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Abstract: To combat the detrimental impacts of climate change and meet the obligations outlined
in the 2015 Paris Agreement, Carbon Capture, Utilization, and Storage (CCUS) has emerged as a
crucial technology with significant potential for achieving climate targets. CCUS involves the capture,
storage, and utilization of carbon dioxide (CO,) emissions from existing energy infrastructure, hard-
to-abate industries, or directly from the atmosphere, presenting a promising solution for emission
reduction. However, fully harnessing the benefits of carbon storage requires the development
of technically robust, safe, and cost-effective well control strategies that align with fundamental
subsurface policies. This study aims to offer a comprehensive reference guide for carbon storage
applications by reviewing relevant research in the field and establishing key subsurface storage
policies for carbon storage in saline aquifer formation along with their practical implementation
in carbon storage development plans. Additionally, we explore the utilization of optimization
techniques employed thus far in the development of effective well control strategies in saline aquifers,
presenting mathematical tools utilized and the achieved results.

Keywords: carbon capture utilization and storage (CCUS); carbon capture and storage (CCS);
injection policies; climate change

1. Introduction

The development of carbon capture, utilization, and storage technology has gained
significant attention in recent years due to escalating concerns regarding CO, emissions
and the urgent imperative to address climate change while transitioning towards a carbon-
neutral future [1]. Prominent organizations such as the International Energy Agency (IEA),
International Renewable Energy Agency (IRENA), Intergovernmental Panel on Climate
Change (IPCC), and Bloomberg New Energy Finance (BNEF) have underscored the pivotal
role of extensive CCUS deployment in their long-term energy outlooks. They emphasize
the indispensable need for widespread adoption of CCUS to restrict the global temperature
rise to 1.5 °C [2-5].

CCUS applications encompass three primary stages: CO, capture, transport, and
utilization/storage. Various methods are employed for CO, capture, including post-
combustion, pre-combustion, and oxy-fuel combustion. Post-combustion technology in-
volves the separation of CO; from flue gas using chemical solvents subsequent to fuel
combustion. Pre-combustion methods entail converting fuel into a mixture of hydrogen and
CO; gas prior to combustion, thereby enabling the utilization of the remaining hydrogen-
rich mixture as fuel. Oxy-fuel technology entails the combustion of fuel with pure oxygen
to generate CO, and steam, followed by CO, capture [6]. Retrofitting post-combustion
and oxy-combustion equipment into existing facilities or incorporating them into new
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plants is considered feasible, while pre-combustion methods necessitate more extensive
modifications and are better suited for new plants [7]. Additionally, the direct capture (DC)
of CO; from the atmosphere involves the extraction of CO, using solid sorbents or liquid
solvents. However, it is more energy-intensive and costly due to the lower concentration of
CO; in the atmosphere compared to flue gas [8].

Once CO; is captured, it is compressed and transported through pipelines, ships,
railways, or road tankers. It can be directly utilized, such as serving as heat transfer
fluid, or indirectly through biological and chemical processes that convert it into valuable
commodities and raw materials like fuels, chemicals, or building materials [9]. Alternatively,
captured CO; can be permanently stored in deep rock formations possessing suitable
geological characteristics, effectively removing it from the atmosphere [10]. Geological
storage options include storage in deep saline aquifers (CO,-Saline), storage with enhanced
oil recovery (CO,-EOR/CO,-EOR+), storage with enhanced gas recovery (CO,-EGR) and
storage in depleted oil or gas fields (CO,-depleted fields) that are no longer economically
viable in terms of oil and gas production [11-14].

To fully utilize the extensive CO; storage capacity offered by various storage options
and achieve the ambitious objectives of CCUS technology, the implementation of a ro-
bust, safe, and cost-effective well control strategy is of utmost importance. This entails
addressing three critical aspects. First, accurate site characterization and a comprehensive
understanding of subsurface geology are essential prerequisites, enabling the effective
use of numerical reservoir simulation and modeling techniques to evaluate the dynamic
behavior of CO, under various reservoir conditions and assess the impact of different
injection strategies on storage performance [15].

