanoparticles reduced polymer 
adsorption and increased polymer viscosity. Additionally, they found that nanopar-
ticle-assisted polymer flooding resulted in less degradation of polymer solutions 
compared to conventional polymer flooding. They also developed a 3D simulation 
model using the UTCHEM simulator for field trials of nanoparticle-assisted polymer 
flooding, which demonstrated significant incremental oil recovery for both clay 
NP-assisted and silica NP-assisted polymer flooding compared to standard polymer 
flooding.

In another study, Pal and Mandal [27] used the CMG STARS simulator to model 
surfactant/polymer/nanoparticle flooding and incorporated experimental data 
to construct their model. Their simulations showed incremental oil recoveries 
of 15.06%, 17.42%, and 18.49% of OOIP for surfactant, surfactant-polymer, and 
surfactant-polymer-nano-silica flooding, respectively. Oil saturation decreased from 
80% to 29.30% following surfactant-polymer-nano-silica flooding. Maurya et al. [34] 
simulated polymer-grafted nanoparticles using the CMG STARS simulator, creating a 
one-dimensional model to replicate sand pack experiments.

In another study, Badiri et al. [79] conducted numerical simulations to com-
pare clay nanoparticle (NP)-assisted polymers with conventional polymers. They 
created a 3D synthetic model using the UTCHEM commercial simulator. Their 
simulations examined the effects of permeability heterogeneity, well patterns, 
and salinity on the performance of clay NP-assisted polymer-enhanced oil 
recovery (EOR). The inverted two to five-spot well pattern yielded the highest oil 
recovery compared to other patterns. Their results also showed that NP-assisted 
polymer flooding outperformed traditional polymer flooding. However, perme-
ability heterogeneity reduced oil recovery in both secondary and tertiary recov-
ery stages.

Khalilinezhad et al. [57] used UTCHEM to simulate the impact of silica NPs on 
polymer adsorption in porous media. Their simulations indicated that silica NPs could 
reduce polymer adsorption and enhance polyacrylamide performance. Druetta and 
Picchioni [80] developed an in-house simulator based on a mathematical model from 
a previous study, replacing surfactants with NPs to simulate nano-polymer injection. 
This model, which considered two dimensions, two phases (aqueous and oleic), and 
five constituents (oil, water, polymer, NPs, and salt), accounted for NP retention in 
porous media and the interaction between NPs and polymer particles in calculating 
aqueous phase viscosity. They also modeled core-scale nanoparticle-induced poly-
mer injection, finding that mobility ratio modification significantly influenced oil 
recovery.

8. �Economics of polymeric nanofluid

The main goals of enhanced oil recovery (EOR) are to maximize oil extraction 
and, consequently, increase the overall revenue of the oilfield. When implement-
ing polymer flooding EOR, three main cost categories are typically considered: (a) 
costs for experimental research and simulation, (b) expenses for project design, 
construction, installation, and startup of the injection process, and (c) chemical 
costs. Notably, the majority of polymer flooding expenses, about 75%, are attributed 
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to chemical injection [77]. For polymer nanofluids, the cost of nanomaterials is an 
additional expense. The feasibility of these processes can be improved by reducing the 
amount of polymer needed with the help of nanoparticles. The cost of nanomaterials 
used in EOR depends on various factors, including the type and quality of nanopar-
ticles, the quantity required, and the synthesis or fabrication method. The costs 
of nanomaterials for EOR are illustrated in Figure 8. Silica oxide and metal oxide 
nanoparticles typically cost between $0.1 and $0.5 per gram. On the other hand, 
manufacturing costs for carbon-based nanoparticles are generally high. The cost of 
carbon-based nanoparticles, like graphene oxide and carbon nanotubes, ranges from 
$8 to $39 per gram.

For polymeric nanofluids to be viable on a field scale, they require low-cost nano-
materials that are also high-quality and can be produced on a large scale. The synthe-
sis costs of nanoparticles used as additives in the oil industry are shown in Figure 8. 
Silica (SiO2), zirconium (ZrO2), iron (Fe2O3), aluminum (Al2O3), zinc (ZnO), and 
titanium (TiO2) oxides are relatively inexpensive. In contrast, nickel oxide (NiO), 
graphene, carbon nanotubes (CNT), and multi-walled carbon nanotubes (MWCNT) 
are more costly. Due to their high preparation costs, graphene, CNT, and MWCNT 
are often not economically feasible. To evaluate the economic feasibility of polymeric 
nanofluid enhanced oil recovery (EOR), it is essential to compare the total costs of the 
method with the incremental oil recovery it achieves. The expenses associated with 
polymeric nanofluid EOR must also be weighed against those of conventional poly-
mer flooding. Additionally, factors such as reservoir characteristics, oil prices, and the 
regulatory environment can influence the economic viability of polymeric nanofluid 
EOR. Decision-makers in upstream companies aim to implement cost-effective strate-
gies with minimal nanoparticle (NP) usage, such as NP-assisted EOR. The economic 
success of NP-assisted polymer flooding largely depends on its ability to enhance oil 
recovery and the prevailing oil prices [5].

9. �Challenges and future perspective of NP-assisted polymer flooding 
(EOR)

Polymeric nanofluids have shown great promise in enhancing oil recovery (EOR) 
due to their ability to improve the viscosity, shear stability, heat resistance, and salt 
tolerance of polymers. However, several gaps and challenges need to be addressed for 
their widespread application:

Figure 8. 
Costs of nanomaterials [66, 81].
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9.1 Gaps and challenges

•	 Despite the promising results of experimental investigations, such a polymeric 
nanofluid-EOR process has not been implemented. To advance and initiate nano-
EOR processes under field-scale conditions, it is essential to conduct pilot tests 
of polymeric nanofluids. This requires fostering effective collaborations among 
researchers, upstream operators, and industry professionals in the EOR sector. 
Such partnerships are crucial for translating laboratory findings into practical 
applications in oil fields.

•	 The outcomes of core flooding experiments with polymeric nanofluids have 
demonstrated their potential to enhance oil recovery. However, significant gaps 
remain in the literature concerning the theoretical understanding of nanoparticle 
interactions with reservoir media and the adsorption processes and chemical 
reactions occurring within the reservoir.

•	 Due to their inherent physical instability and high energy content, nanomaterials 
are prone to clustering and agglomeration within polymer solutions. This issue 
can lead to the formation of inhomogeneous solutions, thereby adversely affect-
ing the functionality of polymeric nanofluids. Consequently, ensuring the stabil-
ity of polymeric nanofluid dispersions remains a significant challenge. Stability 
is a critical factor in the performance of polymeric nanofluids, particularly in the 
flooding process in porous media. Therefore, it is essential to rigorously assess 
the stability of these nanofluids and explore innovative methods to enhance their 
suspension stability.

9.2 Future perspective

•	 Despite the encouraging results observed in laboratory settings, the applica-
tion of polymeric nanofluids for enhanced oil recovery (EOR) at the field 
scale remains relatively limited. There is considerable potential for wider 
adoption of these nanofluids as additional field trials are conducted and their 
efficacy is confirmed. Employing cost-effective and compatible nanomateri-
als, such as silica oxide, alongside polymers can significantly enhance the scal-
ability of nanoparticle-induced polymer flooding for broader applications in 
the oil industry. With ongoing research and development focused on improv-
ing their efficiency and sustainability, polymeric nanofluids hold promise as a 
viable EOR agent.

•	 Incorporating nanoparticles (NPs) into polymer solutions can reduce the 
amount of polymer needed for enhanced oil recovery (EOR). This is because NPs 
enhance the viscosity and stability of the injected polymer, allowing for more 
efficient and effective use of the polymer in the recovery process.

•	 Comprehensive economic evaluation is necessary for research studies on 
nanoparticle-assisted polymer flooding. A thorough economic analysis will 
resolve the ongoing debate about the cost-effectiveness of this method, provid-
ing clearer insights into its financial viability.
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10. �Conclusions

This chapter explored the current experimental status and emerging trends in the 
development of nanoparticle-assisted polymer flooding. It covered the preparation, 
characterization, and stability assessment of polymeric nanofluids and the mecha-
nisms that enhance their effectiveness as EOR agents. The chapter also reviewed 
numerical simulations, economic evaluations, and field applications of these nano-
fluids. Additionally, it summarized the challenges faced and provided an outlook on 
future advancements in this innovative field.

Nanoparticle-assisted polymer flooding has demonstrated superior oil recovery 
compared to conventional polymer floods, owing to its unique properties such as 
altered interfacial tension (IFT) and wettability, improved rheological behavior, and 
reduced polymer adsorption. Displacement tests of polymeric nanofluids have shown 
excellent oil recovery performance not only under conventional reservoir conditions 
but also in challenging reservoir conditions.

Abbreviations

Al2O3	 aluminum oxide
CMG	 computer modeling group
CNT	 carbon nanotubes
CuO	 copper oxide
DLS	 dynamic light scattering
EOR	 enhanced oil recovery
Fe2O3	 iron oxide
FTIR	 fourier transform infrared
HPAM 	 hydrolyzed polyacrylamide
IFT 	 interfacial tension
IMEX	 implicit-explicit black-oil simulator
MWCNT	 multi-wall carbon nanotubes
NiO	 nickle oxide
NP	 nanoparticle
NPs	 nanoparticles
OOIP	 original oil in place
PNS	 polymer nanosuspension
ppm	 part per million
PV	 pore volume
RF	 recovery factor
SEM	 scanning electron microscopy
SiO2	 silicon dioxide
STARS	 thermal and advanced process simulator
TiO2	 titanium dioxide
TEM	 transmission electron microscope
UTCHEM	 the university of Texas chemical flood
wt. % 	 weight percent
XG 	 xanthan gum
ZnO	 zinc oxide
ZrO2	 zirconium oxide
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Chapter 7

Perspective Chapter: Additives for 
Viscosity Reduction of Heavy Oils
Juan Carlos García-Mayorga and Vladimir Escobar-Barrios

Abstract

Nowadays, most oil reserves contain heavy and extra-heavy oils, which need to 
be added with light compounds to facilitate their transportation, and then the cost of 
oil barrels is increased. The use of additives that are capable of integrating with the 
different oil fractions reduces the viscosity of such oils by one order of magnitude, at 
least. In this chapter, bibliometric analysis regarding the use of such additives is pre-
sented. In addition, additives based on alternative chemistry to those currently used 
open the possibility of facilitating oil transportation, reducing the energy demand for 
pumping, and even stimulating production. In this chapter, the use of additives based 
on imidazoline derivatives is described for reducing the viscosity of heavy oil, even at 
quantities as low as 75 ppm.

Keywords: enhanced oil recovery (EOR), chemical additives, heavy oils,  
bibliometric analysis, viscosity reduction

1. �Introduction

The constant growth of the global population necessitates an increasing supply 
of goods and services to enhance societal well-being. In contemporary society, the 
reliance on products derived from petroleum is profoundly pervasive, encompassing 
diverse applications from textiles to aerospace technology. This extensive utilization 
of polymers and other chemicals and synthetic materials derived from petrochemi-
cal sources illustrates the substantial dependence of modern civilization on these 
resources.

Consequently, petroleum extraction and refinement remain critical to obtain 
components for daily life. However, it is important to note that the current landscape 
of petroleum reservoirs reveals a predominance of heavy and extra-heavy crude oils, 
while reserves of light and medium oils are dwindling.

Various technological approaches exist to manage heavy and extra-heavy oils, 
particularly in terms of viscosity reduction, which is vital for facilitating their trans-
port and subsequent refining processes.

One prevalent method for modifying the viscosity of crude oil is thermal treat-
ment, which involves the application of heat to decrease viscosity. This technology 
proves particularly effective in both offshore and onshore drilling environments, 
although it entails significant economic and energy expenditures.
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An alternative method to thermal treatment involves the use of diluents composed 
of lighter fractions, such as naphtha. While effective, this strategy may require the 
addition of diluents in quantities of up to 30% by weight, thereby escalating the 
overall cost per barrel of oil.

On the other hand, the use of chemical additives presents an economically viable 
and effective solution for viscosity reduction. Various additives are employed, includ-
ing nanoparticles, plasticizers, and more recent advancements involving chemicals 
derived from amines, as well as ionic liquids.

Each alternative for the viscosity reduction of heavy and extra-heavy oils car-
ries its own set of advantages and disadvantages, encompassing both technical and 
economic considerations. Nevertheless, the implementation of such technologies 
remains essential for optimizing oil extraction and transportation processes, ensuring 
that refineries operate under safer and more continuous conditions.

2. �Bibliometric analysis

In this section, a bibliometric analysis is based on the keywords and connectors 
as follows: “EOR OR enhanced oil recovery AND additives AND viscosity reduction 
AND heavy oils.” Using the Scopus database and the VOS viewer free software, it was 
possible to analyze the interconnection between such keywords as well as the research 
trend over time.

Figure 1 shows the correlation between the different used keywords. It is clear that 
there are four clusters.

The red cluster is related to viscosity reduction and heavy oil production, mainly. 
Such a relationship is clear and natural since the heavy oil has high viscosity due to the 
chemical oil composition, and the heavy fraction predominates along with medium to 
high sulfur content [1].

Figure 1. 
Network visualization.
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Following the analysis, the green cluster relates different methods used for heavy 
oil production, involving the viscosity reduction as thermal oil recovery, steam flood-
ing, and chemical additives [2].

The blue and lime clusters are very close and related to different additives used for 
viscosity reduction and, consequently, enhanced oil recovery. Thus, silica particles 
and nanoparticles, surfactants, nanofluids, and ionic liquids are the main reported 
additives. These additives are used for modifying the interfacial tension between the 
liquid portion (oil or water) and the solids (rock) to facilitate the oil/water separation 
and consequent extraction.

Also, the viscosity reduction can be achieved by using some of those additives. For 
instance, recently, some researchers reported the use of ionic liquids that are able to 
modify substantially both the interfacial tension and viscosity, depending on the sol-
vent used as a carrier [3]. In addition, the viscosity reduction using nanofluids based 
on silica or zirconium nanoparticles has been reported during the last 10 years [4–6]. 
It is important to mention that permanent viscosity reduction can be achieved by 
catalytic methods like aquathermolysis and aquaprocessing, which implies the water 
vapor molecules break down to generate hydrogen in situ and are used for hydrogena-
tion of heavy fractions [7–9].

Figure 2 depicts the research trend regarding the viscosity reduction in heavy oil 
production.

From Figure 2, the light green-yellow terms are the most recent reported docu-
ments. Thus, the viscosity reduction, nanoparticles, chemical additive, EOR, and 
emulsification are the terms on which the researchers are focused on. As it was 
previously mentioned, one key factor is the viscosity reduction, which can be 
achieved in permanent or transient mode. From the financial point of view, it seems 
that the use of chemical additives has a better cost-benefit balance since they are not 
just used during the well stimulation but also during the oil transportation, which is 

Figure 2. 
Research trends over time.
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very important for such balance. In addition, the required infrastructure for additive 
injection is considerably less complex than that required for catalytic processing of 
the oil. These aspects explain why the research trend is focused on the development 
and use of chemical additives. Although the potential of mixed methodologies could 
be considered to improve the viscosity reduction for enhanced oil recovery.

3. �Thermal technologies for EOR

The application of thermal technologies in enhanced oil recovery (EOR) typically 
yields a high oil recovery factor, primarily due to the viscosity reduction that results 
from the heating of crude oil. The conventional thermal methods employed in this 
context include:

a.	Hot fluid injection: This approach aims to reduce oil viscosity, though it is gener-
ally regarded as the least effective among thermal technologies due to its limited 
impact on mobility enhancement [10, 11].

b.	Steam injection: This method involves the introduction of steam to heat the oil, 
significantly improving flow characteristics. While it is widely adopted owing to 
its effectiveness, it is also characterized by high energy demands and substantial 
operational costs [12–16].

c.	In situ combustion: This technique entails igniting the oil within the reservoir, 
generating heat and gases that facilitate the fluidization of the crude oil. Although 
it possesses a high recovery potential, its application is often complicated due to 
the challenges associated with controlling the combustion process [17–21].

Among the aforementioned methods, Cyclic Steam Stimulation (CSS), Steam-
Assisted Gravity Drainage (SAGD), and in situ combustion are the most prevalent 
thermal technologies aimed at enhancing oil mobility to improve overall recovery 
from geological formations, as well as to ease transportation.

However, it is crucial to acknowledge that the effectiveness of a particular tech-
nology may not be universally applicable across all reservoir types. For example, a 
reservoir characterized by a thickness of 20 feet, a depth of 10,000 feet, and a perme-
ability of 100 millidarcy (mD) may be more suited to in situ combustion methods. 
Conversely, reservoirs exhibiting higher permeability levels may benefit more from 
steam injection or hot water flooding. In scenarios involving low permeability 
(< 100 mD), such methodologies often fail to adequately penetrate the rock forma-
tion, leading to uneven heat distribution and suboptimal oil flow.

Consequently, reservoir characterization emerges as a vital component in the 
selection of appropriate thermal technologies for EOR applications. Additionally, 
operational considerations and energy requirements should be factored into decision-
making processes, given their direct implications on safety and cost.

Another noteworthy thermal method for achieving permanent viscosity reduction 
is aquathermolysis [11, 22]. This technology employs catalysts to dissociate water 
vapor molecules, necessitating careful catalyst selection to facilitate the catalytic 
reaction effectively. Positive outcomes have been reported, including an increase 
in the saturate and aromatic fractions by up to 35% on average, alongside a viscos-
ity reduction of 58%. Nevertheless, the high energy demand associated with this 
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process—typically requiring temperatures of at least 350°C—poses a significant 
challenge [23]. Additionally, the practical implementation of aquathermolysis in 
reservoirs is complicated by the difficulties in achieving the necessary temperature for 
catalyst activation.

4. �Use of light fractions for EOR

Heavy and extra-heavy oils are characterized by their elevated content of 
asphaltenes and other high molecular weight components. Asphaltenes, in particular, 
are quasi-insoluble in liquid aliphatic hydrocarbons such as pentane, hexane, and 
heptane, necessitating the use of aromatic solvents to prevent asphaltenes precipita-
tion within both the wellbore and the transportation pipelines [24]. This precipitation 
can lead to increased pressure drops along the pipeline, thereby augmenting the 
energy demands and costs associated with higher power pumping. Furthermore, 
asphaltene deposition can result in clogging within the well, consequently diminish-
ing flow rates [25].

To address these challenges, mixtures of light and aromatic fractions are com-
monly injected to enhance oil mobility by reducing viscosity; however, such mixtures 
may constitute up to 30% by weight, significantly elevating operational costs [26]. 
These diluents, which are less viscous than heavy crudes, effectively lower the viscos-
ity of the resultant heavy oil mixture [27]. Commonly used diluents comprise light 
products generated during natural gas production, naphtha, kerosene, and lighter 
crude oils. In certain scenarios, organic solvents possessing polar entities—such as 
alcohol, methyl tert-butyl ether, and tert-amyl methyl ether—have also been utilized 
[28]. Mixtures of hydrocarbons with these organic solvents have proven effective in 
minimizing the viscosity of heavy crude oil [27].

Light natural gas condensate (C5 or higher) serves as a low-density and less 
viscous hydrocarbon mixture used to dilute heavy crude oil; however, challenges 
such as asphaltenes precipitation, segregation, and aggregation lead to instability 
during both extraction and transportation processes [29]. The incorporation of 
light hydrocarbons—like kerosene—has also been shown to enhance the recovery 
and transportation of heavy crude oil. Naphtha, a well-known petroleum frac-
tion, is frequently used as a diluent due to its high API gravity and compatibility 
with asphaltenes. Thus, blending naphtha with organic solvents could reduce the 
necessary quantity of diluents to achieve the viscosity required for heavy oil-to-
pipeline transportation specifications. It was observed that the relative viscosity 
of heavy oil diluted with naphtha-organic solvent mixtures was significantly 
reduced, which can be attributed to the increased polarity or hydrogen bonding 
capabilities of the solvents, alongside the polar solvent’s efficacy in interacting 
with the asphaltene components in heavy crude oil [27]. Accordingly, utilizing a 
higher polarity solvent results in a more pronounced reduction in the viscosity of 
the diluted heavy crude oil.

5. �Additives for EOR

During the primary recovery phase, approximately 5–20% of the oil in place is 
typically recovered. This percentage can be increased to around 40% through the sec-
ondary recovery phase, indicating that a significant quantity of oil, roughly 60–70%, 
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remains trapped underground [30, 31]. The extent of recoverable oil largely depends 
on whether it is light or heavy oil. Among the thermal and non-thermal methods 
utilized in Enhanced Oil Recovery (EOR), also known as the tertiary recovery phase, 
chemical or additive flooding is employed.

Additive flooding has two primary objectives: (1) to increase the capillary number 
(NC) and (2) to decrease the mobility ratio (M) [32]. The capillary number NC serves 
as a useful correlation that compares the ratio of viscous forces to surface tension 
forces, as expressed in Eq. (1). This correlation is commonly used to evaluate the 
relative impact of fluid motion against the forces resulting from interfacial tension 
when a liquid flows across a second fluid layer [33]. Achieving a reduction in interfa-
cial tension to zero results in an infinite capillary number, indicating a displacement 
efficiency of 100% from the remaining oil.

	
ηυ
γ

= =C
viscous forces

N
inter facialtension  

	 (1)

Where:
η : Viscosity of the displacing fluid.
υ : Velocity.
γ : Interfacial tension.
On the other hand, the water-oil mobility ratio, M, should be less than or equal 

to unity for a good recovery oil [31]. A favorable displacement, where oil moves 
faster than water, is given by M < 1. If M > 1, an unfavorable displacement, where 
water moves faster than oil, is observed (Figure 3) [34]. When M = 1, water and 
oil move at equal speed. This ratio is defined by the mobilities of both phases as 
defined in Eq. (2).

	
( )
( )

= =w

o

mobilityof thedisplacing phase waterMM
M mobilityof thedisplaced phase oil  

	 (2)

There are four main additive flooding processes for enhancing oil recovery defined 
by the type of the injected chemical compound. These are surfactant flooding, poly-
mer flooding, alkaline flooding, and alkali-surfactant-polymer flooding. All of them 
look to reduce the interfacial tension between the injected fluid and the reservoir oil 
to improve the oil recuperation.

Figure 3. 
Difference between water-oil displacement at different values of mobility ratio.
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5.1 Surfactant flooding

In carbonate oil reservoirs, a prominent secondary recovery method involves the 
injection of seawater or brine solutions. This method induces wettability alterations 
that facilitate the displacement of oil from the rock matrix, thereby enhancing the oil 
recovery factor from 20 to 50% in optimal scenarios. The success of this method is 
dependent on the reservoir characteristics such as viscosity, wettability, and perme-
ability [35]. Nevertheless, the efficacy of oil displacement through brine injection is 
constrained by two significant factors. First, the inherent heterogeneities within the 
reservoir may lead to water flow in highly permeable zones between the injection 
point and production points, causing water losses. Second, the high surface tension 
at the oil-water interface can trap oil within the rock’s pore spaces, impeding effective 
displacement [36].

