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Abstract

The use of electric submersible pumps (ESPs) in heterogeneous
reservoirs presents unique operational challenges, particularly when
dealing with water breakthroughs, a common problem exacerbated by
geological features such as faults and fractures. In such environments,
water intrusion can significantly impact the efficiency of artificial
production systems, resulting in reduced oil production and increased
operating costs. Inflow control valves (ICVs) were used as a mitigation
strategy to regulate fluid entry and minimize water

inflow. However, their effectiveness is often compromised in complex
reservoir conditions, necessitating a more in-depth study of optimization
methods. This paper focuses on the challenges of managing water
breakthroughs in wells equipped with ESP systems. It examines the
effects of reservoir heterogeneity on water breakthrough, the resulting
impact on ESP performance, and the limitations of using ICVs as a
control mechanism in such scenarios. A detailed analysis

shows how fractures and fault lines contribute to uneven water

distribution, accelerate the formation of water ridges, and reduce the
efficiency of ESPs. Additionally, the paper provides insights into the
operational difficulties encountered in ESP implementation in these
complex environments and discusses strategies to improve water
management. Key recommendations include improvements in well
design, real-time monitoring and adaptive control systems to optimize
ESP performance and extend well life. Advanced techniques for
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predicting water breakthrough patterns and implementing proactive
measures to mitigate impacts are also proposed, providing a more
comprehensive approach to managing water production in heterogeneous
reservoirs.

Introduction

Water breakthrough is a critical challenge for the efficient management of
hydrocarbon production, particularly in reservoirs that rely on artificial
production systems such as electric submersible pumps (ESPs). This
phenomenon occurs when water begins to displace oil within the
reservoir, resulting in a reduction in oil production and a deterioration in
the operating efficiency of the ESPs. This problem becomes even more
problematic in heterogeneous reservoirs, where geologic complexities
such as faults, fractures, and contrasts in permeability create additional
difficulties in controlling fluid flow. Heterogeneous reservoirs are
characterized by an uneven distribution of fluids, with oil, water and gas
occupying different zones in the reservoir. These fluctuations often result
in premature water breakthroughs, which can dramatically reduce oil
recovery andincrease water production, ultimately affecting the
performance and lifespan of ESP systems. In such reservoirs, controlling
fluid inflow from multiple zones is critical to maintaining production
efficiency and extending well

life. To address these challenges, inflow control valves (ICVs) have been
introduced as a solution to regulate fluid entry from different zones
within the reservoir. ICVs are designed to manage water intrusion by
controlling the inflow of fluids. The goal is to balance oil and water
production, thereby optimizing recovery and reducing the

impact of a water breakthrough. However, the effectiveness of ICVs in
heterogeneous reservoirs remains uncertain, particularly when the
complexity of reservoir geology limits their ability to control fluid inflow
uniformly. This study provides a detailed analysis of the integration of
ESPs and ICVs in dealing with water breakthroughs

in such environments. It examines the limitations of heterogeneous
reservoirs and evaluates the potential of these technologies to improve
production outcomes. Additionally, the paper examines possible
improvements in well design, advanced monitoring tools, and reservoir
management strategies to better control water intrusion and optimize
hydrocarbon production
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Literature Review

The challenges posed by managing water breakthrough in heterogeneous
reservoirs have been the focus of extensive research, particularly in
relation to the performance of artificial lift systems such as Electric
Submersible Pumps (ESPs) and the use of Inflow Control Valves (ICV5s).
The complexity of fluid flow in reservoirs with varying permeability,
porosity, and geological features like faults and fractures is well
documented, leading to ongoing studies on optimizing hydrocarbon
production under such conditions.