The second aspect involves designing a well control strategy aligned with fundamental
subsurface engineering policies. These policies should encompass managing primary risks
and challenges encountered during carbon storage operations, ensuring a safe and effective
storage process. For example, managing pressure build-up resulting from CO; injection is
a significant risk that requires careful consideration when designing the injection schedule
for a storage site. Therefore, the development plan for the storage project, particularly
the CO; injection scheduling and well control strategy, should account for this aspect.
Additionally, other policies may pertain to the long-term containment of injected CO, and
the technical feasibility of integrating carbon storage with enhanced recovery applications
such as enhanced oil recovery (EOR) and enhanced gas recovery (EGR).

The third aspect involves utilizing optimization tools to strike a balance among the
technical subsurface policies at the field scale maximizing storage capacity without compro-
mising site integrity. This also involves integrating techno-economic trade-offs to ensure
the commercial viability of CCUS projects. Implementing subsurface engineering policies
can potentially limit the effective storage capacity of a storage site. For instance, injecting
CO; into saline aquifers already occupied by incompressible fluids (brine solution) can
lead to rapid pressure build-up. If uncontrolled, this may result in high pressures that
could fracture the caprock or reactivate faults [16]. Controlling factors in such cases are the
injection rates or wellhead pressure decrease. Furthermore, integrating additional technical
policies, such as enhancing long-term containment and security, can further reduce the
effective storage capacity. Therefore, the application of optimization techniques becomes
necessary to mitigate this challenge and optimize overall storage performance.

By effectively addressing these three critical aspects—accurate site characterization, ad-
herence to fundamental subsurface engineering policies, and the utilization of optimization
techniques—an effective well control strategy can be developed to ensure the safe, efficient,
and economically viable operation of carbon storage projects. This approach maximizes
storage capacity while mitigating risks, contributing to the successful implementation of
CCUS technology in achieving emission reduction goals.

Existing studies and legal frameworks, such as the EU CCS Directive (2009/31/EC),
have established robust processes for site characterization, encompassing a thorough as-
sessment of subsurface geology, geomechanics, hydrogeology, and other pertinent factors
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(Figure 1). Additionally, numerical reservoir simulation and modeling techniques have
demonstrated their maturity in accurately representing large-scale carbon storage reser-
voirs, capturing various mechanisms such as structural, dissolution, and residual trapping,
as well as predicting the behavior and extent of the CO, plume throughout different project
phases, including injection, closure, and post-closure [17,18]. However, a clear definition of
key technical policies for underground carbon storage operations is still lacking. To address
this gap, this paper reviews carbon storage studies, with a specific focus on defining key
technical policies for designing carbon storage operations, including well schedules and
storage plans. It also explores computational optimization approaches used in designing
carbon storage well strategies in saline aquifers, emphasizing the integration of technical
policies into optimization techniques and showcasing results from designing in situ injec-
tion schedules. By bridging this gap and providing a comprehensive understanding of
technical policies and optimization techniques in designing well control strategies, this
research paper serves as a valuable resource for researchers, policymakers, and industry
professionals, empowering them to make informed decisions and design effective carbon
storage strategies.
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Figure 1. An overview of the characterization and assessment of the potential storage complex and
surrounding area (reproduced, source: Guidance document 2, CCS Directive, EU 2009/31/EC).

2. Key Subsurface Policies in CO, Geological Storage: Outline and Application

Various technical uncertainties, including storage capacity, site integrity, long-term
containment, and the practical implementation of CO, storage alongside enhanced oil
and gas recovery, contribute to the shortfall in reaching required scale to achieve net zero
emission. To address these challenges and uncertainties, it is crucial to establish robust
technical policies and strategies for carbon storage in CCUS projects. This section focuses
on discussing key technical policies related to the design and implementation of CCUS
projects in saline aquifers, particularly focusing on injection and well control strategies.

2.1. Pressure Management: Controlling Pressure Build-Up and Geomechanical Complications

Geological storage capacity for CO; is determined by the expansion of pore space
in the rock formation, accompanied by the compression and decrease in volume of the
originally contained fluids. Although the formation fluids can be displaced or withdrawn to
accommodate additional CO, volume, an increase in pressure within the host formation is still
expected during large-scale carbon storage deployment. Therefore, the effective management



Mater. Proc. 2023, 15, 74

40f 10

of pressure build-up to avoid geomechanical complications is crucial during the injection of
substantial quantities of carbon dioxide into underground structures. The response of the
reservoir’s pressure primarily depends on the boundary conditions of the host formation,
which can be categorized into three distinct systems: closed, semi-closed, and open.