To further enhance the oil recovery factor, surfactants can be employed in surfac-
tant flooding. Surfactant flooding entails the injection of brine with dissolved surfac-
tants, which act primarily by reducing the interfacial tension (IFT) at the oil-brine 
interface. This reduction facilitates the mobilization of trapped oil toward the produc-
tion wells (Figure 4) [37]. The decrease of IFT consequently increases the capillary 
number, thereby promoting oil recovery. Furthermore, surfactants exert additional 
effects, such as wettability alterations and emulsification, both of which contribute to 
the effective sweeping of oil. However, it is important to note that wettability can be 
double-edged; while they may assist in recovery, the adsorption of surfactants onto 
the rock surface can diminish their concentration and effectiveness [38].

The implementation of surfactant flooding has been shown to yield increments in 
oil recovery ranging from 16.5 to 23% [38, 39]. Surfactants may be classified as anionic, 
cationic, non-ionic, or zwitterionic (amphoteric). Nonetheless, the limitations of this 
EOR method are the expensive cost despite the typical concentration being between 0.1 
and 0.5 wt% (<500 ppm) and the potential toxicity of the surfactants.

5.2 Polymer flooding

This method involves the injection of water mixed with polymers to reduce the 
oil-water mobility ratio and minimize water permeability. The addition of polymers 
to the water increases the viscosity of the injected fluid, enhancing the stable mobility 
of oil within the reservoir [40].

Figure 4. 
Diagram showing the EOR with surfactant flooding.
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There are two categories of polymers used for injection: synthetic and biopoly-
mers. The most commonly utilized polymers in enhanced oil recovery (EOR) include 
polyacrylamide (PAM), partially hydrolyzed polyacrylamide (HPAM), polyacrylates, 
xanthan gum (a polysaccharide), and cellulose derivatives [37, 41]. Typical concentra-
tions of these polymers range from 0.08% to 0.40% (800–4000 ppm), with reported 
optimal oil recovery results from polymer flooding between 15% and 25% [42–45].

One challenge associated with polymer flooding is polymer degradation. Shear forces 
are present from the moment of injection until the oil is displaced, during which the 
polymers are subjected to these forces, leading to degradation. Generally, a water-polymer 
fluid can lose up to 50% of its viscosity due to shear forces. The effectiveness of polymer 
flooding for oil recovery is also impacted by salinity—specifically the presence of divalent 
cations such as Ca2+ and Mg2+—which can cause precipitation, as well as high tempera-
tures that may lead to thermal degradation and adsorption on rock surfaces. In the case of 
biopolymers, degradation can also result from microbial activity. Additionally, the high 
costs associated with maintenance, elevated concentrations of polymers, and ensuring 
specific molecular weights to avoid clogging rock pores can pose significant challenges, 
potentially leading to injectivity issues or increased inaccessible pore volume [39, 46].

5.3 Alkaline flooding

Alkaline flooding involves the injection of an alkaline solution to generate sur-
factant molecules through the reaction of hydroxyl groups in the solution with acid 
groups in crude oil via a neutralization reaction. This process can lead to a reduction 
in interfacial tension, facilitate spontaneous emulsification, or induce wettabil-
ity alterations in the rock [34]. When surfactants decrease the interfacial tension 
between the brine and the crude oil phase, microscopic displacement efficiency 
improves, subsequently enhancing oil recovery [47].

Common chemicals utilized in alkaline flooding include sodium hydroxide, 
ammonium hydroxide, ammonia, sodium orthosilicate, sodium metasilicate, and 
sodium carbonate. Typically, these agents are employed at concentrations ranging 
from 0.2 to 5.0%, making alkaline flooding one of the most cost-effective enhanced 
oil recovery methods [48].

However, alkaline flooding is not without its drawbacks. Reactions with rock can 
diminish alkalinity due to the presence of clay. The hydrogen ions on the clay surface 
react with the hydroxyl ions from the alkaline solution, resulting in a lower pH that 
reduces effectiveness [49]. Similarly, the salinity of the in situ water and the precipitation 
formed by divalent cations can adversely impact the efficacy of alkaline flooding [50, 51].

To address these challenges, combinations of different additives are used with the 
goal of maximizing benefits while minimizing drawbacks, thereby increasing the 
overall effectiveness of oil recovery, as will be discussed shortly.

5.4 Alkali-surfactant-polymer flooding

The selection of a unique enhanced oil recovery (EOR) approach is complicated 
by the inherent variability of the oil in place—encompassing factors such as viscosity, 
pH, and permeability—as well as the characteristics of the surrounding rock, which 
include permeability, wettability, salinity, and pore size. As a result, various alterna-
tives have emerged, as illustrated in Figure 5.

These alternatives utilize combinations of the previously mentioned EOR methods, 
such as alkali, surfactant, and polymer flooding. The classification of these combinations 
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is determined by their constituents; for example, alkali-polymer flooding is referred to as 
AP flooding, while alkali-surfactant and surfactant-polymer flooding are designated as 
AS and SP flooding, respectively. One notable subtype is alkali-surfactant-polymer flood-
ing (ASP flooding), which involves a ternary mixture of chemical additives.

This method significantly influences EOR through several synergistic mecha-
nisms, including the reduction of the mobility ratio between water and oil phases, the 
lowering of surface tension at the water-oil interface, alterations in rock wettability 
(from oil-wet to water-wet), and the emulsification of water and oil [52, 53]. These 
synergistic effects are crucial and stem from the comprehensive application of various 
chemical agents, each contributing distinct flooding characteristics.

ASP flooding has gained widespread acceptance globally, with many countries—
including China, India, Canada, the USA, and various nations in South America—
implementing projects that have led to significant recovery improvements of up to 
25% over the past two decades [52, 54]. This enhanced oil recovery method is eco-
nomically attractive, primarily due to the use of alkali chemicals, which are relatively 
low-cost. Furthermore, this technology enables a reduction in the concentration of 
expensive surfactants by a factor of 20–70 [32, 55].

Despite these advantages, ASP flooding encounters challenges, particularly in 
heterogeneous reservoirs where 50–67% of the oil may remain in place. These chal-
lenges arise because ASP flooding is often unsuitable for carbonated reservoirs, 
and the presence of divalent cations can lead to the precipitation of surfactants and 
polymers. Additionally, high reservoir temperatures may trigger thermal degradation 
of the fluid components, alongside concerns related to the handling and toxicity of 
the materials involved [56, 57].

5.5 �Imidazoline-based additives. A case of evaluation at lab and on-field 
evaluation

The imidazoline and derivatives are conventionally used for pipe protection due to 
their excellent anticorrosive properties. However, there is the possibility to chemically 
modify such derivatives and, consequently, impart some characteristics that could 
improve the heavy oil mobilization through the rock formation and also its transpor-
tation by reducing the viscosity. The VRBD additive is a proprietary chemical of CEOS 
(Villahermosa, Mexico), which is able to effectively reduce the viscosity of heavy and 
extra-heavy oils. Figure 6 shows the percentage reduction of three different heavy 

Figure 5. 
Enhanced oil recovery technologies.
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and extra-heavy oils from a Mexican field, using 75 ppm of VRBD additive. The 
viscosity was evaluated by Brookfield equipment.

It is clear the great effect of the VRBD additive on the viscosity reduction by using 
only 75 ppm. Also, the percentage of viscosity reduction depends on the initial oil 
viscosity being greater, as such, initial viscosity was higher. This could be attributed 
to a better interaction of the VRBD additive with asphaltene fraction of oils.

In addition, an on-field test was carried out using this additive for 2 months. 
Table 1 summarizes the obtained results in terms of production compared with 
natural decline, the use of mechanical methods, and conventional additives.

The results shown in Table 2 are meaningful since the VRBD additive not only 
increases the production but also extends the productive life of the well by 2.3 times 
compared to the use of conventional additives, which implies an accumulated produc-
tion 138% higher with VRBD.

These results corroborate that it is possible to use this commercial additive, based 
on imidazoline, to stimulate wells and increase the oil production by viscosity reduc-
tion of oil.

5.6 Ionic liquids

Ionic Liquids (ILs) are typically defined as liquid salts composed of ions with 
melting points below 100°C. This contrasts with other salts, such as sodium chloride, 
which has a melting point exceeding 800°C. The first IL, ethyl-ammonium nitrate, 

Figure 6. 
Viscosity reduction of 3 Mexican heavy and extra-heavy oils using VRBD additive (75 ppm at 25°C).

Decline Productive life (years) Deferred production 
(Barrels)

Accumulated production 
(MMb)

Natural 2.9 — 0.41

Mechanical 1.3 - 229,518 0.18

Conventional 
additives

2.8 - 23,900 0.39

VRBD additive 6.4 + 514,918 0.93

Table 1. 
Effect of VRBD additive on production and predictive life. Tested on-field (Mexico).
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was reported by Paul Walden in 1994, and since then, interest in ILs has grown sig-
nificantly. The appeal of ILs lies in their many advantageous properties, including low 
volatility, non-flammability, a wide electrochemical window, high ionic conductiv-
ity, tunable characteristics, excellent solubility, and solvation capabilities, as well as 
stability in both water and air. These attributes have paved the way for a diverse range 
of applications for ILs, spanning catalysis, chemistry, analysis, electrochemistry, and 
their use as additives and solvents (Figure 7) [64, 65].

The Ionic liquids (ILs) can be classified in various ways, including categories such 
as neutral, acidic, basic, functionalized, and supported ionic liquids, as outlined by 
Verma et al. [66].

In addition, ILs can be categorized based on their chemical entities. When 
considering cations, ILs may include ammonium, guanidinium, imidazolium, 

Ionic liquid CMC / ppm Brine system IFT at CMC / mN m-1 Reference

[C12mim][Cl] 2000 — 7.23 [59]

100 Formation brine 0.81 [59, 60]

250 Formation brine 0.83 [61]

[C8mim][Cl] 1000 — 16.77 [60]

500 Formation brine 11.12 [60]

[C12Py][Cl] 500 — 8.72 [60]

250 Formation brine 7.10 [60]

[C8Py][Cl] Nd — > 21.89 [60]

750 Formation brine 18.24 [60]

Tetra-alkyl ammonium sulfate 250 20% wt. NaCl and 
CaCl2

1.65 [62, 63]

Nd: Not detected

Table 2. 
Effect of the different ionic liquids at different CMC on IFT [58].

Figure 7. 
Some relevant applications of ILs.
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morpholinium, phosphonium, piperidinium, pyridinium, pyrrolidinium, and sulfo-
nium. Conversely, classifications based on anions encompass borates, dicyanamide, 
halides, bis(trifluoromethylsulfonyl)imide, nonaflate, phosphate, sulfate, alkylsulfo-
nate, sulfonate, thiocyanate, and tricyanomethide [67, 68].

Additionally, ILs based on imidazole/imidazolium and pyridiniums have garnered 
particular attention due to their versatility and anticorrosive properties. For instance, 
several works have reported the anticorrosive effect of ILs as 1-butyl-3-methyl-
1H-benzimidazolium iodide (BMBM), 1-ethyl-3-methylimidazolium dicyanamide 
(EMID), 1-butyl-3-methylimidazolium chlorides (BMIC), 1-butyl-3-methylimidazo-
lium hexafluorophosphate (BMIHF), and 3-hexadecyl-1-methyl-1H-imidazol-3-ium 
bromide for the protection of mild steel [66, 69–72].

Furthermore, recent studies have explored the utilization of imidazolium-based 
ILs in EOR.

The application of these ILs in the petroleum industry has shown promise, par-
ticularly in improving the recovery factor. Imidazolium ILs are typically synthesized 
through the alkylation of imidazole or pyridine with an alkyl halide, resulting in an 
alkylated imidazolium (quaternary salt). Alternatively, imidazolium can be produced 
via the heterocyclization of ethylenediamine or diethylenetriamine to yield imidazo-
line, followed by subsequent quaternization [73–75]. These synthetic pathways allow 
for the design and optimization of imidazolium/pyridinium-based ILs to enhance 
their performance for specific applications.

The role of ionic liquids (ILs) in EOR has been documented in various studies. 
These references highlight that ILs contribute to EOR by reducing the surface tension 
at the oil/water interface, inhibiting asphaltene precipitation, facilitating demulsifica-
tion of water/oil emulsions, and altering wettability [76, 77]. Table 2 summarizes the 
effects of four different ILs, as compiled by Hanamertani et al. [58]. These include 
1-dodecyl-3-methylimidazolium chloride ([C12mim][Cl]), 1-octyl-3-methylimid-
azolium chloride ([C8mim][Cl]), 1-dodecyl pyridinium chloride ([C12Py][Cl]), and 
1-octyl pyridinium chloride ([C8Py][Cl]). The reduction in the IFT between the oil/
water phase depends on the alkyl chain and the critical micelle concentration (CMC); 
as observed, IFT has an increase in CMC of the IL.

This trend is also evident when brine is used during the flooding process, particu-
larly when the alkyl chain of the IL is longer. The longer alkyl chains of ILs facilitate 
a greater likelihood of intramolecular interactions with oil, indicating that ILs with 
extended alkyl chains can achieve CMC at lower concentrations. Furthermore, the 
neutralization of charges from the cations and anions of ILs and brine enhances the 
contact area between oil and brine [58, 59].

Tafur et al. [78] conducted a comprehensive evaluation of the additional oil 
recoveries (AOR) effects attributed to three distinct ionic liquids (ILs): 1-dodecyl-
3-methylimidazolium bromide ([C12mim][Br]), dodecyl pyridinium chloride 
([C12Py][Cl]), and hexadecyl pyridinium chloride ([C16Py][Cl]). Their findings 
revealed that all three ILs exhibited a synergistic effect when combined with brine 
(SW0Na), resulting in a reduction of oil/water IFT and an alteration of wettability in 
chalk cores. This combination increased the capillarity number, significantly enhanc-
ing oil recovery by 24.6%, 22.4%, and 11.5% for [C12mim][Br], [C12Py][Cl], and 
[C16Py][Cl], respectively.

In a similar context, Alarbah et al. [76] documented that the reduction of IFT and 
modifications in wettability contributed to improved recovery factors when utiliz-
ing 1-Benzyl-3-methylimidazolium chloride ([BenzMIM][Cl]), trihexyl tetradecyl 
phosphonium chloride ([THTDPh][Cl]), and 1-Ethyl-3-methylimidazolium chloride 
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([EMIM][Cl]), with the latter attaining a remarkable total recovery of 78.36% from 
the oil in place.

Up to this point, ILs have played a similar role to that of the surfactants, where 
their main effect is to reduce the IFT, change the wettability, and break oil/water 
emulsion. However, ILs also demonstrate the properties of interacting with asphal-
tene fraction. For instance, Liu et al. [79] examined the effect of several ionic liquids, 
including N-alkylpyridinium chloride ([N-alkyl-py][Cl]; alkyl = ethyl, propyl, or 
butyl), N-butylisoquinolinium chloride ([C4isoq][Cl]), and 1-butyl-3-methylimid-
azolium chloride, hexafluorophosphate, or tetrafluoroborate ([BMIM][Cl/PF6/BF4]) 
in the dissolution of asphaltenes. Their results indicated that, particularly in conjunc-
tion with high temperatures, these ILs proved effective in asphaltene dissolution.

This dissolution effect displays a correlation with the length of the alkyl chain 
and type of anion in such a way that the best performance of ILs was reiterated by 
[BMIM][Cl] with an asphaltene dissolution of 27.6%. In other words, small anions 
like [Cl]− have a better effect on the dissolution due to easy mobility in the medium; 
consequently, the effectiveness decreases in the order [Cl]− > [BF4] > [PF6]−. 
Furthermore, the dissolution effectiveness of cations was attributed to their aro-
matic structures, which allow for significant interaction with the aromatic units of 
asphaltenes. Conversely, cations with longer alkyl chains were observed to exhibit 
a diminished effect on asphaltene dissolution. Pereira et al. [80] also documented 
the efficacy of 1-ethyl-3-methylimidazolium tosylate ([C2mim][OTs]) in enhancing 
the recovery of aromatic oil, achieving an oil recovery factor of 65.7%. The recovery 
capabilities of [C2mim][OTs] were postulated to arise from electrostatic interactions 
and π-π interactions due to the aromatic character of the IL.

On the other hand, Ghanem et al. [81] demonstrated the dispersion of asphaltenes 
facilitated by ILs. They used imidazolinium-based ILs for the dissolution and observed 
that ILs interact with the asphaltenes due to the similar properties of ILs with resins. These 
properties imply interaction such as hydrogen bonding, π-π* stacking, or Van der Waals 
forces, which agrees with the results reported by Pereira. Ghanem further noted that an 
alkyl chain length not exceeding hexadecane contributed to asphaltene dispersion, likely 
due to its capacity for crystallization and wax-like behavior.

The utilization of ionic liquids (ILs) based on imidazolium with metal-containing 
anions has garnered significant attention in enhancing the efficiency of enhanced oil 
recovery (EOR) processes. Nares et al. [82] highlighted the efficacy of ILs synthesized 
with metal atoms such as iron and molybdenum in treating heavy crude oil. Their 
findings demonstrated a remarkable reduction in kinematic viscosity from 15,416 to 
124 cSt at 15.6°C, alongside a desulfurization rate of 46%, ultimately improving oil 
quality from 13.5 to 20.2°API. These results can be attributed to the catalytic activ-
ity of the ILs, which facilitate the hydrocracking of resins and asphaltenes, thereby 
liberating heavy fractions from sulfur compounds.

Furthermore, Shaban et al. [83] investigated the specific impact of 1-butyl-3-methyl-
imidazolium chloride ([BMIM][Cl]) and 1-butyl-3-methylimidazolium tetrachloroferrate 
([BMIM][FeCl4]) on the recovery of heavy crude oils. Notably, [BMIM][FeCl4] exhibited 
superior performance concerning viscosity reduction and desulfurization compared to 
[BMIM][Cl]. The incorporation of Fe in the anion enhanced its capacity to interact with 
sulfur in the oil, effectively breaking C-S bonds, which resulted in the complexation of 
sulfur and an improvement in oil flow. This process was found to be optimal at tempera-
tures between 70 and 90°C in the presence of brine, leading to the liberation of hydrogen 
sulfide. Specifically, the application of [BMIM][FeCl4] resulted in a reduction of sulfur 
and viscosity by 23.45% and 78.22%, respectively.
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In a related study, Fan et al. [84] examined the effects of 1-butyl-3-methyl-
imidazolium tetrachloroaluminate ([BMIM][AlCl4]) on heavy oil recovery. Their 
experiments indicated that working with [BMIM][AlCl4] at temperatures ranging 
from 65 to 85°C effectively reduced both viscosity and the content of sulfur and 
asphaltenes.

The influence of transition metals on ILs employed in EOR can be rationalized by 
analyzing the various bonding energies present within oil and ILs. In heavy crude oil, 
notable bonds include C-O, S-H, C-C, and C-S, with bond energies of approximately 
360 kJ/mol for C-O and S-H, 248 kJ/mol for C-C, and 272 kJ/mol for C-S. Thus, when 
ionic liquids interact with heavy oil molecules, the cations predominantly target 
sulfur atoms due to their relatively weaker bond strength in comparison to carbon 
atoms. Concurrently, the anionic components of ILs engage with the carbon atoms. 
These interactions, combined with elevated temperatures, facilitate the cleavage of 
C-S bonds, enhancing the potential for oil recovery.

In conclusion, the distinct functionalities of ILs, such as interfacial tension reduc-
tion, wettability modification, emulsion breaking, sulfur complexation, and asphal-
tene degradation, significantly contribute to improving the oil recovery factor.

5.7 Importance of rheology

The intricate composition of petroleum, encompassing components such as 
resins, saturates, aromatics, and asphaltenes, undergoes transformations over 
time. Consequently, petroleum exhibits viscoelastic behavior, rendering rheology 
a critical analytical technique for its characterization. Various methodologies have 
endeavored to correlate specific fraction types with their rheological properties. 
However, it is essential to recognize that when examining the entire composition, 
the rheological model may evolve over time [85]. In scenarios where the time 
frame is relatively brief (spanning months or a few years), rheology assumes 
considerable importance. The incorporation of additives plays a pivotal role in 
altering viscosity and, by extension, the rheological characteristics of petroleum 
products. Notably, the disaggregation or removal of asphaltenes significantly 
affects the rheology of heavy and extra-heavy oils, with resins also exerting influ-
ence due to their interactions with asphaltenes, though asphaltenes are acknowl-
edged to have the most substantial impact [86].

Several rheological parameters are vital for the investigation of heavy oils. Key 
parameters include the storage modulus (G’), the loss modulus (G”), and their ratio, 
referred to as the phase angle or damping factor (tan δ). A tan δ value exceeding 1 
indicates a predominance of the viscous modulus, while a value below 1 suggests 
the dominance of the elastic behavior. A tan δ equal to 1 signifies that G” and G’ are 
equivalent, occurring at the pour point or gelation point [87].

It is crucial to emphasize that the viscosity of heavy or extra-heavy oils, which 
exhibit viscoelastic properties, is contingent upon both temperature and shear 
rate. Therefore, the formulation of additives for enhanced oil recovery (EOR) 
must take these dependencies into account. For example, in the context of poly-
mer flooding, the chosen polymer type influences shear thickening and shear 
thinning characteristics, which directly correlate with polymer concentration, 
operational temperature, water hardness, and salinity. Consequently, rheologi-
cal analysis is essential to mitigate pore blockage and polymer losses, ultimately 
enhancing oil recovery [88–90].
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The utilization of surfactants, whether in nanoparticle form or as other chemi-
cal additives, often leads to the formation of emulsions that significantly impact the 
rheological behavior of heavy oil. For example, oil/water (O/W) emulsions at moder-
ate concentrations exhibit shear-thinning properties [91].

Thus, parameters such as temperature, type, and concentration of additives, 
injection pressure, matrix porosity, initial oil viscosity, and mixing duration must be 
meticulously considered in the context of EOR. Furthermore, interfacial rheology 
studies have demonstrated that the viscoelastic properties of O/W emulsions can be 
adjusted, and the effects on O/W stability at the interfacial scale supersede those at 
the bulk scale [92]. This insight facilitates a more nuanced understanding of optimal 
additive selection for the EOR process.

In summary, rheology serves as a sophisticated and powerful analytical tool for 
elucidating the impacts of additives on enhanced oil recovery.