1. Water Breakthrough and Reservoir Heterogeneity. Water breakthrough
in oil reservoirs, especially in heterogeneous reservoirs, is a common
issue that significantly affects oil recovery. Studies by Fattahi et al.
(2012) highlight that heterogeneity in permeability

and the presence of natural fractures exacerbate water breakthrough,
leading to an uneven fluid front and rapid water encroachment into the
wellbore. These geological variations result in a reduction in oil recovery
rates and increase in water production, thereby impairing the efficiency of
production operations. Research by Aziz and Settari (1979) emphasizes
that water management is critical in extending the productive

life of wells. Their modeling studies demonstrated how reservoir
heterogeneity influences fluid migration, stressing the need for tailored
water control techniques in fractured and faulted reservoirs. This early
work set the foundation for the development of more advanced tools,
including inflow control devices, to manage water influx.

2. Inflow Control Valves (ICVs) as a Mitigation Tool

Inflow Control Valves (ICVs) have been proposed as an effective
solution to regulate water and oil flow from different reservoir zones. Al-
Khelaiwi and Davies (2007) discussed how ICVs can choke back zones
with high water production, which helps reduce water influx and prolong
oil production. They found that in reservoirs with moderate
heterogeneity, ICVs could successfully manage fluid inflow, but their
effectiveness was limited

in more complex reservoirs with pronounced geological features like
fractures.

Recent research has explored the integration of ICVs with real-time
monitoring technologies. Gulbrandsen et
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al. (2014) explored the use of smart ICV systems, which can dynamically
adjust inflow based on changing reservoir conditions. These smart
systems have shown promise in heterogeneous reservoirs, where inflow
patterns change rapidly due to variable permeability zones and water
movement through fractures. However,

the study also acknowledged that the success of ICVs is highly dependent
on accurate reservoir characterization and real-time data acquisition.

3. Electric Submersible Pumps (ESPs) and Their Performance in Water
Breakthrough Scenarios The performance of ESP systems in managing
water breakthrough has been extensively studied, particularly

regarding theirsensitivity to dynamic fluid levels and pump intake
pressure. According to Teodoriu et al. (2011), ESPs are highly effective
in lifting large volumes of fluid in high-rate production wells, but their
performance declines sharply when dynamic fluid levels fall below a
critical threshold, as often happens in water breakthrough scenarios. The
study underlined the importance of maintaining optimal pump intake
pressure to ensure efficient operation. Similarly, Macias et al. (2016)
examined how water influx, when not properly controlled, can lead to a
rapid drop in ESP efficiency. Their work showed that even with the
installation of ICVs, maintaining the balance between fluid inflow from
oil-rich zones and water-prone zones remains challenging in
heterogeneous

reservoirs. They proposed that combining ESPs with advanced water
control methods, including zonal isolation techniques, could mitigate the
adverse effects of water breakthrough.

4. Future Directions and Gaps in Current Research

While substantial progress has been made in the use of ICVs and ESPs in
managing water breakthrough, challenges remain, particularly in highly
heterogeneous reservoirs. Research by Pratama et al. (2020) points out
that while ICVs are effective in certain scenarios, their ability to handle
complex reservoirs with multiple high- permeability pathways remains
limited. They suggest that future studies should focus on developing more
sophisticated control mechanisms and improving reservoir
characterization techniques.

In addition, the development of hybrid systems that combine different
water control methods (e.g., ICVs, zonal isolation, and chemical
treatments) holds potential for future advancements. Combining

391



(BN A gal) el jaigalls gald 30 )a2025 5 dlad) L) (e J5¥) Ciualll (o 19 duad) (dralal) & ganll) dlaa

traditional water management techniques with emerging technologies
such as machine learning and artificial intelligence for real-time
optimization of inflow control has also been highlighted as a promising
area for future research (Smith& Gupta, 2021).
(DIR-ESP-ICVS-WELL)

Reservoir Heterogeneity and Its Impact on Water Breakthrough Reservoir
heterogeneity is a critical factor influencing the behavior of fluid flow
within the subsurface, significantly impacting hydrocarbon production.
Heterogeneous reservoirs are characterized by pronounced variations in
permeability, porosity, and structural features such as faults and fractures.
These geological complexities create irregular flow pathways for fluids,
complicating oil recovery efforts and frequently leading to premature
water breakthrough. The presence of these heterogeneities allows water to
migrate more easily through high-permeability zones or fractures, often
bypassing oil-rich areas and reaching the production wells

earlier than expected. This results in the displacement of oil, reducing the
overall recovery factor and impairing well productivity.