(1) Closed systems are characterized by impervious boundaries surrounding the storage
formation and vertical obstruction by impermeable sealing units. These systems lack
pressure bleed-off mechanisms and therefore experience a more significant impact
from pressure build-up. While closed systems mitigate the risk of brine leakage during
CO, injection, it is essential to maintain pressure below the maximum threshold
tolerated by the formation. This is necessary to ensure the mechanical integrity of the
storage site, preventing failures in the caprock and reactivation of fractures and faults.

(2) Semi-closed systems have lateral impervious boundaries and are partially sealed
above and/or below by semi-permeable sealing units. These systems can effectively
reduce reservoir pressurization through pressure bleed-off mechanisms. For example,
brine migration into semi-sealing units and lateral displacement of brine help mitigate
pressure. However, elevated pressure levels in semi-closed systems may result in
brine displacement into freshwater aquifers through leaky faults and wells, posing
environmental risks.

(8) Open systems have lateral boundaries located at such a distance that they remain
unaffected by pressure disturbances. They naturally experience less pressure build-up
compared to closed and semi-closed systems [19].

Considering the pressure response of various systems, it becomes apparent that the
effective storage capacity of a reservoir is determined not only by the pore volume of the for-
mation rocks but also by the maximum allowable pressure build-up. Szulczewski et al. [20]
have demonstrated that limited porosity may prevail in the long term; however, the storage
system pressure constraint serves as the principal limiting factor for short-term CO; storage.
Therefore, it is crucial to effectively manage pressure build-up to mitigate geomechanical
complications and ensure safe and efficient storage operations.

To comply with the pressure management policy and mitigate pressure build-up
issues, researchers have proposed development schemes involving the extraction of brine
from aquifers. This approach aims to increase the effective storage capacity of CO, and
control pressure build-up at saline aquifer storage sites. Studies by Court et al. [21] and
Buscheck et al. [22] have demonstrated the significant advantages of brine production
in controlling pressure without impacting the conformational shape of the CO, plume.
However, brine production comes with additional costs and logistical requirements. To
address these challenges, Birkholzer et al. [23] have shown that it is possible to reduce the
amount of brine produced during CO, storage operations by optimizing well placement
and rates. Cihan et al. [24] applied this technique to a realistic example in the Vedder
Formation in California, USA, successfully optimizing the ratio of produced brine volume
to the volume of injected CO,. In addition to the practical mitigation measure of brine
production, researchers have also focused on optimizing well control strategies for CO,
injection schedules in saline aquifers. For example, Santibanez-Borda et al. [25] developed
an optimization strategy to maximize CO; storage while considering economic factors
such as pre-tax revenues in the Cenozoic Sandstones of the Forties in the North Sea. The
optimization considered the constraint that the caprock fracture pressure should not be
reached at any time with results showing a 125% increase in the amount of CO, that can be
stored for a 1:1 ratio of CO; injection to brine production.

2.2. Geological Storage Security: Improving Residual and Solubility Trapping

When considering the utilization of pore space for CO, storage, the preferred state for
injection is supercritical CO, (scCO,). This is because scCO; has a higher density compared
to gaseous CO; [26]. Meanwhile, when CO, is injected underground, it encounters a
combination of physical and chemical trapping mechanisms which are effective over
different time intervals and scales (Figure 2) [26]. Most of the injected CO, will reside in a
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mobile phase of CO, known as structural trapping, resulting from the lateral free movement
or vertical migration of CO, towards the caprock. Other trapping mechanisms come into
play to immobilize the CO; afterwards within the reservoir, which are as follows [27]:

(1) Residual gas trapping: encountered when formation water encroaches or invades
the CO; plume, leaving a portion of the CO, trapped as residual gas within the pore
spaces of the rock formation.

(2) Solubility trapping: Achieved when CO, partially dissolves into the aqueous phase
present in the formation, leading to solubility trapping. This dissolved COj is unlikely
to leave the solution unless there is a significant decrease in pressure.

(3) Mineral trapping: Anticipated when CO; reacts with native minerals in the rock
formation, resulting in the precipitation of carbonate minerals. This process helps to
immobilize CO, in a more secure manner.