6. �Conclusion

The majority of oil reserves worldwide consist of heavy and extra-heavy oils. 
However, stimulating wells and transporting oil from these fields presents signifi-
cant challenges. Enhanced oil recovery techniques are employed to address these 
issues, with thermal methods currently being widely used due to their effectiveness 
in reducing heavy oil viscosity and enhancing mobility through rock formations. 
Nevertheless, the economic and operational aspects of these methods often fail to 
provide a satisfactory cost/benefit ratio.

The use of chemical additives has created opportunities for more favorable cost/
benefit balances, particularly thanks to the lower energy demands associated with 
chemical injection and the relatively small quantities required. Among these addi-
tives, imidazoline-based compounds, typically utilized for their anti-corrosion 
properties in pipelines, have shown promise. When chemically modified or used as 
a base for ionic liquids, they exhibit unique characteristics conducive to reducing oil 
viscosity. This enables improved well stimulation and transportation of heavy and 
extra-heavy oils.

It is noteworthy that, despite the impressive results achieved with imidazoline-
based additives in enhanced oil recovery, the specific interaction mechanisms with 
rocks and oils remain unclear. Additionally, scaling up the production of these various 
chemical additives is crucial to meet the demands of the petroleum market.

Furthermore, based on the results obtained with imidazoline-based additives and 
nanoparticles, the potential for synergy or antagonism between these two could be 
investigated. There is currently a lack of systematic studies on such mixtures, as well 
as other potential additives, that might provide multi-effects on viscosity reduction, 
quality enhancement, and the recovery factor of heavy oils.
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Chapter 8

Hybrid Polymer Injection: 
A Modular, Factory-Optimised 
Platform for Burst Polymer Injection, 
Water-Alternating Polymer and 
Polymer On-Polymer Off
Juan Ernesto Juri

Abstract

Current studies neglect hybrid approaches that exploit hysteresis phenomena to 
maximize efficiency and optimize resources. Hysteresis is a fundamental phenomenon 
arising from irreversible processes within natural systems. This irreversibility reflects 
nature’s inherent tendency toward dissipation, where returning to a prior state requires 
a different energetic pathway, leading to distinct forward and backward trajectories. 
We pioneered the concept of hybrid polymer injection in Manantiales Behr, leading to 
multiple successful pilots and expansions conducted in the Grimbeek field between 2021 
and 2023. Throughout these pilots, more than 54,800 tonnes of polymer were injected, 
demonstrating a clear relationship between injection cycles and consistent, repeatable 
and scalable production gains, while supporting an efficient operating model. Central 
to our hybrid polymer injection approach is the Burst and Water-Alternating-Polymer 
(Burst-WAP) and On-Off strategy, effectively balancing immediate recovery impact, 
long-term efficiency, cost control and low risk. This technique strategically employs 
initial high concentration continuous polymer injection (Burst phase) and the alternat-
ing cycles of water injection and polymer injection. In zones developed with polymer 
in secondary mode, we deliberately pause injection to slow the displacement front and 
widen the advancing oil bank, which maximizes microscopic displacement efficiency. 
The burst phase creates a robust polymer bank, improving mobility control and form-
ing a high pressure, stable front that promotes efficient three-dimensional polymer 
crossflow. This reduces premature water breakthrough and polymer dilution along the 
established high-water saturation paths, leading to immediate and significant improve-
ments in oil rate. The subsequent water-alternating-polymer (WAP) phase sustains the 
polymer’s effectiveness by intermittently alternating polymer injection with water or 
periods of no injection. This approach activates hysteresis effects in fluid displacement, 
where the cyclic variation in injection conditions delays the polymer front’s arrival at 
production wells, enhancing cost efficiency. Standardizing the hybrid polymer injec-
tion process using modular plants is because this modular scale enables high polymer 
throughput and concentration, resulting in substantial incremental oil response, making 
each standalone unit economically attractive on its own at low risk. Modular plants 
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(or the polymer PAD) further enhanced this capability, offering a standardized and 
flexible platform for implementing and adjusting injection parameters. This flexibility 
allows us to scale operations effectively, rapid payback and sustained profitability while 
managing operational costs and polymer consumption. By framing polymer injection as 
burst-and-water-alternate-polymer strategy combined with modular, short-cycle hybrid 
scheme, which turned polymer flooding into a repeatable, scalable, and factory-efficient 
process. By avoiding prolonged polymer injection periods and combining hybrid injec-
tion physics with modular-plant logistics, this approach cuts OPEX, delivers early oil, 
and stabilizes water cut. Even in a fundamentally slow process like polymer injection. 
This not only enables conceptualization for optimization across diverse reservoir settings 
but also allows the approach to economically compete with factory-style unconventional 
development model. Rystad indicates that exploration is declining worldwide and off-
shore costs are rising; as a result, proven oil reserves will struggle to meet even a standard 
demand scenario. Hybrid polymer injection can rapidly add proven oil reserves. 

Keywords: polymer flooding, alternate, polymer injection, EOR, water-alternate-polymer, 
WAP, modular polymer injection, on-off polymer injection, surfactant injection

1. �Introduction

In our experience, improving efficiency requires abandoning or significantly altering 
the mechanisms that led to inefficiencies. For instance, if displacing highly viscous oil 
with water proves inefficient, transitioning to polymer injection must involve polymers 
whose properties are distinctly different from water; otherwise, one risks replicating or 
only mildly improving upon the original inefficiencies [1–3].

Historically, polymer floods have often used low polymer concentrations, primar-
ily because of underestimation in numerical simulations. This has resulted in a delayed 
oil response, marginal economics, and high OPEX, with only modest incremental 
oil gains. From our perspective, reservoir simulations, although valuable, often fall 
short of accurately capturing the real behavior of macromolecular polymer solutions. 
Polymers nominally described as 18 million Daltons represent a molecular-weight 
distribution that, under the concentrations and viscosities applied in these field 
implementations, are prone to collective behavior and interactions with porous media 
that are difficult to capture in reservoir simulation. Additionally, when water displaces 
more viscous polymer solutions, fingering occurs—another phenomenon challenging 
to simulate because inherent scale dependencies. Polymer with viscosity in the same 
order as oil viscosity flows in all directions, while water displacing high-viscosity 
oil flows mainly in a horizontal direction or the shortest path between injection and 
production.

Reservoir simulations often assume high polymer residual resistance factors, 
underestimating required polymer concentrations and causing ineffective, wasted 
polymer injections.

Polymers uniquely display collective behaviors that are absent in other fluids of 
comparable viscosity, like glycerin. Polymer solutions, composed of long-chain molecules, 
have a local mechanism of chain entanglements and interactions with water molecules, 
creating a network-like structure. Acting on this non-Newtonian behavior is essential for 
implementing effective hybrid polymer injection strategies [4–8].

Moreover, the hybrid polymer injection strategy explicitly exploits hysteresis 
effects by alternating polymer concentration and injection rates, optimizing reservoir 
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response through cyclic variations. These alternating cycles create conditions that 
maximize both microscopic and macroscopic sweep efficiencies, leveraging the 
natural hysteresis behavior of reservoirs [9–12].

Although finite difference simulations, finite element methods, and analytical 
models provide valuable insights, ultimate oil recovery results from complex pore-
scale displacement processes. While 3D modeling and reservoir simulation remain 
critical for identifying macroscale injector-producer connectivity, well placements, 
and production strategies, they do not fully capture the microscale flow processes that 
govern ultimate recovery efficiency [13, 14].

In our view, new projects can significantly enhance their investment returns by 
thoroughly understanding target polymer viscosities and concentrations, clarify-
ing multiphase flow implications, and avoiding the temptation to reduce polymer 
concentration solely to lower costs. At Manantiales Behr, a hybrid, innovative, 
and globally pioneering strategy has been implemented. It combines high-con-
centration polymer phases (Burst) with water-polymer alternation (WAP) and 
intermittent On–Off injection schemes. Establishing optimal slug cycle is crucial 
for project success [15, 16].

1.1 Organization of the chapter

This chapter is organized into four sections: Section 1 introduces new concepts for 
polymer flooding design and explains why past projects typically used low polymer 
concentrations. Sections 2.1 and 2.2 describe the pore network model and the simula-
tion parameters. Section 2.3 addresses polymer injection concentration from molecular 
concepts and reservoir heterogeneity, and highlights the percolative behavior under dif-
ferent polymer viscosity conditions and injection sequences. Section 2.4 covers laboratory 
experiments evaluating different sequences of water and polymer injection. Section 2.5 
briefly discusses modular deployment, which is crucial for implementing the proposed 
hybrid polymer flooding strategy at the field scale. Section 3 presents simulation results at 
the pore network and field-equivalent scales. Detailed descriptions of injection sequences, 
slug volumes, and zones are omitted here since they are published elsewhere. Section 3.4 
provides a dimensionless scaling analysis of reservoir analog zones, validating pore-scale 
simulations and supporting the effectiveness of the hybrid injection strategies. Section 4 
summarizes the significance of hybrid polymer injection with a high concentration initial 
phase as a promising future method for polymer flooding.

2. �Materials and methods

2.1 Pore network model

Incremental oil production in a production well is the result of an aggregated dis-
placement chain, moving from pore to pore and originating at the injector. We con-
ceptualize porous media as a network of pore bodies connected by pore throats. This 
network is represented as a system of nodes (pore bodies) and bonds (pore throats) 
with appropriate characteristics to enable flow calculations. The porous medium is 
modeled using a three-dimensional lattice cubic network of interconnected capillary 
elements, with the number of nodes in each direction as NxNyNz. Pores and throats 
are located at the sites (nodes) and bonds (edges) of the lattice. The rules that define 
if a pore is occupied by water, oil, or polymer are capillary [17, 18] and viscous forces [19]. 
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We use the discrete diffusion-limited aggregation models [19] to simulate the rules 
that govern the moves of the different fluids inside the pore network model. This 
method resolves displacement at the pore scale, ensuring a detailed understanding of 
he movement of all fluids in the network.

We assume all pores and throats have a uniform size of 10 microns, based on 
common measurements from microtomography and thin sections in the target zone, 
where absolute permeability exceeds 8000 md [20–23]. We exclude the gas phase, a 
valid assumption for typical polymer injection cases, and apply periodic boundary 
conditions perpendicular to the flow direction.

The simulations described later produce realistic and structurally heterogeneous 
displacement fronts. The algorithm allows fronts to evolve via self-organization, cap-
turing how fluid properties differ ahead and behind the front and how the front may 
break down. We ran thousands of replicate simulations to confirm the repeatability 
of observed patterns, each lasting until reaching the required injected pore volume. 
Comparisons between theoretical results, laboratory experiments, and field pilot data 
continuously enhance our understanding and optimization of polymer flooding.

We performed simulations on progressively larger networks to confirm pattern 
coherence. At a constant pressure drop between the inlet and outlet, viscosity ratios 
determine fluid occupancy. The displaced-to-displacing viscosity ratio controls the 
number of pores contributing to displacement at the inlet. An essential displacement 
mechanism observed is oil trapping, which occurs as advancing water surrounds 
isolated oil regions. These simulations primarily illustrate general displacement 
phenomena and demonstrate the impact of polymer and hybrid injection strategies.

2.2 Simulation approach and parameters

We simulated pore-scale displacement under various scenarios by changing 
polymer viscosity, injection sequences, and mobility conditions to study fluid distri-
bution and recovery behavior. Each case included thousands of replicates to ensure 
consistent pattern development.

In all cases, we set oil viscosity to 100 cp and water to 1 cp, and adjusted polymer 
viscosity based on the scenario. The shape of the advancing water front strongly 
depended on the mobility ratio and injection strategy. A number of images will be 
displayed in the coming sections to illustrate the resulting displacement patterns.

We projected the simulated flow on a 2D 100 × 100 pore lattice, with flow from 
left to right to represent injection from the left boundary. Periodic boundary condi-
tions in the y and z directions modeled an infinite porous medium in those planes. 
Each simulation began with 100% oil saturation in uniformly sized pores. We tested 
several field-relevant injection strategies. In one case, polymer followed water (ter-
tiary injection). In another, we applied a Water-Alternating-Polymer (WAP) strategy 
after reaching the oil production peak during continuous polymer injection. In a 
modified WAP, polymer runs intermittently (On-Off), leaving out the water period 
so no injection takes place during the off cycles.

2.3 Polymer specifications

In this study, we use the polymer with the properties described in Table 1. The 
formation water salinity is 11,000–15,000 ppm total dissolved solids (TDS), and the 
formation permeability is greater than 8000 mD [23].
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2.4 �Argument of burst polymer concentration: High-concentration polymer 
injection

Selecting the appropriate polymer concentration is crucial for effective polymer 
flooding, as it directly impacts flow control and pressure management. At higher 
polymer concentrations, the primary effect is the activation of high-pressure viscous 
crossflow fronts, previously detailed in Refs. [15, 16, 24], key factor to generate early, 
increase in oil production. A secondary effect involves local molecular entanglement, 
particularly significant for high-molecular-weight HPAM polymers, such as those 
averaging around 18 million Daltons.

2.4.1 Molecular behavior justification

Using a polymer with an average molecular weight near 10 million Daltons 
provides an optimal balance: sufficient polymer molecules per pore and adequate 
molecular size to effectively mobilize oil, enhancing sweep efficiency without signifi-
cantly reducing injectivity.

The actual hydrodynamic radius (𝑅h) of an 18-million-Dalton polymer in solution 
depends on factors including molecular structure, hydration degree, and solvent 
characteristics. Typically, this radius is estimated using empirical power-law models 
for dilute polymer solutions [4].

	 h wR k·M ν= 	

where:
Mw is the average molecular weight in Daltons (18 × 106).
k and ν are empirical constants that depend on the polymer type and solvent. For 

polyacrylamide in water:

	 ≈k 0.027 /Daltonnm 	

ν ≈ 0.5 (for polymers in good solvents).
The estimated hydrodynamic radius is 0.1145 μm, and the diameter in solution is 

0.229 μm. This range will vary depending on the water salinity, in these applications, 
the water injection salinity is below 15,000 ppm. High-permeability reservoirs with 
viscous oil in the range of 100–1000 cp have pore sizes around 1–10 micros. In this 

Polymer type Partially hydrolyzed polyacrylamide (HPAM)

Molecular weight (million Daltons) 18–30

Concentration (ppm) 2500–5500

Viscosity (cp) (60°C) and 0.5 1/s 60–180 cP

Reservoir temperature (°C) 60

Hydrolysis degree (%) 18–32

Water salinity 11,000–15,000

Absolute liquid permeability 8000–28,000 md

Pore size (microns) 1–10 μm

Table 1. 
Polymer, water, and rock properties.
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range of sizes, we could expect molecular interaction with the pore space that will 
affect the sweep.

The polymer molecule interaction inside the pore space can induce polymer entan-
glement and collective size in solution to exploit the possibility that locally, polymers 
increase viscosity by entanglement when long polymer chains physically interlock (note 
that it is not gel cross-linking) with each other, creating a local network that resists flow.

The number of polymer molecules entangled depends on the overlap polymer 
concentration (𝐶*), which marks the transition from dilute to semi-dilute regimes, 
where chains begin to interact strongly.

Using the overlap concentration formula [5]:

	 ( )∗ ≈ 3
wC M / NARg 	

where:

•	 C* is the overlap concentration.

•	 Mw is the polymer’s molecular weight (18 million Daltons = 18 × 106).

•	 NA is Avogadro’s number (6.022 × 1023).

•	 Rg is the radius of gyration, which we estimate from the relationship:

	 h0.66·R≈Rg 	

Since Rh ≈ 114.55 nm, then:

	 ≈ × =0.66 114.55 75.6Rg nm nm 	

The concentration where polymer molecules begin to entangle is ~0.069 g/cm3, 
which is equivalent to 69,000 ppm (or 69,000 mg/L) of polymer concentration in 
solution. This means that entanglement starts occurring when polymer concentration 
reaches approximately 69,000 ppm.

Once polymer concentration exceeds 𝐶*, molecules start forming an entangled 
network. The number of molecules in an entangled structure can be estimated 
using [6]:

Number of molecules per entanglement = Entanglement Factor/C* [6–8].
The entanglement factor is typically between 2 and 5 in semi-dilute solutions.
We assume 3 (a common empirical value for polymer physics).
Since C* is in g/cm3, we take the inverse to estimate how many molecules fit into a 

given volume.
Number of molecules per entanglement

	 ( )3 1/0.069= × 	

	 3 14.47= × 	

	 = ≈43.37 43molecules 	
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Most polymer flooding operations in the field occur below the entanglement 
threshold. Consequently, the observed increase in viscosity typically results from 
polymer coil expansion rather than true molecular entanglement. However, localized 
entanglement can still occur due to the irregular flow paths within porous media and 
the converging and diverging flow conduits in the pore space.

2.4.2 Localized concentration variations

Polymer molecules can accumulate on pore walls or other surfaces, creating 
microenvironments where the effective local polymer concentration temporarily rises 
above 5000 ppm. While high shear often reduces average molecular weight, transient 
shear zones can also concentrate macromolecules in particular regions. Larger poly-
mer molecules may get preferentially retained, locally elevating their concentration in 
low-flow “stagnant” pockets.

2.4.3 Semi-dilute regime and coil overlap

Even below 𝐶*, polymer coils can overlap enough to increase viscosity via inter-
mittent entanglements—particularly in heterogeneous reservoirs. At high concen-
tration, for example, 5000 ppm, coils still interact to a degree, forming transitory 
entangled clusters that strengthen viscosity without establishing a fully entangled 
“mesh.” As the flood advances, mixing with in situ fluids may weaken these overlaps, 
but local conditions can still favor short-term entanglements.

2.4.4 Mechanical and hydrodynamic factors

High shear zones (e.g., pore throats, flow convergences) can stretch chains, making 
them more likely to intersect and bind. The presence of converging and diverging local 
flow-path constrictions may cause polymer concentration to spike because of the reduced 
fluid volume, enabling entanglement events even at lower bulk ppm levels. Beyond the 
simple bulk calculations provided above, the field conditions rarely match ideal labora-
tory setups; thus, even at around 5000 ppm, they can generate localized entanglement 
that boosts viscosity in key regions. Where partial entanglements arise, the polymer flood 
may maintain better mobility control than expected from bulk concentration estimates. 
And favoring this condition only is achieved with high-concentration floods.

2.4.5 �High-concentration polymer for activating crossflow in fluvial systems: 
Geological justification

Another geological aspect to consider in polymer flooding is its correlation with the 
use of high polymer concentrations. By linking polymer viscosity and reservoir archi-
tecture, this section underscores the necessity of choosing a sufficiently high polymer 
concentration to activate crossflow across the distinct flow units and in all 3D directions 
found in fluvial settings. The following discussion expands on these findings, exploring 
the interplay of vertical layering, fluid mobility, and polymer-induced flow diversion, 
and how fine-tuning each factor can lead to a more successful polymer strategy.

Particularly in fluvial reservoirs, higher polymer concentrations play a crucial role 
beyond traditional mobility control, directly affecting crossflow between reservoir 
layers of varying permeabilities and porosities in Refs. [2, 3, 16, 24–26]. In fluvial 
reservoirs, vertical and lateral heterogeneities often result in uneven displacement 
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and reduced sweep efficiency when conventional waterflooding is applied. One way 
to overcome these challenges is by injecting higher-viscosity polymer and high con-
centration to ensure enought margin above adsorption level. The increased viscosity 
and subsequent mobility control can drive more effective crossflow between reservoir 
layers and within the internal bed structure exhibiting variations in texture and 
permeability and porosity, thereby improving overall oil recovery.

Figure 1 illustrates how vertical heterogeneity (represented by 2, 3, and 4 subdivi-
sions) correlates with the polymer-to-oil viscosity ratio to affect the recovery factor. 
As polymer viscosity rises, recovery increases—albeit with diminishing returns 
beyond a ratio of approximately 2 to 3. Reservoirs modeled with fewer subdivisions 
exhibit higher apparent recovery, partly because vertical permeability contrasts are 
less rigorously captured. More detailed subdivision (3 or 4 divisions) better reflects 
the complex layering of fluvial deposits, giving a more realistic picture of how high-
concentration polymer floods redistribute flow and enhance oil displacement.

The number of divisions (2, 3, or 4) represents the level of detail in capturing 
vertical interfaces of reservoir quality. More divisions (4 vs. 2) provide a better 
description of changes in petrophysical properties, allowing for: (i) more accurate 
crossflow between layers and (ii) better representation of vertical permeability 
contrasts. Thus, as the number of divisions increases, the model better represents the 
connectivity between sand bodies, leading to improved polymer sweep efficiency 

Figure 1. 
Impact of vertical heterogeneity and polymer viscosity on oil recovery factor. The plot displays the recovery factor 
as a function of the polymer-to-oil viscosity ratio under different levels of vertical reservoir subdivision: 2, 3, and 
4 divisions, representing increasing heterogeneity. As polymer viscosity increases, recovery improves across all cases, 
but with diminishing returns beyond a ratio of ~5. Reservoirs with fewer subdivisions (blue line, 2 divisions) 
exhibit higher recovery because of more uniform vertical sweep. Increased heterogeneity (3 or 4 divisions) reduces 
polymer efficiency because of flow diversion into high-permeability layers. The inset shows the stratigraphic 
architecture of the reservoir used in the model, with colored facies and porosity distribution.
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and a higher recovery factor. With more divisions, the model better captures flow 
redistribution, ensuring polymer moves into all sand layers rather than preferentially 
flowing through high-permeability zones. In simpler (2-division) models, the poly-
mer sweep appears more efficient, but this might be an overestimation because the 
coarse representation since some low-permeability layers might not be fully captured. 
More divisions enable better crossflow representation, enhancing polymer efficiency. 
Higher polymer viscosity increases recovery, but the effect is more accurately cap-
tured when the reservoir is better divided into its actual fine-scale flow units.

2.5 Experimental setup

In this section, we present the design and outcomes of four coreflood experiments 
conducted on a segmented core sample (Figure 2) [23, 27, 28]. Each experiment 
follows a distinct sequence of pore volumes and injection velocities, enabling us to 
evaluate secondary polymer injection against tertiary polymer injection. Through 
these experiments, we aim to establish whether injecting polymer earlier (second-
ary injection) yields more efficient displacement and higher recovery factors (RF) 
compared to late-stage (tertiary) polymer injection. This setup allows for comparing 
the impact of initial waterflooding under different pore volumes injected and under 
different velocities on polymer flood performance.

Figure 3 shows the recovery factor (RF) for each composite core, along with the 
pore volumes injected (PV) in Figure 4 and flow velocity in Figure 5.

Composite Core A:
Waterflood (WF) recovery: 0.583.
Polymer flood (PF) recovery: 0.116.
Total recovery: ~0.70.