To mitigate this, Inflow Control Valves (ICVs) are implemented to
regulate fluid inflow from various reservoir zones. The ICVs aim to
choke back zones with higher water production, thereby reducing the
influx of water and preserving oil production. However, in these complex
reservoir environments, the ICVs often struggle to effectively manage the
dynamic fluid levels due to the rapid and uneven nature of water
encroachment. While the ICVs can limit water production in the most
affected zones, this action also contributes to a sharp decrease in pump
intake pressure, which directly compromises the performance of the
Electric Submersible Pump (ESP).

With lower intake pressures, the ESP is unable to maintain optimal flow
rates, leading to reduced oil output and further operational inefficiencies.
The situation in these types of wells highlights the intricate relationship
between reservoir heterogeneity and the performance of artificial lift
systems. The uneven fluid distribution, driven by geological
discontinuities, renders the management of water breakthrough
particularly challenging. Although ICVs provide a valuable tool for
managing fluid inflow, their effectiveness in heterogeneous reservoirs is
often limited by the unpredictable nature of water migration through
fractures and faults. Consequently, more advanced reservoir management
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techniques and real-time monitoring systems may be required to address
the complexities associated with water breakthrough in such
environments.

Impact of Dynamic Fluid Level and Pump Intake Pressure on ESP
Performance Dynamic fluid level is a critical factor in the operation of
electric submersible pumps (ESPs) as it directly

influences the pressure at the pump inlet, which is essential to
maintaining optimal pump performance. In an oil well, dynamic fluid
level refers to the fluid level in the well during production. This value
determines the pressure applied to the ESP inlet required to maintain
pump flow. When a water breakthrough occurs in a well,

the dynamic fluid level tends to decrease as water begins to replace the
oil in the well, resulting in a reduction in both production and ESP
efficiency .

Because ICVs respond by plugging zones of high water production, they
reduce fluid inflow from those zones. Although this measure is intended
to delay the penetration of water into the borehole, it also leads to a
further decrease in the overall dynamic fluid level in the borehole. As the
ICVs restrict fluid flow, less oil enters the well and the water already in
the system begins to dominate, accelerating fluid level decline.

The reduction in dynamic fluid level caused by both water
breakthroughand engagement of the ICVs directly

affects the pump suction pressure. As the fluid level drops, the pressure at
the pump inlet decreases, affecting

the ESP's ability to maintain its optimal operating conditions. ESP
systems rely on sufficient suction pressure to generate the necessary
buoyancy to transport liquids to the surface. Without sufficient pressure,
the pump's efficiency decreases, resulting in lower oil production rates.
This analysis highlights the complex interplay between ICV actions,
dynamic fluid levels, and ESP performance in managing water
breakthroughs. Although ICVs play a critical role in delaying water
intrusion, they must be managed carefully to avoid inadvertently
dropping fluid levels to the point of compromising ESP performance.

In highly heterogeneous reservoirs where constant water breakthrough is
at risk, balanced fluid management and maintaining sufficient suction
pressure is critical to optimizing the long-term efficiency of ESP systems.
Role of Inflow Control Valves (ICVs) in Managing Water Breakthrough
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Inflow Control Valves (ICVs) play a crucial role in managing fluid
inflow in reservoirs, particularly in complex environments where water
breakthrough is a significant challenge. ICVs are designed to regulate the
inflow of fluids from different zones within a reservoir, allowing
operators to selectively reduce water production from high-permeability
or water-prone zones while maintaining oil flow from more productive,
less permeable zones.

This dynamic control is essential in heterogeneous reservoirs, where
variations in permeability, fractures, and faults can lead to uneven fluid
distribution and premature water breakthrough.