Since carbon storage’s primary purpose is to provide permanent and long-term un-
derground CO; storage, enhancing the long-term safety and security of underground CO,
storage necessitates a thorough evaluation of the effectiveness and security characteristics
of in situ trapping mechanisms. Among these mechanisms, mineralization offers the high-
est level of security, albeit with a protracted timescale ranging from hundreds to thousands
of years [27-29]. In contrast, solubility and residual trapping represent short-term and
low-risk solutions for ensuring safe CO; storage. Therefore, it is crucial to prioritize the
storage of CO; in soluble and residual forms as part of a comprehensive policy to ensure the
long-term containment of injected CO,. By implementing effective management strategies,
storage development plans and well control techniques that maximize the utilization of
these trapping mechanisms, a significant portion of the injected CO, can be immobilized,
thereby reducing the risk of leakage from potential outlets in the formation (e.g., fractures,
faults, and abandoned wells).
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Figure 2. Trapping mechanisms scale over time intervals (revised after [29]).

However, a major challenge in implementing this policy arises from the predominant
upward buoyancy-driven displacement of CO,, which restricts the horizontal access of the
CO, plume to fresh brine, consequently diminishing the efficiency of solubility and residual
trapping mechanisms. To address this challenge, several researchers have proposed various
development plans and schemes. For instance, investigations conducted by Leonenko
and Keith [30], as well as Hassanzadeh et al. [31], have explored the potential of brine
injection to expedite the dissolution of CO, in formation brines, resulting in significant
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improvements in storage security. These studies advocate for the application of reservoir
engineering techniques, particularly optimization strategies, to enhance storage security.
In turn, Shamshiri and Jafarpour [32] have applied optimization methods to the injection
well control strategy, leading to improved sweep efficiency and enhanced contact between
injected CO; and in situ brine. Their findings demonstrate substantial enhancements in
both residual and solubility trapping mechanisms.

3. The Optimization of Well Control Strategies for Effective CO, Sequestration in
Saline Aquifers

Optimizing the injection schedule of CO, in deep saline aquifers poses significant
engineering challenges due to multiple objectives, technical policies, and limited knowledge
of geological characterization. To tackle these challenges, mathematical optimization
tools are employed to guide injection planning and operations efficiently. These tools
help minimize computational costs and explore a range of likely outcomes, especially in
assessing long-term storage security by considering CO, migration over hundreds of years
post-operation. In this section, we review and analyze different modeling and optimization
techniques employed in developing technical injection strategies for saline aquifers over
the past 15 years.

Kumar [33] applied the conjugate gradient method to optimize CO, injection strate-
gies in a two-dimensional vertical cross-section of a heterogeneous saline aquifer. The
objective function aimed to maximize residual trapped CO, accounting for storage security
engineering policy. The optimization routine led to a significant reduction in structurally
trapped CO,, with a 16% reduction in CO; saturation at the top of the aquifer compared to
the base case scenario for a single well. For multiple wells, the optimized solution resulted
in reduced free gas saturation and more residual trapping, highlighting the importance
of optimizing both injection rates and the number of wells. Kumar also investigated the
effects of the number of optimization time steps, capillary pressure, and heterogeneity, as
well as the effects of the initial settings on the optimization results.

Nghiem et al. [34] explored the acceleration of residual gas and solubility trapping
by injecting water above CO, injectors. They optimized the water injector settings (depth,
rate, and injection duration) maximizing an objective function that accounted for trapping
efficiency index, which involved both residual and solubility trappings. Their findings
showed that water injection at different depths favored different trapping mechanisms, with
deeper injection favoring residual gas trapping in low-permeability aquifers and shallower
injection favoring solubility trapping in high-permeability formations. In a later work,
Ngheim et al. [35] conducted a study on the interaction between solubility and residual gas
trapping mechanisms in CO; injection and post-closure phases. They concluded that these
mechanisms compete and occur simultaneously employing a bi-objective optimization
approach and obtained Pareto-optimal solutions.