Figure 2. 
Photograph (left) and schematic diagram (right) of a segmented core sample used for flow experiments. The core, 
measuring 22.54 cm in length, is divided into four equal sections (Section 1 to Section 4), each equipped with a 
pressure tap to monitor differential pressure (ΔP1 to ΔP4) during fluid injection. This setup allows for detailed 
analysis of pressure distribution and flow behavior along the core, supporting the evaluation of heterogeneity and 
permeability variations within the reservoir rock [23, 27, 28].
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This core had a high initial waterflood velocity (10.6 ft./day) and moderate 
polymer flood velocity (2 ft./day). The polymer flooding contributed significantly to 
additional recovery.

Figure 3. 
Oil recovery factors achieved in coreflood experiments by the injection phase. This figure shows the contribution of 
waterflood (WF) and polymer flood (PF) to the total oil recovery factor for each composite core. Cores A, B, and 
C underwent water injection followed by polymer injection, while Core D received polymer injection from the start. 
Core B achieved the highest total recovery (0.87), mainly because of waterflooding (0.846), with minimal polymer 
contribution (0.02). Core C exhibited the highest incremental recovery from polymer (0.214). Notably, Core D achieved 
a 0.844 recovery factor using polymer alone, demonstrating the efficiency of early polymer application [23, 27, 28].

Figure 4. 
Cumulative pore volumes injected during coreflood experiments. The figure presents the total volumes of 
waterflood (WF) and polymer flood (PF) injected, expressed in pore volumes (PV), for each composite core. 
Cores A, B, and C underwent sequential WF followed by PF, whereas Core D received only polymer injection. 
Core B had the highest cumulative injection (13.3 PV), primarily because of an extensive waterflood phase (11.9 
PV). In contrast, Core D achieved injection with only 2 PV of polymer, highlighting a more efficient approach.  
PF injection volumes were kept relatively consistent across cores (~1.4–2.0 PV) [23, 27, 28].
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Composite Core B:
Waterflood (WF) recovery: 0.846.
Polymer flood (PF) recovery: 0.02.
Total recovery: ~0.87.
Despite the lower waterflood velocity (3 ft./day), this core achieved the highest water-

flood recovery, leaving little mobile remaining oil for polymer flood to contribute.
Composite Core C:
Waterflood (WF) recovery: 0.588.
Polymer flood (PF) recovery: 0.214.
Total recovery: ~0.80.
With another high waterflood velocity (11 ft./day) and polymer flood at 2 ft./

day, this case shows a noticiable polymer response, indicating the polymer effectively 
mobilized the remaining oil.

Composite Core D:
Polymer flood (PF) recovery: 0.844.
No waterflood phase.
This core, which only experienced polymer flooding from the start, achieved a 

recovery virtually identical to Core B (0.844 vs. 0.846), suggesting that polymer 
flooding alone can reach the same recovery as a laboratory-only 11.9 PV waterflood, 
but with six times lower, field-feasible injection volume. Waterflood effectiveness 
varies: Core B’s high WF recovery (0.846) suggests that lower velocity waterflood-
ing (3 ft./day) was effective in achieving a high oil recovery without much need for 
polymer but required six times more water—an injection volume that would take 
geological timescales at field scale and is therefore unfeasible.

Polymer effectiveness depends on residual remaining oil saturation: Core C had a 
strong polymer response (0.214 additional RF), likely because of higher remaining oil 
saturation after WF.

Figure 5. 
Flow velocities applied in coreflood experiments. Each composite core was subjected to an initial waterflood 
(WF) phase followed by polymer flood (PF), except for Composite Core D, which received only polymer injection 
from the start. The figure shows that Cores A and C were injected at higher WF velocities (10.6 and 11 ft./day, 
respectively), while Core B experienced a lower WF velocity (3 ft./day). Polymer injection was performed at a 
consistent flow velocity of 2 ft./day across all tests [23, 27, 28].
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Direct polymer injection (Core D) performed similar to a highly effective 
11.9PV WF although not feasible at field scale (Core B), reinforcing the potential 
of polymer flooding as an initial recovery strategy.

Figure 4 illustrates the cumulative pore volumes injected for each composite core, 
connected to the previous recovery data (Figure 3). Here, we present a breakdown of 
the injection strategy for each core:

Composite Core A:
Waterflood (WF) injection: 2.5 PV.
Polymer flood (PF) injection: 1.5 PV.
Total injected volume: 4.0 PV.
Moderate water injection followed by polymer injection, leading to a 0.70 recovery 

factor.
Composite Core B:
Waterflood (WF) injection: 11.9 PV.
Polymer flood (PF) injection: 1.4 PV.
Total injected volume: 13.3 PV.
A much higher WF volume was injected compared to the other cores, yielding a 

0.87 recovery factor, but with minimal polymer flood response.
Composite Core C:
Waterflood (WF) injection: 1.7 PV.
Polymer flood (PF) injection: 1.5 PV.
Total injected volume: 3.2 PV.
Despite a waterflood of just 1.7 PV (versus 2.5 PV previously), this case doubled 

recovery with the same polymer PV, resulting in 0.8 RF.
Composite Core D:
Only Polymer flood (PF) injection: 2.0 PV.
No prior water injection.
This direct polymer injection strategy achieved 0.844 RF, demonstrating effec-

tiveness comparable to a high 11.9 PV WF injection (Core B) or WF+PF Core A,C.
Core B had the highest WF volume injected (11.9 PV), which led to very high oil 

recovery (0.87 RF), but polymer had little impact, meaning most oil was recovered 
before polymer injection.

Core D (polymer-only) achieved a similar recovery (0.844 RF) with just 2 PV 
polymer injections, reinforcing the idea that direct polymer injection can be an 
efficient recovery strategy.

Core C showed a strong polymer response after injecting 30% less WF PV than 
Core A, highlighting that early transition to polymer flood may be advantageous in 
some cases.

Figure 5 shows that the four composite cores have different waterflood (WF) and 
polymer flood (PF) flow velocities. Here is a description of the corefloods:

Composite Core A:
Waterflood (WF) velocity: 10.6 ft./day (shown in blue).
Polymer flood (PF) velocity: 2 ft./day (shown in green).
This core had a high initial waterflood injection rate followed by a lower polymer 

flood velocity.
Composite Core B:
Waterflood (WF) velocity: 3 ft./day.
Polymer flood (PF) velocity: 2 ft./day.
This core had a lower initial waterflood velocity compared to Core A and received 

the same polymer flood velocity.
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Composite Core C:
Waterflood (WF) velocity: 11 ft./day.
Polymer flood (PF) velocity: 2 ft./day.
Similar to Core A, this core had a high initial waterflood velocity followed by 

polymer injection at a lower velocity.
Composite Core D:
No initial waterflood.
Polymer flood (PF) velocity: 2 ft./day from the beginning.
This core only experienced polymer flooding without a prior water injection 

phase. This setup allows for comparing the impact of initial waterflooding on polymer 
flood performance under different velocities velocities WF or pressure drop.

Tables 2 and 3 summarize the results across the three parameters—flow velocity, 
recovery factor, and cumulative pore volumes injected.

Core B (3 ft./day WF) had the highest total recovery (0.87 RF), but polymer had 
little additional impact.

Core C (11 ft./day WF) had the highest polymer flood contribution (0.214 RF), 
showing polymer can be very effective after a high-throughput WF conducted at 11 
ft/d velocity with a substantial pressure drop.

Core D (polymer-only) reached nearly the same recovery (0.844 RF) as Core B, 
demonstrating that polymer flood alone can match an optimal waterflood + polymer 
sequence—or even the theoretical recovery from injecting a combined 11.9 + 1.4 PV.

Cores A and C (both with high WF velocity) had significant additional recovery 
from polymer, unlike Core B.

Core B required the highest total PV injected (13.3 PV) for only a slight RF advan-
tage (~0.87 vs. 0.844 in Core D).

Core D (polymer-only) was the most efficient (0.422 RF/PV), proving that skipping 
WF can significantly reduce injection volume while achieving comparable recovery.

Core C had the second highest efficiency (0.25 RF/PV), indicating that a balanced 
WF + PF approach could be effective although it achieved only about half the effi-
ciency of polymer flooding alone.

Core WF flow velocity  
(ft/day)

PF flow velocity  
(ft/day)

Total recovery 
factor (RF)

WF RF contribution

A 10.6 2.0 0.70 0.583

B 3.0 2.0 0.87 0.846

C 11.0 2.0 0.80 0.588

D N/A 2.0 0.844 0.000

Table 2. 
Flow velocity vs. recovery performance.

Core WF PV injected PF PV injected Total PV injected Recovery factor per PV injected

A 2.5 1.5 4.0 0.175 RF/PV

B 11.9 1.4 13.3 0.065 RF/PV

C 1.7 1.5 3.2 0.25 RF/PV

D 0.0 2.0 2.0 0.422 RF/PV

Table 3. 
Pore volumes injected vs. efficiency.

183



Recent Approaches in Enhanced Oil Recovery – New Perspectives and Future Outlook

14

Core A, while achieving moderate recovery, was less efficient than Core C because 
of a lower polymer impact.

Waterflood effectiveness depends on initial velocity and pore volume injected. 
Core B (low WF velocity, high PV injected) outperformed Core A (high WF velocity, 
moderate PV injected). At the coreflood scale, polymer flooding proves most effective 
when applied after moderate waterflooding. Core C showed the strongest polymer 
response (0.214 RF), while Core B achieved only 0.020 RF. Skipping waterflooding 
and injecting polymer from the start can also be highly efficient—Core D matched or 
outperformed combined WF + PF strategies in terms of RF per PV injected. Excessive 
waterflooding, as seen in Core B, leads to diminishing returns. Despite injecting 
11.9 PV of water, recovery only slightly exceeded (within experimental error) that 
of polymer-only injection. Lower total injected volumes consistently yielded bet-
ter efficiency. Higher pressure drops, as observed in Core A, C and D, resulted in 
improved recovery; this highlights that elevated pressures are an additional benefit 
of high polymer concentrations, helping to drive a more encapsulated front, as later 
sections will show.

2.6 Injection methodology at field scale: Modular injection

Polymer solutions were injected using modular plants with static mixers at 
injection rates of 75–150 m3/day, maintaining injection pressures below fracture 
pressure to prevent channeling. The modular approach enables precise control of 
polymer concentration and injection schedules, significantly enhancing opera-
tional flexibility and agility in implementing hybrid injection schemes [1]. Velocity 
wins against scale of the facility. We deploy movable units to where it pays first, 
then redeploy as response matures (lower capital per step, front-loaded cash flow). 
This is historically different than polymer flooding traditional view. This strategy 
limits complications of polymer being produced which affects produced-water 
separation.

Figure 6. 
Modular mobile Polymer Injection Unit (PIU) used for Enhanced Oil Recovery (EOR) operations in remote 
locations. The PIU is composed of stackable, interlinked container modules, enabling rapid deployment, flexible 
relocation, and minimized site preparation. This setup supports polymer preparation, dosing, and injection 
without the need for permanent infrastructure [1, 29].
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Figure 6 shows a modular mobile Polymer Injection Unit (PIU) installed in 
a remote oilfield location [1, 29]. The system is constructed using intermodal 
containers (commonly known as shipping containers), which are adapted and 
interconnected to function as a cohesive polymer injection facility. This modular 
design allows for.

Mobility: The entire unit can be disassembled, relocated, and reassembled quickly 
at a new site.

Compact footprint: Efficient use of space through vertical stacking and lateral 
modular expansion.

Autonomy: These units are typically equipped with blending tanks, dosing systems, 
and pumping modules.

Rapid deployment: Ideal for injecting high concentrations in localized injection 
points for a few pore volumes to accelerate recovery.

3. �Results

In the following simulations, black shows the remaining oil that has not been dis-
placed inside pores. Blue marks pores swept by water before polymer injection. Green 
highlights pores displaced by polymer. Cyan indicates pores where fluid occupancy 
changed, signaling a transition between oil, water, and polymer.

3.1 Water injection performance

3.1.1 Inefficiencies of water flooding in oil viscosities below 1000 centipoise

The sequence of images illustrates the progression of water injection (1 cP water 
displacing 100 cP oil) through a 2D pore network (100 × 100 lattice) as a function 
of increasing pore volumes injected (PV). The flow direction is left to right, and the 
oil-filled pores are black, while invaded pores with water are blue.

Figure 7. 
Early-stage invasion at 0.1 PV shows minimal pore 
filling, with only a few preferential paths developing.

Figure 8. 
By 0.2 PV, water fingering becomes more evident, still 
largely confined to limited paths.
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3.1.1.1 Description of the sequence and water injection inefficiencies

Figures 7 and 8 show early injection (0.1–0.2 pore volumes); only a small amount 
of water has entered the medium from the left. Water begins to invade through a 
small number of preferential flow paths or fingers, primarily along high-permeability 
channels. A few thin “fingers” of water start to grow into the oil. The displacement 
front is highly irregular due to the large viscosity contrast (100 cP oil vs. 1 cP water). 
The unfavorable mobility ratio (μ_oil/μ_water = 100) makes the displacement unsta-
ble, leading to viscous fingering. Water bypasses much of the oil, and large regions 
remain upswept. Approaching the water breakthrough, more branches form, small 
pockets of trapped oil appear, and the displacement front (which is not a singular 
front but rather a zone of changing saturation) advances. Water channels dominate 
the medium, but significant oil remains unswept. The waterfront begins to link up 
across larger portions of the medium, moving ever closer to the right edge.

Figures 9 and 10 show the intermediate stages (0.2–0.4 pore volumes); as more 
water is injected, existing fingers become longer and slightly thicker.

The water fingers extend further to the right, branching out in multiple directions. 
Because the oil is more viscous, the water tends to bypass it in narrow, branching chan-
nels rather than pushing it evenly. This creates a branching pattern of water channels 
surrounded by oil. This process creates a pattern of interdigitated water channels sur-
rounded by oil. As injection proceeds to approximately 0.32–0.35 pore volumes, the fin-
gers grow further, forming additional branches that spread, interconnect, and sometimes 
merge. Small pockets of trapped oil appear between the water channels. The fingers then 
become longer and more numerous, continuously advancing from left to right.

Breakthrough occurs early (around 0.32 PV), meaning water reaches the outlet 
before much of the oil is displaced. This early breakthrough is a direct symptom of 
poor mobility control and heterogeneous pore occupation.

Figures 11 and 12 show that, post-breakthrough (above 0.3), additional water 
injection after breakthrough contributes very little to oil recovery.

Water recirculates through established paths, bypassing oil trapped in less connected 
regions. It is equivalent to the results in the coreflood for 11 ft./d; increasing flow speed 

Figure 9. 
At 0.3 PV, the invasion front thickens, but many central 
areas remain oil-filled due to a poor mobility ratio.

Figure 10. 
Water breakthrough becomes imminent at 0.32 PV, 
with main conductive channels established.
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does not improve recovery. The number of fingers and their extension highlight how 
rapidly drawdown pressure is dampened from the injection side to the production side.

In Figures 13 and 14, even at 0.8 PV injected, the sweep efficiency remains low—a 
large portion of the pore space (central and bottom areas) remains oil-filled (black). 
The progress of the flow does not lead to meaningful oil recovery as production 
continues to come from already-invaded paths. Large portions of the oil are swept 
out, but many isolated oil pockets remain in low-flow zones. The displacement is 
highly nonuniform, showing how the large viscosity contrast and unstable front lead 
to incomplete, fingering-dominated displacement.

Overall, this sequence of snapshots of the flow demonstrates how an unfavor-
able mobility ratio (water much less viscous than oil) promotes a highly unstable 
front. Instead of sweeping the oil uniformly, water creates narrow, branching 
channels, leaving behind trapped oil and showing a pronounced viscous finger-
ing pattern. A qualitative analysis suggests that approximately 30–50% of the 
porous medium remains occupied by oil at later stages because viscous fingering. 
Nevertheless, these images clearly show that a significant fraction of oil remains 
trapped in the unswept zones between the water “fingers,” highlighting how 
strong viscous fingering leaves behind a large portion of the original oil in place.

3.1.2 �Water and polymer injection in oil viscosities above 1000 centipoise: A heavy oil case

Heavy oils have a viscosity above 1000 cp, normally in the range of 6000–10,000 
cp; therefore, in this condition, the fluid flow does not operate like in a conventional 
reservoir instead, polymers are injected to carve alternative pathways through the 
oil-filled pores and transmit the pressure drop. Polymer aims to create more fingers; a 
greater number, rather than a single finger, increase recovery. Therefore, lower viscos-
ity provides better recovery because in diluted solutions of hundreds of ppm, the 
polymer molecules do not interact; therefore, they are more efficient in creating new 
viscous pathways. On the contrary, higher viscosity makes the molecules interact, 
and they tend to generate fewer fingers, but they are never able to make a stable front. 

Figure 11. 
At 0.35 PV, water penetrates further, but the 
displacement is still inefficient in central pore zones.

Figure 12. 
Injection of 0.4 PV reveals stagnation in additional oil 
recovery; water flows mainly through the established 
fingers.
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Even in heavy oil environments where matching polymer and oil viscosities is impos-
sible, a small amount of polymer still has a profound impact compared to water alone. 
Our primary goal in these settings is not to achieve a stable, uniform front—this 
would be nearly impossible given the oil’s extremely high viscosity. Instead, we take 
advantage of how polymer molecules, even at low concentrations, alter water flow 
through the pore space. This change in flow behavior creates multiple flow channels—
or “fingers”—that sweep more oil than a single dominant water path ever could. Thus, 
although we cannot realistically match the oil’s high viscosity, introducing polymer—
even at just a few hundred parts per million—promotes a flow regime that breaks up 
the otherwise unproductive, single-channel water flow. This strategy leads to greater 
overall oil recovery despite the significant mismatch in fluid viscosities.

3.2 Polymer injection performance

3.2.1 Burst polymer: High polymer concentration and viscosity

We regard the choice of polymer viscosity, concentration and molecular weight is 
a critical factor in injection strategy. Figures 14–17 compare the impact of polymer 
concentration—all within the Newtonian plateau, taken as reference—after 0.8 
pore volumes of water were injected into a 2D, 100 × 100 pore-lattice model. Flow 
proceeds from left to right, with black indicating oil, blue indicating water, and green 
indicating polymer. We initiate polymer injection only after water has already broken 
through, so this process functions as a tertiary recovery method.

We define burst polymer injection as any polymer injection that pushes the polymer’s 
viscosity above the resident oil viscosity (here, oil = 100 cP), which in these field 
applications also implies injecting at high concentration within the water composi-
tion. Under these conditions, high-viscosity polymer solutions (within the Newtonian 
plateau) confines the displacement front within a more limited volume. This restric-
tion concentrates pressure energy near the front itself. Pressure energy dissipates 
more efficient through pore-level interactions near the confined front, effectively 

Figure 13. 
Injection of 0.6 PV leads to a slight lateral expansion of 
fingers but with limited improvement in overall sweep.

Figure 14. 
By 0.8 PV, channeling dominates, and water has 
bypassed large oil-filled regions, indicating the need for 
mobility control methods like polymer flooding.
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mobilizing oil along multiple local displacement chains in the immediate vicinity , this 
accelerates the production response - a longstanding issue inpolymer flooding that has 
beenlinked toapparent injectivity losses inreservoir simulation.

3.2.1.1 �Analysis of the displacements @polymer viscosity is 0.5 times oil viscosity 
(polymer viscosity: 50 cP, oil viscosity: 100 cP)

The water flood (blue) has advanced quickly because of high water mobility, creat-
ing strong viscous fingering (Figure 15). These branched patterns reveal unstable 
displacement fronts where water bypasses large portions of oil, leaving substantial 
unswept zones. The polymer flood (polymer displacement into pores shown by green 
pores) follows existing water pathways but also penetrates new areas, thereby improv-
ing sweep. The green zones show more continuous, less branched patterns than the 
blue regions, indicating enhanced mobility control. By stabilizing the displacement 
front, the polymer leads to a more uniform oil displacement. The remaining oil (black 
regions) and large clusters of trapped oil remain in areas not effectively reached by 
water or polymer. Isolated black patches suggest poor connectivity to the displacement 
pathways. Compared to water alone, polymer injection demonstrates superior displace-
ment efficiency, mitigating fingering and widening the swept zone. Despite improved 
displacement from polymer injection, some oil remains stranded because of pore-scale 
trapping and limited connectivity.

3.2.1.2 �Analysis of the displacements @polymer viscosity is 1.5 times oil viscosity 
(polymer viscosity: 150 cP, oil viscosity: 100 cP)

In Figure 16, we observe that the green polymer-displaced regions are spread 
more uniformly throughout the medium, extending more deeply than in the previous 
case. Compared to the lower-viscosity polymer scenario (Figure 15), the displace-
ment front appears less branched and significantly more stable, demonstrating better 
mobility control with minimal viscous fingering. We see fewer blue (water) zones, 
indicating that the polymer has successfully displaced water and remobilized oil that 
was previously bypassed. In contrast to the earlier example, where large water-filled 

Figure 17. 
Polymer injection at 5500 ppm 
(200 cP) started after 0.8 PV of 
water injection. Although polymer 
viscosity is doubled relative to oil, 
the incremental sweep gain over 
the 150 cP case (Figure 16) is 
modest.

Figure 16. 
Polymer injection at 5000 ppm 
(150 cP), initiated after 0.8 PV of 
water injection. Polymer viscosity 
exceeds oil viscosity, achieving burst 
injection. This results in effective flow 
redistribution and improved sweep of 
previously bypassed oil.

Figure 15. 
Polymer injection at 2500 ppm (50 cP 
viscosity) started after 0.8 PV of 
water injection. Polymer viscosity 
remains below oil viscosity, so burst 
injection is not achieved. Sweep 
improves modestly but leaves many 
oil zones untouched.
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channels remained disconnected and inefficient, this higher-viscosity polymer 
(150 cP) has “fixed” water fingering to a greater extent. Because the polymer in this 
case has a viscosity exceeding the oil’s (150 vs. 100 cP), it exerts stronger pressure, 
reducing channeling while improving conformance. Consequently, it accesses more 
pathways than the lower-viscosity polymer does. The flow now spreads more evenly 
across the model. Nevertheless, we still observe some pockets of trapped oil, likely 
because of capillary effects or insufficient pressure to fully mobilize those isolated 
regions. The implications of using a 150 cP polymer are that it generates a more 
uniform displacement. The higher-viscosity polymer suppresses viscous fingering 
and promotes a steadier flood front. This enhances the flow diversion by preventing 
early polymer breakthrough; the flood can move deeper into unswept areas, thereby 
improving overall sweep efficiency. By encapsulating a high-pressure front within a 
confined volume, the polymer induces all-around crossflow, remobilizing trapped 
water and oil and delivering higher recovery than a lower-viscosity polymer. The 
increased pressure behind the front continues driving the flood through previously 
unswept regions, further enhancing displacement leading to early production gains.