However, the geological complexity of reservoirs, combined with the
rapid and intense nature of water breakthrough, poses significant
challenges to the effectiveness of the ICVs. The high-permeability
pathways often facilitate the swift movement of water from the aquifer,
overwhelming the capacity of the ICVs to maintain

control. Although the ICVs manage to restrict water flow in targeted
zones, they may not completely prevent water encroachment. As water
continues to migrate through the fractures and enter the wellbore, the
overall water production increases, diminishing the intended benefits of
the ICVs.

The rapid water breakthrough not only compromises the effectiveness of
the ICVs but also leads to further complications in managing the well’s
dynamic fluid levels and overall production. As water production
increases, the fluid column in the well declines, reducing pump intake
pressure and severely impacting the performance of the Electric
Submersible Pump (ESP). Despite the ICVs ’efforts to regulate inflow,
the combination of water migration and the inherent reservoir
heterogeneity can overwhelm the system, leading to a decline in oil
production and an increase in operational challenges. This highlights the
limitations of ICVs in managing water breakthrough in heterogeneous
reservoirs. While they provide a valuable tool for controlling fluid inflow,
their effectiveness can be compromised in reservoirs with significant
geological complexities. In such environments, the integration of ICVs
with advanced real-time monitoring and adaptive reservoir management
strategies may be necessary to enhance control over water production and
optimize well performance.

Main Concerns:
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- ICV Operation and Water Breakthrough Control:

ICVs are designed to restrict fluid inflow from high permeability zones
prone to water production, effectively delaying water breakthrough and
reducing water intrusion into the wellbore. However, this control
mechanism often leads to a significant reduction in the overall fluid
inflow.

- Dynamic Fluid Levels and ESP Performance:

By limiting fluid inflow, ICVs inadvertently cause a decrease in the
dynamic fluid level in the wellbore. This reduction lowers the pressure at
the ESP inlet, a crucial parameter for maintaining the optimal operating
efficiency of the pump. As the dynamic fluid level drops, the ESP
struggles to maintain sufficient suction pressure, resulting in lower oil
production rates and increased operational challenges.

- Key Concern:

While ICVs help manage water intrusion, their restrictive effect can
inadvertently affect ESP performance due to the decline in dynamic fluid
level. This highlights the need for careful management of ICV settings
and ESP parameters to ensure water breakthrough is controlled without
compromising production efficiency.

Recommendations for Managing Water Breakthrough in
Heterogeneous Reservoirs with

- Advanced Reservoir Characterization:

Conduct detailed reservoir simulations to predict water breakthroughs and
optimize ICV placement.

Understanding the complex flow paths in heterogeneous reservoirs is
crucial for effective water management.

- Smart ICV Technology:

Deploy next-generation ICVs with real-time monitoring and automated
control capabilities. These valves can dynamically adapt to changing
conditions in the reservoir to better manage water breakthrough.

- Zonal Isolation Techniques:

Implement zonal isolation techniques adjacent to ICVs to better
control water infiltration in high permeability zones. This can
prevent water from entering the wellbore prematurely and extend
the productive life of the

wellbore.
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- Optimization of ESP Operations:

Continuously monitor dynamic fluid level and pump suction pressure to
adjust ESP operating parameters in real time. This will help operators
respond to changing conditions in the reservoir and mitigate the impact of
water breakthroughs.

Conclusion

The challenges of managing water breakthrough in heterogeneous
reservoirs using inflow control valves (ICVs) and electric submersible
pumps (ESPs) illustrate the complexity of fluid dynamics in such
environments.

Although ICVs can help regulate inflow, their effectiveness is limited in
reservoirs with significant geological complexity, such as fractures and
faults.

To optimize production and effectively manage water breakthrough,
operators must rely on a combination of advanced reservoir
characterization, intelligent ICV technology and zonal isolation
techniques. Applying these strategies can improve ESP performance and
extend the productive life of wells in heterogeneous reservoirs.
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