3.2.1.3 �Analysis of the displacements @polymer viscosity is 2.0 times oil viscosity 
(polymer viscosity: 200 cP, oil viscosity: 100 cP)

In Figure 17, we observe that the polymer flood continues to display strong mobil-
ity control, surpassing the performance seen with the 150 cP polymer in Figure 16. 
Despite this improvement, however, some oil remains stranded in disconnected or 
poorly connected zone. While the overall displacement structure is improved, exces-
sively high polymer viscosities may not entirely solve displacement inefficiencies. We 
see evidence of potential diminishing returns, indicating that beyond a certain point, 
increasing polymer viscosity does not guarantee proportionally better oil recovery.

Table 4 compares the impact of polymer viscosity during post-waterflood poly-
mer flooding for three viscosity values—50, 150, and 200 cP—in a porous medium 
initially saturated with 100 cP oil. The polymer was injected after 0.8 pore volumes 
of water, and the injection process occurred within the Newtonian plateau for each 
polymer case. The 50 cP polymer shows a highly branched and unstable displacement 
front, characteristic of low-viscosity polymer floods. Water bypassing is significant, 
leading to inefficient oil displacement and low recovery, though the injection pressure 
remains low. At 150 cP, the polymer enters a more favorable conformance regime with 

Feature 50 cP polymer 150 cP polymer 200 cP polymer

Polymer flood 
efficiency

Highly branched, unstable 
front

More structured, better 
conformance

Most uniform, least fingering

Water trapping 
(Blue regions)

Significant water 
bypassing

Reduced bypassing, better 
displacement

Water is further constrained, 
improving sweep

Oil recovery 
potential

Lower because of 
inefficient displacement

Improved, but some areas 
remain unswept

Best recovery so far, but oil 
trapping still occurs

Injection pressure 
needs

Low Moderate Moderate to high

Table 4. 
Summary of polymer flooding performance at three viscosity levels after 0.8 PV of water injection in a 2D porous 
medium filled with 100 cP oil. The burst polymer injection condition (polymer viscosity > oil viscosity) at 200 cP 
results in the most stable front and best sweep efficiency, though at the cost of higher injection pressures.
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a more structured front, better sweep, and reduced water bypassing. Oil recovery 
improves, though some unswept pockets persist. Injection pressure is moderate. 
This case represents near-balanced viscosity injection, approaching the oil viscosity. 
At 200 cP, the polymer viscosity exceeds the oil viscosity, entering what is referred 
to as burst polymer injection. This mode creates a highly uniform front, minimizes 
fingering, and most effectively constrains water movement, thereby optimizing 
sweep efficiency. Although oil recovery reaches its peak among the three cases, some 
oil trapping is still observed because of pore-scale heterogeneities. Injection pressure 
needs are moderate to high because of the increased viscosity.

3.3 �Hybrid polymer injection: Water-Alternating-Polymer and Polymer 
On-Polymer Off

Projects in China and elsewhere recommend injecting more than one pore volume 
of polymer to boost recovery factor intended to sustain marginal project econom-
ics. Field experience with CO2 displacement, miscible gas, and steam flooding also 
show that extended injection beyond one pore volume increases long term economic 
returns. However, overextended polymer injection periods are one of the pain points 
of polymer flooding and increase opex continuously. These observations suggest that 
initial designs were suboptimal. Extended injection leads to prolonged production 
periods causing high residual polymer concentrations in produced fluids and com-
plicating surface processing. The saturation front does not form a sharp boundary; 
instead, it results from two overlapping processes: (a) a phase transition that creates a 
discontinuity in the volume-weighted average saturation, forming a belt-like transi-
tion zone, and (b) the rate at which this average saturation evolves.

Alternating polymer injection and water injection at a higher concentration 
(>5500 ppm) mobilize more oil in poorly swept areas than continuous polymer injec-
tion at a lower concentration. Polymer alternation helps because: (i) flow diversion, 
in which high-concentration polymer temporarily blocks zones, redirecting flow into 
other regions; and (ii) Pressure pulses caused by alternating polymer slugs create 
transient pressure gradients that mobilize stagnant oil.

Every time the injectant is modified, the displacement sequence changes, triggering 
multiple displacement chains that create new flow paths and enhance oil displacement. 
Factors such as microrugosity, differential adsorption, and dynamic adsorption equi-
librium further influence this process. Augmentation of branches retards the velocity 
profiles significantly, Direct examination of the saturation front shows that even at high 
flow rates, alternating polymer and water (or cycling polymer on and off) creates tortu-
ous flow paths that reduce water fingering and slow front velocity, while activating flow in 
the rear and core of the belt-shaped front to better regulate its advancement.

Figures 18 and 19 show the displacement before and after WAP. The displacement 
sequence is as follows: Waterflooding (blue) of 1 cP water injected into a 100 cP oil-filled 
medium (black) for 0.4 PV. Because of an unfavorable mobility ratio, water advances in 
unstable fingers, bypassing significant volumes of oil. Then, polymer flooding (green) 
of 150 cp polymer (in the Newtonian plateau) displaces the remaining oil. Green zones 
indicate improved mobility control and deeper oil penetration. Then, Water-Alternating-
Polymer (WAP) (cyan) occurs for 0.4 PV, with alternating slugs of polymer and water in 
equal volumes. Cyan regions represent areas invaded during WAP, where trapped fluids 
are remobilized through improved sweep and dynamic pressure redistribution.

The pressure contours are more closely spaced in the intermediate saturation zone 
near the saturation front. This indicates a reduced front mobility because the pressure 
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gradient is inversely proportional to the total mobility. The fact that there are multiple 
fingers increases the total mobility (oil mobility plus water mobility), enhancing the 
oil recovery. The displacement front, taken as a band or belt-like zone, is uniform. 
Therefore, the Water-Alternating-Polymer reduced the total mobility of the front, 
inducing a stabilizing effect on the front band or belt-like zone. Similar to this is the 
Polymer On-Polymer Off [26].

The gradual advance of the belt-shaped front shows a decreasing speed of the 
saturation front relative to the characteristic of water velocity fingering through 
the oil. Thus, the polymer front reduced its speed by 2.5-fold because of the 
Water-Alternating-Polymer.

The Water-Alternating-Polymer revealed a discontinuous mode of front propaga-
tion, characterized by having more distributed branches and growth retardation when 
the branches transitioned from the water-displacing branches. This retardation does 
not correlate with observations from earlier works on Water-Alternating-Polymer in 
finite difference simulators. In finite difference simulators, the front brakes rapidly, 
and the recovery with alternating polymer is equal to the chase water tapering strategy.

Figures 20 and 21 show a snapshot of pore-scale displacement simulation comparing 
fluid configuration before and after the Water-Alternating-Polymer (WAP) phase for 
another simulation, but in this case, the WAP takes place at 100 cp polymer. The extent of 
pore occupancy changes (cyan regions) shows that while in the first image, the polymer front 
(green) is more continuous and structured, showing a more uniform displacement with 
minimal readjustments; in the second image, the higher presence of cyan suggests greater 
interactions between water and polymer, leading to more fluid exchange and redistribution 
within the pore network. The displacement front has a more compact polymer displace-
ment in the first image, meaning the flow path was more predictable and stable. Figure 22 
suggests a more evolving displacement front, possibly because of a lower-viscosity polymer. 
In Figure 22, the presence of more cyan-colored pores suggests greater local redisplacement, 

Figure 18. 
Final fluid distribution after injecting water (1 cP) 
for 0.4 pore volumes, followed by continuous polymer 
injection at 150 cP (Newtonian plateau). This represents 
the last state before starting WAP.

Figure 19. 
Fluid distribution after WAP implementation. Cyan 
pores represent locations where fluid occupancy changed 
during WAP, highlighting pore-scale redistribution 
and improved sweep because of dynamic mobility 
fluctuations. These changes suggest enhanced connectivity 
and access to previously unswept zones.
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Figure 20. 
Before WAP. Comparison of pore-scale fluid occupancy 
before Water-Alternating-Polymer (WAP) injection. 
The left panel shows the fluid configuration at the end 
of polymer flooding (viscosity = 100 cP) following 0.4 
pore volumes of initial water injection displacing oil. 
The right panel represents the pore occupancy after an 
additional 0.4 pore volumes of WAP injection. Cyan 
pores indicate locations where fluid occupancy changed 
during WAP, highlighting enhanced redistribution and 
dynamic displacement behavior because of alternating 
water-polymer sequences. The flow direction is from 
left to right, and the 2D lattice is 100 × 100 pores with 
periodic boundary conditions in both the y and z 
directions.

Figure 21. 
After WAP. Comparison of pore-scale fluid occupancy 
after Water-Alternating-Polymer (WAP) injection. 
The left panel shows the fluid configuration at the end 
of polymer flooding (viscosity = 100 cP) following 0.4 
pore volumes of initial water injection displacing oil. 
The right panel represents the pore occupancy after an 
additional 0.4 pore volumes of WAP injection. Cyan 
pores indicate locations where fluid occupancy changed 
during WAP, highlighting enhanced redistribution and 
dynamic displacement behavior because of alternating 
water-polymer sequences. The flow direction is from 
left to right, and the 2D lattice is 100 × 100 pores with 
periodic boundary conditions in both the y and z 
directions.

Figure 22. 
2D pore network displacement map under sequential water, polymer, and Water-Alternating-Polymer injection 
(left-to-right flow). The image illustrates fluid movement through a 100 × 100 2D pore lattice under tertiary 
recovery. Initial water injection (blue) leads to poor sweep because of the mobility contrast with the oil (black). 
Polymer injection (green) improves displacement. The final Water-Alternating-Polymer (WAP) phase reactivates 
flow pathways and sweeps bypassed zones. Cyan pores mark regions where occupancy changed during WAP, 
revealing successful redistribution. Periodic boundary conditions in y and z enhance the representativeness of 
reservoir-scale flow continuity.
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which could mean a more complex flow path. The extent of pore occupancy changes (cyan 
regions) in Figure 22 shows a significant increase in cyan pores, indicating more dynamic 
fluid changes because of additional remobilization of oil or polymer redistribution. In 
Figure 20, the green polymer-displaced area appears more structured, showing a stable 
front with minimal fluid exchange. In Figure 22, the polymer displacement is more dis-
persed and interacts more with previously occupied water-filled pores.

Table 5 provides a comparative analysis of pore-scale dynamics before and after 
Water-Alternating-Polymer (WAP) injection in a polymer flood process. It examines how 
key parameters such as polymer viscosity, pore-scale instabilities, and sweep efficiency 
evolve during the transition. Post-WAP, sweep becomes more dynamic and redistributive, 
where polymer continues interacting with residual trapped water and oil pockets.

Factor Before WAP After WAP

Polymer viscosity Higher (leading to a stable front) Lower (allowing more fluid redistribution)

Mobility control Stronger, with fewer occupancy 
changes

Weaker, with more dynamic fluid exchanges

Pore-scale 
instabilities

Minimal, suggesting better 
conformance

More significant, indicating ongoing redistributions

Sweep efficiency More structured polymer 
effectively pushing oil

More readjustment, meaning the polymer is still 
interacting with water pockets

Table 5. 
Comparison of pore-scale behavior before and after Water-Alternating-Polymer (WAP) injection. The 
table highlights how WAP transitions the system from a stable, structured polymer flood to a more dynamic, 
redistributive regime, improving sweep in less accessible zones. This reflects the adaptive role of WAP in enhancing 
conformance and targeting residual heterogeneities.

Figure 23. 
2D pore network simulation of sequential water, polymer, and Water-Alternating-Polymer injection (flow 
from left to right). The figure illustrates fluid displacement across a 100 × 100 lattice with periodic boundary 
conditions. The initial waterflood (blue) shows an uneven sweep because of an unfavorable mobility ratio. 
Polymer injection (green) enhances front stability. During the WAP stage, cyan pores reveal locations where 
dynamic occupancy changes occurred, suggesting resaturation and flow reorganization. These redistributions are 
critical for maximizing sweep efficiency in heterogeneous porous media.
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Figures 22 and 23 compare two WAP scenarios: Figure 22 shows WAP performed 
after polymer injection at 1.5 times the oil viscosity, while Figure 23 shows WAP 
performed after polymer injection at 1.0 times the oil viscosity.

In Figure 22, the polymer viscosity is 1.5 times the oil viscosity before Water-
Alternating-Polymer and during the polymer cycle in the water-alternating scheme, 
which supports a more stable and structured displacement front. The polymer front is 
minimal and appears stable, with clear separation from the previously injected water 
(blue), resulting in a well-defined displacement pattern and higher sweep efficiency. 
Figure 22 shows clearer separation between blue and green zones, meaning that water 
and polymer did not mix significantly.

In Figure 23, polymer viscosity is equal to oil viscosity, leading to more visible inter-
actions between the polymer and water. It shows a more fragmented polymer front, 
with some green regions interspersed within blue areas, suggesting partial displace-
ment and fluid mixing. It shows a larger amount of blue within polymer-displaced 
areas, which suggests more interaction between water and polymer and possibly 
some water retention. It has the least defined separation between water and polymer, 
indicating a more complex and unstable interaction between the fluids. Figure 23 
shows a more dynamic and complex interaction. Fluid redistribution is underway, 
with the polymer and residual water becoming increasingly mixed, which implies the 
remobilization of trapped water. The sweep efficiency is lower than in Figure 22, as the 
displacement front is less organized because of ongoing redistribution.

Table 6 compares two pore-scale displacement images based on key flow behav-
ior factors observed during polymer flooding. It analyzes polymer viscosity, fluid 
redistribution, water retention, and sweep efficiency between the two scenarios.

3.4 Field-scale hybrid polymer injection: Comparison across different zones

In the previous sections, we examined how Water-Alternating-Polymer (WAP) 
injection affects fluid flow and oil displacement at the pore scales. We now extend 
those insights to the field scale, integrating both numerical modeling and real-field 
performance to assess the broader implications of hybrid strategies in an operational 
environment. By translating pore-scale phenomena—such as flow diversion, pressure 
pulsing, and displacement front stabilization—into a full-field context, we can better 
predict how these mechanisms will influence oil rate response, ultimate recovery, 
surface facility demands, and overall project economics. The following sections pres-
ent the key findings and highlight the critical takeaways for reservoir management, 

Factor First image (Figure 22) Second image (Figure 23) 

Polymer viscosity Likely higher (more stable 
displacement)

Moderate (more interactions)

Fluid redistribution Minimal, stable polymer front Moderate, showing interactions between 
polymer and water

Water retention (Blue) Well-separated from polymer More mixed, suggesting redisplacement

Sweep efficiency More structured displacement Fluid redistribution in progress

Table 6. 
Comparison of pore-scale displacement behavior between two polymer flooding scenarios. The table highlights 
differences in viscosity effects, fluid redistribution, and water retention between the two visualizations of polymer 
injection. The first case shows a more stable and structured front, while the second reveals dynamic interactions 
and remobilization processes, indicative of lower viscosity and active redistribution in the pore network.
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including the control knobs to steer injectivity, high pressure oil drive to rapid oil 
response.

To compare different reservoir zones and injection strategies, we normalized 
the oil production rate to the maximum rate observed during the first 12 months of 
injection, aligning with typical economic return periods. We also normalized the 
x-axis to the estimated ultimate recovery (EUR) for each zone. The y-axis represents 
the normalized production rate (QoD = Qo/Qomax from continuous polymer injection 
during the first year), and the x-axis represents cumulative production as a fraction of 
EUR (NpD(t) = Np(t)/EUR). The following sections present data from various zones, 
each with different pore volumes of water injected prior to polymer injection. They 
also include cases with varying polymer injection volumes and different combinations 
of Water-Alternating-Polymer strategies.

3.4.1 �Zone with tertiary polymer injection initiating above 0.6 PV water injected, 
then continuous polymer injection for 0.3 PV, and then Water-Alternating-
Polymer for 0.3 PV

Figure 24 shows the production performance of Zone 7, where continuous tertiary 
polymer injection is initiated after 0.6 PV of water injection. Figure 24 highlights the 
main events: Continuous polymer injection, production downtime from operational 
issues (unrelated to reservoir response), and Water-Alternating-Polymer. The process 

Figure 24. 
Production response in Zone 7 during continuous polymer and Water-Alternating-Polymer injection. This plot 
illustrates the production performance transition from continuous polymer injection to WAP in Zone 7. The 
continuous polymer phase yields a strong initial response followed by a decline, while WAP implementation 
leads to a smoother production trend with remobilization peaks and a slower decline rate. Downtime events 
momentarily disrupt output but are followed by recovery, reflecting system robustness. The figure highlights how 
WAP can extend recovery and mitigate polymer degradation effects after [30].
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follows these sequential steps: Continuous polymer injection for less than 0.3 PV 
(green region). Water-Alternating-Polymer (WAP) Injection for 0.3 PV (blue-striped 
region).

Continuous polymer injection phase (green-shaded area): Production increases 
steadily, reaching a peak slightly above 1.2 relative units. Over time, polymer effi-
ciency declines, leading to a gradual production drop as the displacement process 
becomes less effective. Two production facility downtimes interrupt this trend, caus-
ing sharp, non-reservoir-related drops in production. Transition to WAP Phase (blue-
striped area): The “Start WAP” marker indicates the shift from continuous polymer 
to Water-Alternating-Polymer (WAP) injection. Production stabilizes briefly, with 
several uplift events linked to the remobilization of oil in previously unswept zones. 
The “Slope Decline WAP” line shows a gentler decline compared to the continuous 
polymer phase, indicating improved sweep efficiency and extended recovery perfor-
mance under the alternating injection strategy.

Table 7 provides a structured comparison of reservoir performance across three 
distinct operational phases: Continuous polymer injection, transition period, and 
WAP implementation. During continuous polymer injection, a high production 
peak is achieved because of effective initial mobility control. However, this is fol-
lowed by a steep production decline, signaling that polymer efficiency deteriorates 
over time.

With WAP implementation, production peaks become more stabilized, though 
lower than the initial peak observed during the continuous polymer phase. The decline 
trend during this phase is more gradual, suggesting better flow control and improved 
sweep efficiency. The key feature is that WAP extends the duration of enhanced oil 
recovery, freeing up polymer resources for redeployment to other injection points and 
reducing OPEX, while mitigating the sharp declines seen in earlier phases.

Figure 25 presents the production response in Zone 6 during continuous polymer 
injection followed by a Water-Alternating-Polymer (WAP) strategy.

Early continuous polymer injection:
The green-shaded area indicates continuous polymer injection.
The initial response shows a moderate rise in production with a local maximum, 

followed by a sharp decline (green trendline).
Operational disruption:
A production facility downtime event (highlighted in the dashed box) creates a 

sharp drop and temporary halt in production.

Phase Peak behavior Decline trend Key learning

Continuous 
polymer injection

High peak because of 
initial mobility control

Steep decline (polymer retention, 
shear-thinning effects)

Polymer efficiency 
reduces over time

Transition period Fluctuating peaks 
because of injection 
variability

Short recovery boosts but no 
sustained gains

Indicates polymer 
remobilization and 
reservoir heterogeneity

WAP 
implementation

Stabilized peaks, but 
lower than initial peak

Gradual decline, less steep than 
initial drop

WAP improves oil 
recovery longevity

Table 7. 
Comparative assessment of production dynamics across EOR phases: Continuous polymer, transition, and 
WAP. The table highlights how reservoir response evolves with different injection strategies. Initial polymer 
flooding achieves strong performance but suffers from early decline. Transition phases show instability linked to 
injection dynamics and heterogeneity. WAP stabilizes performance and extends recovery benefits, supporting its 
implementation in mature fields.
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Post-downtime, production attempts to recover but stabilizes below the initial peak.
Switch to Water-Alternating-Polymer (WAP):
The transition point is indicated by a vertical gray band labeled “Start WAP.”
Following the start of WAP, there is a second production peak, slightly higher than 

the previous.
This is followed by a more controlled decline (blue trendline), representing WAP 

performance.
Overall decline pattern:
The two key declines—one following continuous polymer, the other post-WAP—

illustrate distinct performance regimes.
The WAP decline is less steep, suggesting improved sweep efficiency and polymer 

effectiveness during this phase.
Figure 25 illustrates the production performance over time for Zone 6, show-

ing the impact of continuous polymer injection followed by a transition to Water-
Alternating-Polymer (WAP) injection.

Initial polymer phase: The green-shaded area indicates continuous polymer 
injection. The production rate initially increases, reaching a peak above 1.4. However, 
shortly after the peak, a sharp decline in slope (light green line) reflects reduced 
efficiency. Operational Downtime: Midway through the polymer phase, a production 
facility downtime occurs, marked in dashed gray. This creates a clear fall in produc-
tion before a partial recovery resumes.

Figure 25. 
Production dynamics in Zone 6 during continuous and alternating polymer injection. The plot highlights the 
performance transition from continuous polymer injection to Water-Alternating-Polymer (WAP) in Zone 6. 
Following an early production peak and sharp decline because of polymer inefficiencies, WAP implementation 
temporarily stabilizes production, though overall decline resumes. Facility downtime and alternating injection 
cycles also contribute to short-term fluctuations, with overall response suggesting moderate WAP improvement 
over continuous polymer decline after [30].
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Transition to WAP: The system transitions into WAP injection, signaled by the dashed 
blue vertical line and shaded blue/striped bar. A short production increase follows, 
suggesting pressure improvement and sweep efficiency in previously unswept zones.

Post-WAP behavior: A second decline slope (solid blue line) represents WAP-
induced decline. It is less steep than the initial decline, showing moderate perfor-
mance stabilization, albeit with continued reduction in production.

Figure 25 for Zone 6 follows the same injection scheme as the previous Zone 7 
graph: Continuous polymer injection (green region), Water-Alternating-Polymer 
(WAP) injection (blue-striped region), and it was also affected for production facility 
downtime effects (blue boxes), which describe the inertia of the process to recover 
the production as before.

Zone 6 has the same injection sequence and events as Zone 7. However, Zone 6 
presents some distinct differences in the production response, which will be discussed 
below.

A sharp production increase is observed during continuous polymer injection. The 
peak is higher than the first peak in Zone 7. The peak occurs slightly earlier compared 
to Zone 7, indicating a faster response to polymer injection. After reaching the first 
peak, production declines more steeply (green straight line) compared to Zone 7. 
The faster drop-off indicates that continuous polymer injection did not sustain oil 
recovery as long as in Zone 7. Then, there are significant production disruptions (blue 
boxes). The recovery after downtime is stronger than in Zone 7, showing that the 
reservoir has some resilience to interruptions. It implies that downtime caused tempo-
rary setbacks, but polymer-WAP transition helped re-establish production gains. The 
start of WAP shows another production peak after the decline. However, compared to 
Zone 7, the WAP transition in Zone 6 has a sharper production drop after the second 
peak. WAP still provides production uplift, but the decline afterward suggests that 
WAP in Zone 6 was less effective at stabilizing production compared to Zone 7. A 
strong production drop follows WAP, which is steeper than in Zone 7, suggesting that 
the WAP mechanism had a weaker long-term effect in Zone 6 compared to Zone 7.

Table 4 provides a detailed comparison of production dynamics between Zone 6 
and Zone 7, highlighting differences in polymer flooding performance and the transi-
tion into Water-Alternating-Polymer (WAP) strategies. In contrast, Zone 7 shows 
a more gradual rise, reflecting a smoother buildup and possibly a more controlled 
displacement front, which is consistent with a smoother, more gradual decline, sug-
gesting better polymer sweep efficiency in Zone 7.

Zone 6 shows a strong production rebound after downtime, possibly because of 
pressure buildup and remobilization of fluids. Zone 7 also recovers, but the recovery 
is moderate and less pronounced, indicating a more stable system less influenced by 
shutdown periods. In Zone 6, the WAP transition leads to a temporary production 
uplift, but the effect is short-lived, likely because of residual polymer instability or 
poor conformance. Zone 7 demonstrates a more stable post-transition, highlighting 
the importance of timing. After WAP, Zone 7 maintains a slower decline, reinforcing 
the idea of higher polymer efficiency and delayed water invasion (Table 8).

3.4.2 �Zone with tertiary polymer injection initiating below 0.5 PV water injected, 
then continuous polymer injection for less than 0.3 PV, then a water slug for 
0.05 PV, and then Water-Alternating-Polymer for 0.3 PV

Figure 26 presents the normalized production performance of Zone 8–9. It follows 
a slightly different tertiary polymer injection sequence compared to Zones 6 and 7. 
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The tertiary polymer injection starts below 0.5 PV of water injection (earlier than in 
previous zones). Then continuous polymer injection lasts for less than 0.3 PV (similar 
duration as in previous zones). A short water slug (0.05 PV) is introduced, confirm-
ing the polymer front disruption seen in the pore-scale simulations. Then, WAP 
(blue-striped area) for 0.3 PV.

Figure 26. 
Normalized oil production response in Zone 8–9 under sequential injection strategies. Following an early 
peak (~1.2), a water slug disrupts polymer injection and causes a sharp production drop. The onset of Water-
Alternating-Polymer (WAP) improves recovery slightly and flattens the decline trend. Each segment’s slope 
highlights the relative performance: steepest underwater, moderate during continuous polymer, and most stable 
under WAP, emphasizing WAP’s role in mobility control and late-time recovery efficiency after [30].

Feature Zone 6 (Figure 25) Zone 7 (Figure 24)

First production peak Higher and sharper More gradual rise

Initial decline after 
polymer injection

Steeper decline (polymer retention issues) Smoother, more gradual decline

Effect of facility 
downtime

Strong recovery after downtime Moderate recovery, but less pronounced

WAP transition Provides production uplift, but short-lived More stable post-transition

Decline after WAP Rapid decline (water breakthrough) Slower decline (better polymer efficiency)

Table 8. 
Comparison of polymer and WAP injection performance between Zone 6 and Zone 7. Zone 6 shows a sharper 
peak and stronger but short-lived responses, with production declines driven by polymer retention and water 
breakthrough. In contrast, Zone 7 achieves more controlled performance, with smoother transitions and better 
polymer efficiency leading to prolonged oil recovery.
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The initial oil production increase is steep, leading to a peak just above 1.2 
on the normalized scale, slightly lower than in Zones 6 and 7. After reaching the 
peak, a sharp production drop occurs, much steeper than in Zone 7 but like Zone 
6. The effect of the water slug (0.05 PV) causes a sudden drop in production 
(“Slope Decline Water Injection”), indicating that the polymer front lost effective-
ness faster than in previous cases because water re-opened pathways, causing oil 
bypassing. The WAP transition slows down production decline, but the post-WAP 
peaks are lower compared to Zones 6 and 7. The WAP helped moderate decline, 
but not as effectively as in Zones 6 and 7. The decline after WAP is significant and 
steeper than in Zone 7, like Zone 6, suggesting that water breakthrough was more 
dominant in this case, and effectiveness decreased faster because of the earlier 
water injection sequence.

Table 9 summarizes and contrasts the production response across three zones—
Zone 8–9, Zone 7, and Zone 6—each having undergone polymer injection followed by 
Water-Alternating-Polymer (WAP) processes. The analysis includes five key produc-
tion features.

3.4.3 �Zone with tertiary polymer injection initiating below 0.5 PV water injected, 
then continuous polymer injection for less than 0.2 PV, and then Water-
Alternating-Polymer for 0.3 PV

Figure 27 represents the field production performance of Zone 11, where tertiary 
polymer injection is initiated below 0.4 PV of water injected, less than in previous zones. 
The steep production increase leads to a peak above 1.4, like Zone 6, but slightly higher 
than Zones 8–9. This peak is among the highest observed, suggesting that polymer injec-
tion had strong early performance because of the lack of preexisting water saturation, but 
it is not conclusive because Zone 6 and Zones 8–9 had a greater period of water injection. 

Feature Zones 8–9 (Figure 26) Zone 7 (Figure 24) Zone 6 (Figure 25)

First production 
peak

Slightly lower (1.2) 
because of early water 
injection effects

Higher (1.3) with 
more stable polymer 
performance

Higher (1.4) but 
followed by a fast 
decline

Initial decline after 
polymer injection

Steep decline because of 
polymer dilution

More gradual decline 
with better polymer 
effectiveness

Rapid decline because 
of polymer retention 
issues

Water slug impact Caused a sharp drop 
before WAP

No water slug, smoother 
transition to WAP

No water slug, but WAP 
had mixed results

WAP transition 
effect

Limited production 
recovery, weaker than 
Zone 7

Moderate stabilization, 
prolonged efficiency

Some recovery, but 
rapid decline afterward

Final decline trend Steeper than Zone 7, 
similar to Zone 6 More gradual decline Fast decline, similar to 

Zone 8–9

Table 9. 
Comparative evaluation of polymer and WAP injection performance in zones 8–9, 7, and 6. The table summarizes 
key production behavior metrics such as initial peak, decline phases, water slug impact, and the final performance 
trend. Zone 7 displayed the most stable performance with a strong polymer response and effective WAP transition. 
In contrast, Zones 8–9 and 6 showed steeper declines, affected by early water injection or retention issues, with 
Zones 8–9 particularly impacted by a water slug prior to WAP.
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Figure 27. 
Normalized production response during continuous polymer injection in Zone 11. The graph shows the production 
evolution relative to the maximum output observed during polymer flooding. After an initial peak, production 
follows a decline with a defined slope. Two trend lines highlight (1) the decline rate during continued polymer 
injection and (2) the extrapolated slope toward estimated ultimate recovery (EUR). The chart helps evaluate the 
sustainability and long-term efficiency of the polymer flooding strategy after [30].

Feature Zone 11 
(Figure 27)

Zone 7 (Best 
performer 
(Figure 24))

Zone 6 (Similar 
fast decline 
(Figure 25))

Zones 8–9 
(Intermediate case 
(Figure 26))

First production 
peak

Highest (1.4) High (1.3) High (1.4) Lower (1.2, because of 
early water injection)

Polymer 
production 
retardation

Weak, decline is 
steep

Strong, slower 
decline

Moderate Present but affected by 
water slug

Water slug impact Not applicable 
(no water slug 
used)

Not applicable Not applicable Caused additional 
fluctuations

WAP impact No WAP, leading 
to faster decline

Strongest recovery, 
best stabilization

Some recovery, but 
not sustained

Moderate impact, but 
less stable

Table 10. 
Comparative summary of production behavior across four zones under polymer and WAP injection strategies. 
This table highlights differences in initial production peaks, polymer flood performance, and the effectiveness of 
WAP implementation. Zone 7 demonstrates the most robust performance, marked by slower decline and strong 
WAP stabilization. In contrast, Zone 11, despite having the highest peak, suffered a steep decline without WAP 
support. Zone 6 showed only a moderate polymer response, and Zone 8–9 was adversely impacted by an early 
water slug and less stable WAP response.

202



Hybrid Polymer Injection: A Modular, Factory-Optimised Platform for Burst Polymer Injection…
DOI: http://dx.doi.org/10.5772/intechopen.1011022

33

The first decline follows a steep straight-line trajectory, like Zone 6 and Zones 8–9. The 
absence of WAP or water slugs causes a more pronounced and immediate drop, suggest-
ing that polymer depletion is faster without additional support.

To verify whether the decline slope matches previous cases, we analyzed the 
decline straight-line slopes numerically by comparing them with Zones 6, 7, and 8–9.

Table 10 provides a comparative performance assessment of polymer injec-
tion and Water-Alternating-Polymer operations across four reservoir zones: Zone 
11 (current), Zone 7 (best performer), Zone 6 (fast decline case), and Zones 8–9 
(intermediate case). Each zone is evaluated across four key production features: 
initial production peak, polymer-induced production retardation, water slug 
impact, and the impact of WAP. The decline in Zone 11 is the steepest, meaning 
polymer flooding alone is not enough to sustain production. Zones with WAP had 
better performance, suggesting that introducing WAP could significantly improve 
recovery in Zone 11.

The decline slope for Zone 11 is identical to Zones 6 and 8–9 (−3.0), proving that 
continuous polymer injection leads to the same post-peak production losses across 
different conditions. Only Zone 7 (with WAP) exhibits a slower decline (−2.0), 
reinforcing the benefit of hybrid injection strategies.

Figure 28. 
Production performance of Zone 12 under continuous polymer injection. The graph illustrates a moderate 
peak followed by a sharp decline in normalized oil production. Slope analysis reveals a steep decline during 
polymer flooding (−2.67) and two projections of ultimate recovery (EUR): one before operational disruptions 
(−1.375) and a significantly flatter slope after (−0.6), indicating possible pressure stabilization or improved flow 
redistribution. This dual-slope analysis supports real-time reassessment of EUR and project efficiency following 
operational deviations after [30].
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3.4.4 �Zone with tertiary polymer injection initiating below 0.4 PV water injected, 
then continuous polymer injection for less than 0.3 PV, and continue injecting

Figure 28 represents Zone 12, where tertiary polymer injection is initiated below 
0.4 PV of water injected. The steep production increase leads to a peak around 1.1 
on the normalized scale, which is slightly lower than in Zone 11. The decline rate of 
continuous polymer injection is −2.67, which is slightly less pronounced than Zones 
6, 8–9, and 11 (−3.0) but more pronounced than Zone 7 (−2.0), which had WAP to 
slow decline. This might indicate that polymer alone is not sufficient for long-term 
stabilization. The slope before operational issues is −1.375, which is more gradual than 
the polymer decline (−2.67), indicating some production stability. Still steeper than 
Zone 7 (−2.0), meaning polymer depletion was already reducing effectiveness before 
operational issues. The final slope, after operational problems, is −0.6, indicating a 
significantly slower decline.

Feature Zone 12 
(Figure 28)

Zone 7 (Best 
performer 

(Figure 24))

Zone 6 (Fast 
decline 

(Figure 25))

Zones 8–9 
(Intermediate 

case (Figure 26))

Zone 11 
(Similar case 
(Figure 27))

First 
production 
peak

1.1 1.3 (Higher, 
better polymer 

efficiency)

1.4 (Higher 
but 

short-lived)

1.2 (Early water 
injection)

1.4 (Similar)

Polymer 
decline slope

−2.67 (Slightly less 
steep)

−2.0 (Best 
case, WAP 

helped)

−3.0 
(Steepest 
decline)

−3.0 −3.0

EUR decline 
before issues

−1.375 (Moderate 
decline)

−2.0 N/A N/A N/A

EUR decline 
after issues

−0.6 (Flattest 
decline, suggests 

pressure 
stabilization)

N/A N/A N/A N/A

Table 11. 
Comparative evaluation of production performance in five zones under polymer injection. The table highlights 
variations in peak response, decline rates during polymer flooding, and projected EUR decline before and after 
operational issues. Zone 7 demonstrated the best overall stability, while Zones 6, 8–9, and 11 exhibited steeper 
declines. Zone 12, despite a modest initial peak, showed favorable EUR flattening after issues, suggesting system 
resilience or operational recovery.

Figure 29. 
Zone with 2500 ppm polymer injection at 0.5x oil 
viscosity. Early production peak followed by erratic 
response and steep decline after [30].

Figure 30. 
Zone with 5000 ppm polymer at 1.5x oil viscosity. A clear 
peak and stable slope reflect improved conformance and 
effectiveness of burst injection after [30].
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Table 11 presents a comparative analysis of production performance across five 
reservoir zones—Zone 12 (current graph), Zone 7 (best performer), Zone 6 (fast 
decline), Zone 8–9 (intermediate case), and Zone 11 (similar to Zone 6)—based on 
key production metrics from polymer injection projects.

3.4.5 �Field response comparison for burst polymer injection: Zone with 2500 ppm 
polymer and concentration 0.5 times oil viscosity versus zones with 5000 ppm 
polymer injection and 1.5 times oil viscosity

This section compares the field performance of burst polymer injection under dif-
ferent design conditions [6]. Figure 29 represents a baseline case with 2500 ppm poly-
mer at 0.5 times oil viscosity, while Figures 30–33 correspond to 5000 ppm polymer 

Figure 31. 
Burst polymer injection followed by water and WAP. 
Zone 8–9 shows smoother slope transitions and higher 
cumulative production than the 2500 ppm case after [30].

Figure 32. 
Zone 11 with 5000 ppm polymer at 1.5x oil viscosity. A 
stable peak and sustained response validate the benefit 
of burst polymer design after [30].

Figure 33. 
Zone 12 with 5000 ppm polymer injected at 1.5x oil viscosity. The response shows a broad production plateau 
with delayed decline, confirming the effect of burst injection even without a WAP cycle. The red line represents a 
2500 ppm polymer flood, where polymer viscosity is only half that of the oil after [30].
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at 1.5 times oil viscosity, reflecting the burst polymer injection regime. The curves in 
Figures 31–34 started above the red reference, indicating a faster initial production 
buildup than the 2500 ppm baseline. This is especially notable for polymer concentra-
tions of 5000 ppm (1.5× oil viscosity), referred to in this work as burst polymer injec-
tion. A higher initial slope translates to more immediate, robust, and quicker oil rate 
ramp-up. Some cases surpass the normalized production factor of 1.0 on the y-axis. 
This indicates that these cases have improved on the early buildup but also maintained 
rates surpassing the initial 12-month response. Burst polymer injections (polymer 
viscosity > oil viscosity) consistently show higher initial slopes relative to the 2500 ppm 
reference. By establishing a more stable displacement front, they reduce early water 
breakthrough and re-invade previously bypassed zones faster. The fact that certain 
curves exceed 1 underscores that a well-chosen high-viscosity polymer can outperform 
the baseline not just in ultimate recovery but even in initial production peaks.

The high concentration and burst viscosity produce a stronger, more stable front, 
followed by WAP cycles that delay decline and improve conformance. The recovery 
is superior to Figure 29, both because the curve lies above the response slope of 
2500 ppm and because production is sustained.

Figure 33 (5000 ppm, 1.5x oil viscosity, Zone 12) in this case shows the flattest 
and most sustained production plateau among all zones. It demonstrates that burst 
injection alone, if optimized and uninterrupted, can yield strong and prolonged 
responses.

3.5 �Field-scale secondary polymer injection pilot versus tertiary polymer 
injection pilot

This section contrasts the performance of two field pilots—one implementing 
secondary polymer injection and the other using tertiary polymer injection [28, 30]. 
Figure 34 plots recovery factor (fraction of original oil in place produced) against 

Figure 34. 
X-axis (VPI): Volume of fluid injected as a fraction of pore volume. Y-axis (Recovery Factor): Cumulative oil 
recovered as a fraction of original oil in place (OOIP).

206



Hybrid Polymer Injection: A Modular, Factory-Optimised Platform for Burst Polymer Injection…
DOI: http://dx.doi.org/10.5772/intechopen.1011022

37

volume of fluid injected (VPI) for two polymer injection pilots (2015 and 2021) under 
different injection modes (tertiary and secondary).

The light-blue-shaded area corresponds to the secondary polymer injection pilot. 
By contrast, the green-shaded area illustrates tertiary polymer injection, introduced 
after a more extensive waterflood. Observing the steepness and timing of each recov-
ery curve offers clear insight into the advantages of earlier polymer injection versus 
delaying polymer until after significant waterflooding.

Table 12 summarizes the tertiary mode polymer injection versus the secondary 
mode polymer injection. Secondary polymer injection is more efficient and delivers 
higher recovery earlier.

Core D (polymer-only injection from the beginning) mirrors the secondary 
polymer injection in the 2021 pilot; in both cases, it achieved faster and higher initial 
recovery compared to tertiary polymer cases. Core D achieved 0.844 RF with only 2 
PV injected, while Core B needed 13.3 PV to reach 0.87 RF, emphasizing the efficiency 
of early polymer injection. The secondary polymer pilot curve shows a much steeper 
early slope, just like Core D had the highest RF per PV injected.

4. �Conclusions

These concepts transformed polymer flooding into a flexible, factory-like 
process, combining hybrid injection design with modular and mobile plants. This 
work demonstrates how the concept is scaled, turning pilots into a robust operat-
ing model with a set of receipts that can be repeated with consistent results. The 
proposed hybrid polymer injection strategy unites two approaches that are typically 
considered mutually exclusive: Burst polymer with water injection cycles, and the 
Polymer-On/Polymer-Off alternation (with Polymer-On corresponding to the 
burst phase). This approach offers several advantages: reduced facility demands, 
optimized polymer usage, and the use of mobile, modular units that can be relocated 
across long distances. It also provides an exit strategy if a zone fails to meet produc-
tion targets.

Field experience and pore-scale modeling indicate the following:
Polymer dilution after water injection: Injecting polymer after water causes 

20–40% dilution due to mixing with existing water. This highlights the need for burst 
polymer injection to maintain effectiveness.

Polymer viscosity requirement: Downhole polymer viscosity should match or 
exceed oil viscosity. Field results show that a viscosity around 1.5 times the oil’s 
produces excellent outcomes, though optimal ratios vary by project.

Phase Slope description Efficiency interpretation

Water (0–0.13 VPI) Very low slope Poor displacement, channeling, or fingering

Polymer fill-up 
(0.13–0.33)

Gradual slope increase Improving mobility ratio, but still inefficient 
overall

Tertiary polymer  
(>0.33 VPI)

Steep slope Effective displacement after mobility control 
kicks in

Secondary polymer (2021) Steep from start, sustained later Superior sweep and early oil mobilization

Table 12. 
Secondary polymer injection versus tertiary polymer injection.
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Sweep efficiency and pressure support: High-viscosity polymer maintains pres-
sure behind the displacement front, supports viscous crossflow, and preserves front 
stability—key for improving sweep efficiency.

Molecular entanglement: Concentrated polymer injections promote entanglement 
within pores, boosting sweep efficiency while reducing degradation and adsorption. 
These cooperative effects outperform other fluids of similar viscosity.

Water injection limitations: Both pore-scale simulations and field data show that 
water injection alone leads to severe viscous fingering and early water breakthrough, 
causing rapid oil production decline.

Polymer injection benefits: Polymer stabilizes the displacement front, 
enabling uniform oil displacement, better mobility control, and delayed water 
breakthrough.

Water-Alternating-Polymer (WAP) advantages: WAP improves oil recovery by 
reactivating unswept zones and remobilizing bypassed oil. Field-scale results show 
reduced decline rates after polymer flooding when followed by WAP. This improve-
ment stems from saturation redistribution: high-viscosity polymer pushes oil into 
uncontacted zones, while follow-up water sweeps surrounding areas. Alternating 
injections create new flow paths and break up stagnant oil pockets more effectively 
than continuous injection. Notably, WAP induces complex flow behind the front, 
resulting in higher recovery than predicted by numerical simulations. The global 
mobility minimum that develops behind the saturation front induced by alternation 
creates a favorable displacement zone, enhancing sweep and thereby improving oil 
recovery.

Cost and operational efficiency: Intermittent high-concentration polymer injec-
tions (e.g., >5000 ppm) lower the cost per barrel recovered compared to continuous 
injection, maximizing impact by targeting the most responsive zones. It is important 
to note that the mobile plant strategy, with short injection cycles, is naturally aligned 
with an exit strategy. Because these units are modular and movable, they can deliver 
early production gains and then relocate or withdraw them without leaving behind 
stranded capital. In practical terms, it means we can capture value quickly, and when 
the asset is no longer strategic, we can step out cleanly and with minimal sunk cost. 
Mobile plants + short cycles = fast value, clean exit, no stranded capital.

4.1 Summary of injection modes

Waterflooding: Fast breakthrough, severe fingering, rapid decline.
Burst polymer injection: Uniform displacement, improved sweep, higher recovery, 

slower decline.
WAP: Re-engages unswept zones, adds incremental recovery, sustains long-term 

production, and flattens decline curves.
Visual evidence provided in later sections connects pore-scale displacement 

efficiency with field-scale recovery (EUR). These findings demonstrate that improve-
ments at the pore level directly translate to higher field recovery, validating the 
burst-WAP approach. By adopting hysteresis principles and this size of modular scale, 
innovative injection strategies, and the standardization provided by modular plants, 
the oil industry can overcome previous limitations and significantly expand the global 
implementation of polymer flooding at low-risk.

We hope these insights encourage practitioners to adopt intermittent injection 
strategies that improve oil recovery while reducing energy use and infrastructure 
requirements.
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Abstract 

Repurposing wells in Italian oilfields presents a significant opportunity for renewable 
energy production. This chapter investigates the thermal performance of coaxial and 
U-shaped wellbore heat exchangers (WBHEs) for geothermal energy recovery in 
decommissioned wells. Three sites with distinct geological characteristics—Villafortuna 1, 
Tempa Rossa, and Gela 38—were selected to assess the influence of site-specific factors, 
well depth, and exchanger design on the heat transfer process. Semi-analytical models are 
implemented in Python codes to evaluate the thermal profiles of the working fluid in both 
configurations. Results indicate that the geothermal gradient and well depth are key 
parameters affecting heat exchange performance, with Villafortuna 1 exhibiting the 
highest outlet temperature due to its elevated geothermal gradient. For specific working 
fluid’s flowrate values, the U-shaped WBHE consistently outperformed the coaxial sys-
tem, achieving higher outlet temperatures due to an increased heat exchange surface and 
the inclusion of a horizontal section at maximum depth. While fluid properties and 
thermal conductivity were confirmed as critical parameters, pressure drop effects were 
not explicitly considered and warrant further investigation. The approach proposed 
serves as a useful methodological tool for the preliminary assessment of the feasibility of 
converting selected hydrocarbon wells; the described insights offer valuable guidance for 
improving WBHEs design and advancing geothermal energy recovery technologies, 
supporting the transition toward sustainable energy solutions. 

Keywords: renewable energy, geothermal energy, abandoned hydrocarbon well, 
closed-loop geothermal system, wellbore heat exchanger 

1. Introduction 

With the cessation of extraction activities, a significant number of hydrocarbon 
wells are decommissioned and abandoned, often resulting in severe environmental
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and economic consequences. Precise estimates of the number of decommissioned 
wells each year are not readily accessible in the literature. Where available, the figures 
reported by different authors in various sources seem inconsistent. Following what 
was reported by Zhu et al. [1], about 20–30 million abandoned oil wells exist world-
wide. Reference [2] reported that the total number of documented orphaned wells in 
the United States exceeded 80,000 from June to September 2021 and 122,000 from 
January to April 2022, representing 2 and 3% of all the estimated abandoned wells in 
the United States. In Gianoutsos et al. [3], 117,672 orphaned wells in 27 States were 
documented by the US Geological Survey (USGS) [4, 5]. Basic data on onshore wells 
in European countries can be obtained from the primary regulatory authority’s data 
centre or website, such as the UK Oil and Gas Authority or the Italian Ministry of 
Environment and Energy Security. This data includes key essential attributes associ-
ated with each well while avoiding the provision of information regarding the status of 
the infrastructure following abandonment or decommissioning [6, 7]. 

Recent Approaches in Enhanced Oil Recovery – New Perspectives and Future Outlook

Addressing the legacy of decommissioned sites is an environmental imperative and 
an opportunity for innovation and progress. Effective management of these sites can 
mitigate environmental impacts while contributing to broader sustainability goals. For 
instance, repurposing abandoned infrastructure can support renewable energy initia-
tives, including geothermal energy production and carbon capture and storage pro-
jects. By integrating decommissioning efforts with the transition to cleaner energy, 
the industry can demonstrate its commitment to responsible resource management, 
transforming a historical challenge into a pathway for sustainable development. Geo-
science disciplines possess significant potential to contribute to this effort, mainly 
through their expertise in subsoil characterisation. Rather than being abandoned, 
unused wells can be repurposed for geothermal energy production and heat storage. 
This provides a sustainable energy source to support local communities and industries 
during the energy transition. 

Geothermal energy is the heat stored beneath the Earth’s surface, while the sub-
soil’s temperature difference is termed a ‘Geothermal Gradient’. The potential for its 
economic use depends on various factors, including the geological and thermophysical 
conditions, such as the subsoil’s temperature, the flow rate, and the degree of 
mineralisation of geothermal waters in the analysed area. These conditions influence 
the viability of utilising thermal resources in different geological contexts, offering 
multiple possibilities for harnessing this renewable energy source. Geothermal energy, 
electrical, and direct-use technologies are growing worldwide in application, includ-
ing district heating and/or space heating using heat pumps, commercial treatments, 
agricultural purposes (e.g., greenhouses), fish farming, and other purposes [8]. The 
direct use of geothermal energy is becoming increasingly accessible as it relies on 
existing technologies and straightforward engineering solutions. One of the most 
significant costs in non-electrical geothermal projects is the drilling and casing of low-
temperature wells. However, the abundance of existing wells, infrastructure, and 
geological data from oilfields presents a unique opportunity for geothermal develop-
ment. By leveraging these resources, new geothermal projects can reduce capital 
expenditures, minimise risks, and avoid many challenges associated with starting a 
new project. This approach not only makes geothermal energy more affordable but 
also enhances the sustainability and efficiency of these projects [9–11]. Oil companies 
have the option to convert abandoned wells into geothermal wells by sealing the 
bottom with insulation and installing a closed-loop pipe system, that is, wellbore heat 
exchanger (WBHE), applicable to both horizontal and vertical wells [12, 13]. Unlike 
traditional open-loop geothermal systems, closed-loop systems circulate heat carrier
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fluids within a WBHE without extracting ground fluids from the surrounding geolog-
ical formations. This configuration also ensures that working fluids are kept separate 
from the surrounding geological formations, reducing the potential for corrosion and 
scaling problems. Given their demonstrated advantages, more studies on WBHE 
technologies continue to be published in the literature. Pioneering authors like [14–17] 
have started to explore the potential of coaxial WBHE for geothermal energy extrac-
tion. Drawing on the studies published over the last 20 years, the key findings were 
summarised by Harris et al. [18], along with several other researchers who presented a 
review of previous scientific work on the application of WBHE in abandoned wells 
[19–21]. Despite promising results, as shown by Alimonti et al. [22], challenges such as 
low heat recovery efficiency persist, requiring further research and improvement. 
Besides, the development of the Eavor Loop design has introduced new challenges in 
estimating potential outlet temperatures, particularly considering horizontal wells 
drilled in thermally favourable geological layers. Introduced in 2019, such innovative 
closed-loop geothermal technology is designed to extract geothermal energy more 
efficiently than traditional systems. It utilises an underground network of pipes 
through which a working fluid circulates in a closed circuit, eliminating the need for 
hydraulic fracturing fluids. Similar to other single-well WBHEs, the primary limita-
tion is that heat is extracted solely through conduction, which limits the heat recovery 
rate due to the absence of convection. Besides, repurposing long horizontal wells and 
implementing a U-tube-shaped closed-loop system (U-shaped WBHE) could increase 
the heat exchange surface area and improve heat recovery [23, 24]. 

Perspective Chapter: Repurposing Wells for Geothermal Use – The Role of Geological…
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Despite some recent successful theoretical geothermal experiments in oilfields 
worldwide, specific challenges remain in the large-scale utilisation of geothermal 
resources in oilfields. The primary factors hindering geothermal energy exploitation in 
oilfields are lower heat recovery efficiency than conventional geothermal plants, 
inadequate assessment and planning, and a lack of knowledge about wells’ integrity 
and accessible underground data.

Converting an existing facility into a geothermal plant is challenging, particularly 
in regions close to urban areas [25]. To perform a preliminary evaluation of the 
potential for converting a hydrocarbon well to a geothermal closed-loop system 
located in a specific geological context, it is essential to use analytical and/or semi-
analytical tools for pre-assessing productivity, such as determining the maximum 
working fluid outlet temperature. This chapter builds upon the research conducted 
over time on coaxial and U-shaped WBHE. After discussing methods that can be used 
to describe the heat exchange processes, it presents a simplified approach for assessing 
the feasibility of a selected well to be converted for new geothermal purposes. In 
detail, it introduces the functions of developed open-access Python codes for the 
analysis of coaxial and U-shaped WBHE systems. Data from three decommissioned 
hydrocarbon wells, that is, Villafortuna 1, Tempa Rossa, and Gela 38, in Italy, were 
used to test such tools. The results, focusing on the output temperature of the selected 
working fluid, emphasise the significant influence that geological context and techni-
cal input parameters concerning the fluid and the geometric setup can have on heat 
exchange processes. 

2. Heat transfer processes in deep reservoirs 

In deep hydrocarbon reservoirs, temperature differences between materials result 
in the movement of thermal energy, known as heat transfer [26]. Whenever a
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temperature difference exists between wellbores and the surrounding geological for-
mations, energy exchange occurs. The processes of conduction and convection drive 
energy transfer within wellbores during heat extraction. Conduction refers to heat 
transfer through direct contact between substances, such as solids or stationary fluids, 
where a temperature gradient is present. The rate of heat transfer per unit area, qx,  by  
conduction in the x-dimension (one-dimensional perspective) through a plane wall is 
described by Eq. (1) [27]: 

Recent Approaches in Enhanced Oil Recovery – New Perspectives and Future Outlook

qx = -λsA 
dT 
dx 

(1) 

The term dT/dx represents the temperature gradient in the x-direction, which 
indicates heat flow, while the positive constant λs denotes the material’s thermal 
conductivity. This relationship is known as Fourier’s law of heat conduction, named 
after the French mathematical physicist Joseph Fourier, who significantly advanced 
the analysis of conductive heat transfer. The inclusion of a negative sign ensures 
compliance with the second law of thermodynamics, indicating that heat flows from 
warmer to cooler areas along the temperature gradient. 

Convection refers to heat transfer between two surfaces, mediated by a moving 
fluid and achieved through molecular interactions. The primary mechanisms for this 
heat transfer are diffusion and advection, with advection representing the energy 
transfer resulting from bulk fluid movement in the presence of a temperature gradi-
ent. The overall impact of convection is expressed using Newton’s law of cooling, 
described by Eq. (2) [27]: 

q hA Tw T∞ (2) 

In this context,T∞ refers to the temperature of the free stream outside the velocity 
boundary layer, while Tw signifies the surface temperature where convection occurs. 
The convective heat transfer coefficient, represented by h, is influenced by the geom-
etry of the system, the fluid’s thermodynamic properties, the solid medium’s thermal 
characteristics, and the system’s boundary conditions. Standard tables and empirical 
values of h values exist for fluids and flow situations that are commonly encountered. 
Additionally, for circular tubes, h can be determined through the Nusselt number Nu 
and correlation functions found in the literature (Eq. (3)): 

hf = 
Nuλf 
2r 

(3)

where 2r is the equivalent diameter of the circular tube. 
The relationship between conduction and convection in fluid flow through circular 

tubes, characterised by a temperature difference between the fluid and tube walls, can 
be approximated using experimentally derived correlations that vary by flow condi-
tions and geometry. The most prevalent correlations for forced convection in circular 
tubes are designed for turbulent and laminar flow regimes [28]. 

Understanding how heat transfer modes affect wellbores in oilfields is essential for 
estimating the exchange rate under specific geological conditions while planning a 
new geothermal energy project. Additionally, accurately interpreting the physical 
behaviour of heat transfer in various WBHE configurations is vital for assessing the 
viability of utilising abandoned wells to exploit geothermal resources in sedimentary 
basins. The subsequent chapter outlines the coaxial or double-pipe and U-shaped
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configurations of vertical wellbore heat exchangers utilised for harnessing geothermal 
energy from decommissioned oilfield boreholes. Following this, pertinent references 
were presented to the principal models employed to simulate the heat transfer 
between WBHE pipes and the adjacent subsurface. 

Perspective Chapter: Repurposing Wells for Geothermal Use – The Role of Geological…
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3. Closed-loop geothermal energy systems: Coaxial and U-shaped WBHEs 

Researchers have recently concentrated on coaxial or double-pipe and U-shaped 
configurations of vertical WBHE to tap into geothermal energy from abandoned 
oilfield boreholes. These systems efficiently extract heat from the ground without 
needing to extract or re-inject geothermal fluids [29]. In coaxial WBHEs, the working 
fluid is introduced into the outer pipe (the injection pipe), flowing downward to the 
bottom of the exchanger, where the surrounding rocks heat it. Upon reaching the 
bottom of the well, the heated fluid ascends through a narrower inner (extraction) 
pipe. The annular space between the inner pipes is filled with grout, commonly 
bentonite, and the well’s bottom is sealed. Heat transfer occurs between the geological 
formation and the fluid in the injection pipe and between the fluids in both pipes. 
Conversely, U-shaped systems function differently. In these systems, the working 
fluid is pumped down one tube and returned through another. This U-shaped design 
features two vertical sealed sections and a horizontal wellbore that reaches the target 
thermal reservoir. The working fluid circulates in the sealed wellbore, moving from 
the vertical inlet through the horizontal section and into the production well. As it 
circulates, the working fluid absorbs heat from the thermal reservoir before exiting to 
supply a power generator or heat exchanger (Figure 1). 

Research on actual WBHE systems, particularly experimental and pilot studies, 
remains limited, with most investigations focusing on theoretical modelling. The 
study conducted by Kolo et al. [21] significantly advances the understanding of the 
various methods used to model heat flux between WBHE pipes and the nearby 
subsurface. The chapter reviews analytical tools for heat transfer analysis in WBHEs, 
along with numerical discretisation techniques that effectively model the heat trans-
port processes in coaxial WBHEs and their surrounding formations. The earliest 
advancements in integrating horizontal sections with vertical heat exchangers 
emerged around the middle of the last decade. In Feng et al. [30], researchers pro-
posed using coaxial heat exchanger designs within directionally drilled wells featuring 
a vertical well paired with a horizontal branch. Specifically, they recommended plac-
ing the heat exchangers within a relatively short section of the horizontal well section 
(ranging from 152.5 to 610 m) to harness the highest temperatures in a geothermal 
reservoir. In 2020, Toews et al. [24] shared findings from a full-scale demonstration 
project involving a multilateral closed-loop geothermal system. Situated near Sylvan 
Lake, Alberta, Canada, the project includes two 2.5 km long multilateral horizontal 
wellbores linked to two 2.4 km deep vertical wellbores, forming a U-shaped closed-
loop geothermal system. The heat exchangers employed in the wellbores depend 
solely on conductive heat transfer, and a straightforward analytical equation was 
utilised to estimate the outlet temperature from the horizontal lateral well. This 
equation follows the method established by Ramey [31] for vertical wellbores, based 
on the critical assumption that heat transfer is due to quasi-steady-state radial heat 
conduction from the rock into the fluid moving through the wellbore. Therefore, 
assumptions and simplifications must be made to avoid complex derivations and 
calculations when developing such a mathematical model of the WBHE that can be
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solved analytically. Despite the limitations, the authors found that it still closely 
matches the Eavor Lite field data and the more complex numerical models described 
in References [23, 24]. The main limitation of the proposed analytical model is that it 
ignores heat transfer in the vertical wellbore segments. Reference [18] proposed an 
approach for extracting geothermal energy from abandoned oil and gas wells using 
directionally drilled wells, thereby improving the existing designs by eliminating 
internal piping and maximising contact with high ground temperatures. The proposed 
geometry was studied numerically to determine the system’s outlet temperatures and 
heat extraction rates for predicting thermal energy extraction and electrical power 
production. Reference [32], working on multiple laterals, demonstrated that closed-
loop geothermal systems can provide reasonable temperature and heat duty for over 
30 years when installed in a suitable geological setting. Using two analytical methods, 
results indicate that the closed-loop geothermal system is sensitive to reservoir ther-
mal conductivity, which controls the level of outlet temperature and interference 
between wells over time. In Ref. [33], the two configurations of coaxial and U-shaped 
exchangers were set up to analyse the performance and evaluate the best operational 
configuration. As already proposed in Ref. [34], the modelling of the two systems for

Recent Approaches in Enhanced Oil Recovery – New Perspectives and Future Outlook

Figure 1. 
Simplified configuration of a coaxial (a) and U-shaped WBHE (b).
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capturing heat from the subsoil is based on a one-dimensional, quasi-stationary 
model, which assumes that the heat exchange with the rock system takes place in a 
radial direction by conduction and varies in time. The heat transfer between the 
ground and the WBHE is evaluated using a semi-analytical approach based on the 
thermal resistances of the components of the WBHE described in Ref. [35] and also 
applied in Ref. [7].

Perspective Chapter: Repurposing Wells for Geothermal Use – The Role of Geological…
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4. Heat transfer in coaxial and U-shaped WBHEs 

As reported by Nian and Cheng [36] and Blank et al. [37], the general energy 
balance of the fluid in the injection pipe of a coaxial WBHE can be expressed in 
Eq. (4): 

∂ ρc(  )f A0Tfo 

( )  

∂τ
+ 
∂ ρc(  )f A0vfTfo 

( )  

∂z 
= - dQ

dz
+ dQi0

dz
(4)

where Tfo refers to the fluid temperature in the outer pipe, A0 denotes the outer pipe 
area, and vf indicates the fluid velocity. The term dQ/dz is the heat extraction from the 
formation per unit well depth (W/m). Furthermore, dQio/dz defines the heat flux 
from the inner pipe to the outer pipe; despite insulation being employed to minimise 
heat loss from the inner pipe fluid, some heat can transfers between the two pipes. 
Consequently, the energy equation for the inner tube can be represented by the 
following Eq. (5): 

∂ ρc(  )f AiTfi 

( )  

∂τ
+ 
∂ ρc(  )f Aivf Tfi 

( )  

∂ z
= - dQi0

dz
(5)

By assuming steady heat transfer and constant heat flux in wellbore components 
(insulation, casing, grout), heat extraction from the formation is assumed to equal the 
heat flux at the wellbore’s outer surface (the boundary between the wellbore and rock 
formation) to the injected fluid (Eq. (6)): 

dQ 
dz 

= 2πrwkw Tf0 - Tw = Tf0 - Tw =R w (6)

where Tw is the temperature at the interface of the wellbore/formation, rw is the 
radius of wellbore outside, kw is the heat transfer coefficient between outer pipe fluid 
and wellbore exterior, Rw is the thermal resistance between the outer pipe and sur-
rounding rocks. 

At the bottom of the well, the heated fluid enters and moves through the internal 
pipe of the coaxial WBHE. As it ascends to the wellhead, heat is only transferred 
through the wall of the inner pipe. Therefore, dQio/dz is calculated by factoring in the 
temperature difference between the fluids in the outer and inner pipes and the esti-
mated thermal resistance of the insulation (Eq. (7)): 

dQi0 

dz 
= 2πr0ki0 Tfi - Tf0 = Tfi - Tf0 =Ri0 (7)
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where Tfi is the fluid temperature in the inner pipe, ki0 is the heat transfer coefficient 
between the outer pipe and inner pipe, and Ri0 is the thermal resistance between the 
outer pipe and inner pipe. 

4.1 Coaxial WBHE: Coefficient of heat exchange between the outer-pipe fluid 
and the wellbore exterior 

An accurate estimation of the parameter kw is crucial for assessing heat exchange 
between the fluid in the outer pipe and the geological formations. In the case of coaxial 
WBHE, the heat exchange coefficient of the injection pipe can be represented as the 
sum of heat transfer components based on thermal resistance values (Rw) (Eq. (7)) 
[35, 36]: 

Rw Rs Ra Rc (8) 

Rs, a time-dependent function, reflects the thermal resistance from conductive 
heat transfer in the rock, while Ra indicates the thermal resistance caused by convec-
tion into the pipe. Rc represents the thermal resistance from conductive heat transfer 
through the well’s casing. The conductive term prevails in evaluating the total thermal 
resistance; consequently, the thermal exchange is directly proportional to the convec-
tive transfer coefficient. 

Conductive thermal resistance (Rs) can be expressed as follows (Eq. (9)): 

Rs = 
1 
2λs 

In 
2

------
αst

/ 

r w
(9)

where λs (W/mK) is the thermal conductivity of the rock and, αs (m/s) is the thermal 
diffusivity of the rock, rw is the radius of the outside wellbore (Table 1). In Eq. (9), 
the numerator of the argument of the natural logarithm represents the time-
dependent radius of the thermal influence of the well (rs). This parameter considers 
the change, over time, of the heat flux into WBHE surrounding geological formations. 

Convective thermal resistance (Ra) can be determined by the following equation 
(Eq. (10)): 

Coaxial wellbore heat exchanger-geometric parameters Symbol Unit of measure 

Outer pipe area A0 [m2 ] 

Inner pipe area Ai [m2 ] 

Radius of outside wellbore rw [mm] 

The external radius of the external casing rc [mm] 

The internal radius of the external casing ri [mm] 

The internal radius of the internal casing r0 [mm] 

Thicknesses of the pipe exchanger d [mm] 

Depth z [m] 

Table 1. 
Coaxial WBHE–geometric parameters.
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Ra = 
1 

2rchf 
(10)

where rc is the external radius of the external casing, hf is the convective heat transfer 
coefficient, calculated using Eq. (3) and by using the Nusselt number (Nu) and the 
form of the Dittus-Boelter equation assuming turbulent flow inside the tubes (Reyn-
olds number ≥ 104) [28]: 

Nu 0:023Re 0:8Pr0:4 (11) 

where Pr 
ρcf μ 

and Re ρvf 2rc .

Finally, thermal resistance to heat conduction through the casings of the well (Rc) 
can be determined as follows: 

Rc =
Xn 
i 1 

Rλi = 1 
2 

Xn 
i 1 

1 
λi 
In 

rc,i+1 

rc,i 
(12) 

where λi is the thermal conductivity of the rock in correspondence with the different 
casings of the well. Generally, due to the high thermal conductivity of the steel piping, 
the total thermal resistance of the casing is negligible compared with the rock’s ther-
mal resistance. 

As a result, the heat exchange coefficient kw can be determined as follows [38, 39]: 

1 
kw 

= 
2rc 
2λs 

In 
4

------
ast

/ 

2rw 
+ 

1 
hf

(13)

where rc = rw as the thickness of the external tube is negligible. 

4.2 Coaxial WBHE: Coefficient of the heat exchange between the outer-pipe fluid 
and the inner pipe 

Unlike in the injection pipe, the total heat flux in the upward pipe (extraction 
pipe) is determined by a conductive component of the composite pipe and by two 
convective components: one on the internal wall and one on the external wall of the 
WBHE. Consequently, the total heat exchange coefficient ki0 for the extraction pipe 
can be calculated as follows (Eq. (14)): 

1 
ki0 

= 
r0 
r0+d 

1 
hi 
+ r0 

Xn 
i 1 

1 
λi 
In 

ri+1 

ri 

(  )  
+ 

1
h0

(14)

where r0 is the radius of the internal casing, ri the internal radius of the external 
casing, d is the thicknesses of the pipe exchanger, h0 and hi are the coefficients of 
convective heat transfer to the inner and outer wall, respectively, and λi is the thermal 
conductivity of the pipe material (air and steel) (Table 1). 

4.3 U-shaped WBHE: Coefficient of heat exchange between pipe fluid and the 
wellbore exterior 

As outlined in Chapter 3, a U-shaped WBHE involves pumping fluid through one 
tube while it exits via another. The U-shaped configuration includes two vertical
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sealed sections and a horizontal wellbore that accesses the targeted thermal reservoir 
at the maximum well’s depth. The above-mentioned vertical sections can be depicted 
as two hydrocarbon wells spaced apart, as detailed in Ref. [20]. The working fluid 
flows within the sealed wellbore, travelling from the vertical inlet through the hori-
zontal segment to the production well. During this flow, it gathers and loses heat from 
the thermal reservoir along its path, according to the subsoil’s temperature conditions 
at different depths. Consequently, in describing the heat extraction from the forma-
tion, it is possible to assume that it is equal to the heat flux at the wellbore’s outer 
surface (the boundary between the wellbore and rock formation) to the injected fluid 
for both the vertical and horizontal sections. Furthermore, the heat flux from the 
inner pipe to the outer pipe, as described for coaxial WHBE in Eq. (4), has not been 
defined. As a result, the heat exchange coefficient kw defined in Eq. (13) can be 
applied to assess heat exchange between the fluid in the pipes and the geological 
formations for a U-shaped WBHE. 
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4.4 Python code implementation and input parameters definition 

The previously described methods can be used to determine the preliminary tem-
perature profiles of a selected working fluid in a specific wellbore heat exchanger. This 
calculation process can be automated with computational tools built using C or Python 
programming languages. Python, developed by Guido van Rossum in 1991 [40], is an 
object-oriented, high-level language which was utilised to model the analysed systems 
of this study. The available code versions allow for the replication and application of 
these analyses in new and varied research contexts. Once the input parameters are 
established, the temperature profile of the carrier fluid can be obtained. Below, in 
Table 2 and Figure 2, a list of the necessary input parameters and a graphical repre-
sentation of the Python code for the discussed WBHEs are proposed. In selecting 
input parameters and applying the above-mentioned codes, primary considerations 
and assumptions must be considered when modelling the coaxial and U-shaped pro-
files using the selected models: 

• Geological Model (GM): The geological model must be defined. Since a 
stratigraphic variation with depth is observed, it is necessary to proceed with 
characterising the thermal properties of the specific geological formations 
involved. The horizontal section of the U-shaped WHBE will affect the geological 
formation it crosses. The thermal properties defined for such formations will 
influence the heat exchange processes. 

• Geothermal Gradient (GG): Since a geothermal gradient condition characterises 
each specific geological context, it must be appropriately defined for the ongoing 
analysis. The temperature at depth Z was estimated based on the local geothermal 
gradient, using the following Eq. (15), where AT and B factors are defined in 
Table 2: 

Ta Z B AT Z (15) 

• One of the sets of configurations proposed by (35) was adopted for the definition 
of geometric parameters related to the coaxial heat exchanger. Further studies 
and configuration proposals are available in References [41, 42]. The diameter 
size significantly influences fluid velocity, thus allowing for additional analyses 
that consider different configurations that can be carried out.
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• Heat transfer mode: Heat moves through conduction in the reservoir, while 
conduction and convection occur within the wellbore tubes. The model presumes 
steady-state conditions and initial thermal equilibrium, ignoring time-dependent 
temperature variations; each point within the tubes consistently maintains the 
same temperature throughout the system’s operation. 

-
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Input parameters Symbol Unit of measure Value 

Wellbore heat exchanger 

Depth z m 6202 

Length of the horizontal section l m 1000 

The external radius of the external casing rc mm 75.0 

The internal radius of the external casing ri mm 69.5 

The internal radius of the internal casing r0 mm 38.5 

Thermal conductivity of the pipe material λm W  m-1 K-1 15 

Thermal conductivity of the insulation λi W  m-1 K-1 0.025 

Working fluid – water 

Flow rate q Kg s-1 3–1.5 

Inlet temperature T °C 15 

Volumetric heat capacity of the fluid ρcf J  kg-1 K-1 4215.45 

Thermal conductivity of the fluid λf W  m-1 K-1 0.68 

Density ρf Kg m-3 958.40 

Viscosity μ Pas 2.82e 4 

Simulation time 

Time stop t Year 3 

Geological formations 

Thermal conductivity of the rock λs W  m-1 K-1 GM 

Volumetric heat capacity of the rock ρcs J  kg-1 K-1 GM 

Density ρs Kg m-3 GM 

Geothermal gradient 

Soil temperature profile slope AT GG 

Soil temperature profile intercept B °C CG 

Table 2. 
WBHEs–input parameters. 

• Temperature distribution: The temperature profile is assumed to remain uniform 
in the radial direction. Turbulent flow within the tubes, described using (11), 
promotes enhanced mixing, which reduces the radial gradient. Therefore, 
temperature changes are only observed in the vertical direction of the upward 
and downward tubes, leading to a unidirectional temperature profile. 

• Carrier fluid: The properties of the chosen carrier fluid, for example, water, are 
assumed to be constant. No variations arise from pressure or temperature 
gradients throughout the process.
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Figure 2. 
Simplified structure of the developed Python code. 

• Thermal Resistance: The model considers the thermal resistance from pipe 
thickness negligible, given that the tube material is assumed to have a high 
conductivity value. Therefore, its resistance is considered minor compared to 
other resistances in the system. 

5. Case studies and applications 

As mentioned in the introduction chapter, data on onshore wells in European 
countries can be accessed through the primary regulatory authority’s data centre or 
website. The National Mining Office of the Italian Ministry for Economic Develop-
ment (MISE) and the VIGOUR project’s website provide technical information 
regarding productive and decommissioned hydrocarbon wells in Italy. By analysing 
the data available at the end of 2024 on the official website of the Italian Ministry 
for Economic Development (MISE), one can obtain information about 1554 wells; 
43.8% of these are producing, while the remaining 54.8% are non-producing 
wells (Figure 3) [43]. 

Furthermore, lithostratigraphic units and temperature data visualisation can be 
accessed through the Italian National Geothermal Database (BDNG), established in 
the 1980s and managed by the Institute of Geosciences and Earth Resources (IGG) of
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the National Research Council (CNR) of Italy. In addition, stratigraphic profiles 
sourced from GEOTHOPICA, the Italian geothermal data infrastructure portal 
launched in 2007 by CNR-IGG, can provide extensive lithological information from 
well logs [44]. Beginning with temperature and stratigraphic profiles, the 
thermophysical properties of geological formations can be characterised, thereby 
defining the geological model (GM) and geothermal gradient (GG) for each selected 
case study. 
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Figure 3. 
Hydrocarbon wells distribution in Italy at the end of 2024. 

Considering the specific geographical and geological context, it is necessary to 
obtain measurements and/or bibliographically available information for the charac-
terisation of the thermal parameters of the geological formations involved. To deter-
mine heat conductivity values at the regional and local scales of Italian sedimentary 
basins’ geological formations, Di Sipio et al. [45] investigated the thermal conductivity 
of 200 rock samples collected from four different regions of Southern Italy (Calabria, 
Campania, Apulia, and Sicily), measuring in both dry and wet conditions. Moreover, 
Pasquale et al. [46] utilised the framework of the MIUR-2008 project ‘Geothermal 
resources of the Mesozoic basement of the Po Basin: groundwater flow and heat 
transport’ to accurately estimate the thermophysical properties of a wide variety of 
sedimentary and volcanic rocks from the Po Basin in the Northern part of Italy, 
through laboratory measurements of density and porosity. In 2020, Dalla Santa et al. 
[47] included a new database of thermal properties for rocks and unconsolidated 
sediments in their work. As already reported in Reference [7], the values defined by 
the above-mentioned authors were used to determine the thermophysical parameters 
of the geological formations and the geological model associated with each of the 
selected case studies (Tables 3–5). Furthermore, the temperature profiles available 
for download from the Geothopica geoportal were used to establish local geothermal 
gradient conditions.
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State Productive, not supplying well 

Location Piemonte Region 

Field VILLAFORTUNA 

Depth Lithostratigraphic formation 

λs ρcs ρ 

m W/mK J/kg/K kg/m3 

609 Terrigenous sedimentary deposits 0.30 800 1700 

1258 Sand (dry) 0.30 800 1700 

1405 Clay Sand 1.61 1696 1890 

5493 Clastic sedimentary rocks (Sandstone, Conglomerates and Silty Marl) 3.16 821.11 2359 

6202 Carbonate rocks -Calcarenite/Dolostone 3.50 810.48 2480 

Table 3. 
Villafortuna 1 hydrocarbon well-lithostratigraphic profile [7]. 

State Productive, not supplying well 

Location Basilicata Region 

Field GORGOGLIONE 

Depth Lithostratigraphic formation 

λs ρcs ρ 

m W/mK J/kg/K kg/m3 

23 Superficial sedimentary deposits 0.30 800 1700 

2912 Sandstones interspersed with shale and clays 3.00 808.6 2330 

5042 Clays, argillites and calcarenites 2.34 829.4 1917 

Table 4. 
Tempa Rossa 1D hydrocarbon well-lithostratigraphic profile [7]. 

State Productive well 

Location Sicilia Region 

Field GELA TERRA 

Depth Lithostratigraphic formation 

λs ρcs ρ 

m W/mK J/kg/K kg/m3 

1632 Terrigenous sedimentary deposits—Sandy Clay 1.61 1696 1890 

5451 Calcareous Marl 2.17 830 1801 

6189 Carbonate rocks–calcarenite/dolostone 3.50 810.48 2480 

6282 Clastic sedimentary rocks—argillaceous sandstone 3.00 821.11 2330 

Table 5. 
Gela 38 hydrocarbon well-lithostratigraphic profile [7].
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The Villafortuna-Trecate field is situated in the Piemonte Region (Novara prov-
ince, North-West geographic area). This hydrocarbon system represents one of the 
most significant oil accumulations within the Italian Middle Triassic carbonate petro-
leum system. The petroleum system has developed within the Triassic geological 
succession. Generally, the primary reservoir linked to the Villafortuna-Trecate field is 
identified to be at a depth ranging from 5800 to 6100 m, with a temperature of 
approximately 160–170°C [48]. As evidenced by information regarding lithostra-
tigraphic units presented in Table 3, the stratigraphic sequence associated with 
Villafortuna 1 well consists predominantly of clastic sedimentary and carbonate rocks. 
The well under examination reaches a maximum depth of 6202 m (Table 3). 

The Tempa Rossa 1D hydrocarbon well is situated within the Tempa Rossa oilfield 
in the Basilicata Region, in the southern area. This system lies within the Mesozoic 
carbonate substratum of the foredeep/foreland area and the external thrust belt of the 
southern Apennines. It hosts Italy’s most significant oil and gas accumulations, namely 
the Val d’Agri and Tempa Rossa oilfields. The reservoirs are characterised by frac-
tured limestones of the buried Apulia Platform, which extend in time from the Creta-
ceous to the Miocene [49]. Unlike Villafortuna 1, lithostratigraphic units are mainly 
composed of sandstone with associated shales (Table 4). The maximum depth 
reached by the analysed well is 5042 m. 

The examined case study of the Gela 38 hydrocarbon well (Gela oilfield, Sicily 
region, Islands) pertains to the Gela field, a Late Triassic–Early Jurassic petroleum 
system linked to the main phase of Tethyan rifting. The reservoir consists of frac-
tured, massive dolomites from the Upper Triassic Gela Formation [50]. Based on the 
available information regarding the lithological and temperature data, the strati-
graphic succession in the area consists of marl, calcareous marl, and clays. The maxi-
mum depth reached by the analysed well is 3446 m (Table 5). 

6. Results 

6.1 Coaxial and U-shaped WBHEs: Output temperature analysis 

The temperature profiles for the WBHEs were derived from specific geological 
properties obtained from selected case studies’ geological models. Thermal properties 
for various rock formations were adopted based on those provided in Tables 3–5. 
According to the information reported in Table 2, among the input parameters, the 
inlet flow rate of the working fluid (water) and its temperature were assumed to be 
3.0 kg/s and 15°C, respectively. The analysis of the coaxial WBHE performance across 
the three hydrocarbon wells reveals significant differences in performance, primarily 
driven by the geological characteristics of each site. The efficiency of heat exchange in 
this configuration relies on the geothermal gradient, and the thermal conductivity of 
the surrounding rock formations. The outlet temperatures at the surface for the three 
sites are as follows (Figure 4). 

Among the three sites, Villafortuna 1 exhibits the highest thermal performance, 
with an outlet temperature of 89.93°C. This result suggests that the site benefits from 
a higher well’s depth and geothermal gradient, enabling the fluid to absorb substantial 
heat as it descends through the wellbore. The steep temperature increase indicates 
effective heat transfer from the ground, making this location suitable for geothermal 
energy extraction.
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Figure 4. 
Temperature distribution of the working fluid in the coaxial WBHE (flow rate: 3 kg/s). 

Tempa Rossa presents intermediate thermal performance, with an outlet tempera-
ture of 48.20°C. The lower-temperature rise compared to Villafortuna 1 suggests this 
site has a less favourable geothermal gradient or lower thermal conductivity in the 
surrounding geological formations. Consequently, the working fluid absorbs less heat 
from the ground, resulting in a more moderate increase in temperature upon 
returning to the surface. 

Gela 38 exhibits the least thermal enhancement, with an outlet temperature of 
39.79°C. Although the initial ground temperature is higher than that at the other two 
sites (18°C), the overall temperature gain during fluid circulation remains limited. As 
a result, this well has the least potential for geothermal energy recovery among the 
three. 

The analysis of the U-shaped WBHE across the three hydrocarbon wells highlights 
greater efficiency in heat exchange compared to the coaxial WBHE. This improve-
ment is likely attributed to the increased contact area between the fluid and the 
surrounding rock formations, along with the enhanced heat transfer mechanisms 
inherent in the U-shaped configuration. The outlet temperatures at the surface for the 
three sites are as follows (Figure 5). 

Villafortuna 1 exhibits the highest thermal performance, with an outlet tempera-
ture of 99.75°C. This result is significantly higher than that of the coaxial WBHE 
(89.93°C) and suggests that the U-shaped configuration optimises heat absorption 
from the ground. The improved heat transfer efficiency of this design enables the 
working fluid to attain higher temperatures, further enhancing its potential for geo-
thermal energy applications.
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Figure 5. 
Temperature distribution of the working fluid in the U-shaped WBHE (flow rate: 3 kg/s). 

Tempa Rossa demonstrates an intermediate thermal performance, with an outlet 
temperature of 51.99°C. In comparison to the coaxial WBHE (48.20°C), the U-shaped 
design provides a moderate increase in thermal efficiency. The enhancement in heat 
exchange is likely due to improved thermal interaction between the fluid and the 
ground. However, the geothermal gradient at this site remains lower than that at 
Villafortuna 1, thus limiting the maximum achievable temperature. 

Gela 38 shows the most significant relative improvement in heat exchange efficiency, 
with an outlet temperature of 49.99°C compared to 39.79°C in the coaxial WBHE. 

The inclusion of a horizontal section at maximum depth in the U-shaped WBHE 
configuration plays a role in enhancing heat exchange efficiency. This section allows 
the working fluid to remain in contact with the hottest subsurface layers for a more 
extended period, increasing its thermal absorption before it begins its ascent to the 
surface. The thermal contribution of the horizontal section is evident when comparing 
the outlet temperatures of the U-shaped and coaxial WBHE systems (Table 6). The 
most significant improvements are observed in Villafortuna 1 and Gela 38, where the 
temperature at the outlet increased by 9.82°C and 10.20°C, respectively, compared to 
the coaxial system. This indicates that in sites with a high geothermal gradient at 
depth, the horizontal section enhances the heat transfer process. In contrast, Tempa 
Rossa exhibits a more modest improvement of 3.79°C, suggesting that when the 
geothermal gradient is weaker, the additional horizontal section has a less pronounced 
effect on heat absorption. Furthermore, the effectiveness of this configuration is 
highly dependent on the thermal conductivity of the subsurface materials; if the rock 
formations have poor heat transfer properties, the additional section may not yield 
significant advantages. Another consideration is the increase in system complexity
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and potential installation costs, as incorporating a horizontal section necessitates more 
space and a more intricate design compared to simpler wellbore heat exchanger 
configurations. 

Recent Approaches in Enhanced Oil Recovery – New Perspectives and Future Outlook

Site Horizontal temperature Temperature difference (U-shaped—coaxial) 

Villafortuna 1 116.73°C +9.82°C (99.75–89.93°C) 

Tempa Rossa 60.99°C +3.79°C (51.99–48.20°C) 

Gela 38 50.56°C +10.20°C (49.99–39.79°C) 

Table 6. 
Thermal comparison of U-shaped and coaxial configurations. 

6.2 Influence of flow rate reduction on geothermal heat recovery 

Operational parameters play a significant role in determining the efficiency of the 
heat exchange process. Among these parameters, the inlet flow rate stands out as one 
of the most influential factors. Thermal profiles were recalculated by reducing the 
inlet flow rate from 3 kg/s to 1.5 kg/s. This reduction in flow rate was intended to 
increase the fluid’s residence time in the system, thereby enhancing heat absorption 
from the surrounding rock formations. 

The results varied according to the geological characteristics of each site. 
Among the coaxial WBHE configurations, Villafortuna 1 exhibited the most remark-
able improvement, with its outlet temperature rising to 122.56°C from the original

Figure 6. 
Working fluid temperature distribution in the coaxial WBHE (flowrate: 1.5 kg/s).
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89.93°C (Figure 6). The extended residence time of the fluid, resulting from the 
reduced flow rate, allowed for enhanced heat absorption from the surrounding 
rock, maximising the system’s thermal efficiency. Tempa Rossa also experienced a 
significant boost in performance, with the outlet temperature increasing from 
48.20 to 66.43°C. Although this improvement is considerable, the site’s lower 
thermal conductivity and moderate geothermal gradient limited the overall gain 
compared to Villafortuna 1. Gela 38 showed the least improvement, with its 
outlet temperature rising from 39.79 to 54.99°C. While the reduced flow rate 
improved heat recovery, further improvements—such as enhanced insulation 
or extended well depth—may be necessary to achieve greater efficiency at this 
location.
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In the U-shaped WBHE configuration, notable differences compared to the 
coaxial WBHE were observed (Figure 7). Villafortuna 1 previously demons-
trated an outlet temperature of 99.75°C, outperforming its coaxial counterpart 
(89.930°C). Following the modification of the inlet flow rate, the outlet 
temperature in the U-shaped configuration now reaches 85.51°C. The reduction may 
reflect the trade-off between increased heat absorption efficiency and potential 
cooling effects induced by reduced fluid velocity. Tempa Rossa previously 
recorded an outlet temperature of 51.99°C in the U-shaped configuration, slightly 
outperforming the coaxial WBHE result of 48.20°C. After adjusting the flow rate, the 
outlet temperature now stands at 44.14°C. Gela 38 previously demonstrated an outlet 
temperature of 49.99°C in the U-shaped configuration, significantly better than the 
coaxial WBHE’s 39.79°C. After modifying the flow rate, the outlet temperature now 
reaches 49.13°C. 

Figure 7. 
Working fluid temperature distribution in the U-shaped WBHE flowrate: 1.5 kg/s).
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7. Discussion 

This study investigated the thermal performance of coaxial and U-shaped WBHEs 
in three hydrocarbon wells with distinct geological characteristics. The results dem-
onstrated that site-specific geothermal properties, well depth, and exchanger design 
significantly influence heat exchange efficiency and the final outlet temperature of the 
working fluid. The geothermal gradient emerged as a primary factor affecting heat 
transfer performance. Villafortuna 1, characterised by the highest gradient among the 
three sites, exhibited the most substantial increase in outlet temperature in both 
configurations, confirming that greater geothermal energy availability enhances heat 
extraction. In contrast, Tempa Rossa showed more limited heat transfer efficiency, 
suggesting that the conductive properties of the surrounding formations play a crucial 
role in determining WBHE effectiveness. Gela 38, despite its relatively higher surface 
temperature, exhibited a lower increase in fluid temperature, indicating that the 
geothermal gradient at depth was insufficient to drive significant thermal gains. The 
comparison between coaxial and U-shaped WBHEs revealed that the U-shaped con-
figuration consistently outperformed the coaxial system at all three sites. The key 
factors contributing to this enhanced performance include a larger heat exchange 
surface area, allowing for more significant thermal interaction between the fluid and 
the surrounding geological formations. The addition of a horizontal section at maxi-
mum depth, which extended the exposure time of the fluid to the highest temperature 
layers, increasing its thermal absorption capacity. The effectiveness of the horizontal 
section was particularly evident in Villafortuna 1 and Gela 38, where the increase in 
outlet temperature exceeded 9–10°C compared to the coaxial system. These results 
suggest that the horizontal section is most effective in sites with high geothermal 
energy availability, whereas its impact is reduced in lower-temperature environments. 
Additionally, the depth of the well was shown to influence overall heat exchange 
efficiency, as deeper wells generally resulted in higher outlet temperatures due to 
prolonged contact with heated geological layers. However, this effect was not linear, 
indicating that factors such as thermal conductivity, fluid properties, and flow 
dynamics contribute to overall system performance. Finally, the flow rate of the inlet 
working fluid played an important role in heat transfer efficiency in coaxial WBHEs. 
A critical factor to consider in the U-shaped WBHE configuration is the pronounced 
thermal dissipation effect along the fluid’s upward path. This phenomenon becomes 
particularly relevant when fluid velocity is reduced, as the increased residence time in 
the riser pipe, which is exposed to the surrounding ground, can lead to significant heat 
loss. Such dissipation diminishes the system’s overall efficiency and limits the benefits 
gained from reducing the inlet flow rate, especially in sites with moderate geothermal 
gradients or lower thermal conductivity in the surrounding formations. A fluid with a 
higher specific heat capacity absorbed and retained more thermal energy, while the 
viscosity of the fluid affected flow resistance and, consequently, overall thermal per-
formance. Future research could further explore the optimisation of fluid properties to 
maximise energy extraction, particularly in low-enthalpy geothermal environments. 

One crucial factor that was not explicitly addressed in this study is the impact of 
pressure drop on WBHE performance. Pressure losses can significantly influence fluid 
flow dynamics, heat exchange efficiency, and system energy consumption. This effect is 
particularly critical in U-shaped WBHE systems, where the extended horizontal section 
and longer fluid path increase the likelihood of pressure-related inefficiencies. Future 
research should integrate pressure drop analysis into WBHE performance models to
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better estimate real-world thermal outcomes and energy demands. Identifying optimal 
flow rates, enhancing insulation, and exploring alternative working fluids with lower 
viscosity may help mitigate pressure losses and improve overall system efficiency. 
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8. Conclusions 

The findings of this study provide valuable insights for optimising WBHE systems, 
with practical implications for retrofitting hydrocarbon wells into geothermal energy 
recovery facilities. Besides, the simplified analytical approach and the associated model 
proposed serve as a useful methodological tool for the preliminary assessment of the 
feasibility of converting selected hydrocarbon wells into geothermal wells using WBHEs. 

The results confirm that the geothermal gradient and well depth are the most 
critical factors influencing heat exchange performance, with higher gradients yielding 
more efficient heat extraction. The U-shaped WBHE configuration outperforms the 
coaxial system, demonstrating greater heat absorption due to an increased exchange 
surface and the introduction of a horizontal section at depth. The horizontal section at 
maximum depth significantly enhances heat transfer in high-gradient environments, 
whereas its contribution is less pronounced in low-temperature formations. However, 
factors such as pressure losses and working fluid properties require further investiga-
tion to ensure optimal performance under real-world operating conditions. Future 
studies should focus on exploring the role of different working fluids to maximise heat 
absorption and minimise losses due to viscosity, assessing the economic feasibility of 
retrofitting hydrocarbon wells, and considering cost-benefit analyses and energy 
recovery potential. 

The results presented in this study are derived from the application of a mathe-
matical model to case studies in which geological and thermal conditions were 
reconstructed. While these findings offer useful insights, their validation would ben-
efit from future studies conducted on real sites, where the modelled heat exchanger 
geometries could be implemented and observed under operational conditions. 
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