Shamshiri and Jafarpour [32] proposed a method to improve the efficiency of CO,
injection and enhance contact with in situ brine. They introduced pseudo-production
wells to compute hypothetical breakthrough curves, aiming for uniform sweep efficiency.
The objective function minimized differences in CO, production rates among the pseudo-
producers and delayed breakthrough time to achieve better sweep efficiency. They used
the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm and technical policy constraints
to maintain a technically sound injection schedule. The proposed method was tested on
two models, demonstrating significant improvements in residual and solubility trapping.
In a more recent work, the authors modified the objective function by eliminating the
breakthrough term. They found that while a uniform sweep improves storage potential in
the aquifer, directly maximizing stored CO; is more effective. They observed that sweep
efficiency optimization does not consider storage potential in different porosity zones, while
maximizing stored gas utilizes available storage volume, regardless of sweep efficiency.
Cameron and Durlofsky [36] conducted a study to minimize the long-term presence of
mobile CO; in a saline aquifer. They optimized the placement and schedule of multiple
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CO; injection wells using a Hooke-Jeeves direct search (HJDS) method. The best solution
achieved through the optimization showed improvements of 7% in dissolution and 5% in
residual trapping. They also investigated the effect of brine cycling, finding that increasing
the volume of injected brine decreased the optimized mobile CO; fraction. Overall, their
study demonstrated the effectiveness of optimizing CO; injection to reduce mobile CO,
in a saline aquifer and highlighted the importance of considering brine cycling in CO,
storage strategies.

Zhang and Agarwal [37,38] employed a genetic algorithm-based optimizer with the
TOUGH?2 simulator to optimize the injection schedule for a water-alternating gas (WAG)
system. Their goal was to enhance CO, sequestration efficiency and minimize CO, plume
dispersion. They assessed WAG efficiency by measuring the reduction in CO, plume migra-
tion relative to constant injection, normalized to the total water injection. The optimization
was conducted for vertical and horizontal well configurations in hypothetical aquifer
models. The optimized WAG operations achieved a 14% reduction in CO, migration
and lower gas saturation in the upper layer of the aquifer compared to constant injection.
However, they acknowledged the potential risk of increased injection pressure in WAG,
which could jeopardize formation integrity. To manage the elevated injection pressure,
the authors extended their previous work on optimizing injection strategies for horizontal
wells. They utilized the CO; injection rate as the decision variable and the caprock pressure
as a constraint. The optimization employed a modified well injectivity fitness function in
conjunction with a Bezier curve to represent the time-dependent continuous function of
CO; injection rate.

Cihan et al. [24,39] developed a differential evolution algorithm to optimize well
placement and brine production rates. The objective was to minimize the ratio of extracted
fluid (brine) to injected fluid (CO;) while ensuring no CO, breakthrough at production
wells and avoiding pressure build-up beyond a threshold. The results showed that the
gradient-free Constrained Differential Evolution (CDE) algorithm produced similar results
to the gradient-based Sequential Quadratic Programming (SQP) algorithm. However, the
CDE algorithm required a larger number of objective function evaluations compared to the
SQP algorithm. Furthermore, coupling the CDE optimization algorithm with a numerically
averaged heterogeneous aquifer model with a critically stressed fault near the injection zone
demonstrated the successful estimation of optimal rates and locations for CO, injection
and brine production wells while meeting multiple pressure build-up constraints.

Tarrahi and Afra [40] extended the work of Shamshiri and Jafarpour by proposing a
formulation to optimize CO; sequestration through controlling the operating conditions of
CO; injection wells. They aimed to promote uniform CO, dispersion in the aquifer forma-
tion. Instead of equalizing rates of pseudo-production wells, they focused on equalizing
the CO; dispersion and breakthrough time of equidistant pairs of cells from CO; injection
wells. The study showed that using a gradient-based optimization technique, the total CO,
stored in the aquifer increased by approximately 11% compared to the base case.

Babaei et al. [41] used an evolutionary optimization algorithm to determine the optimal
distribution of CO; injection rates among existing wells in heterogeneous storage complexes
in the Forties and Nelson reservoirs in the North Sea. They considered both single and
multiple objective functions, aiming to minimize the fraction of CO, in a free gaseous state
outside licensed regions and maximize the amount of dissolved and residual trapped CO,.
The study tested different grid resolutions to find a balance between model accuracy and
computation time. The results indicated that the optimization strategy using fine-scale
models reduced mobile CO; by 21% compared to the base case. In addition, coarser grid
resolutions yielded acceptable errors in representing the optimal injection strategies.

Santibanez-Borda et al. [25] addressed computational challenges in optimizing CO,
storage system performance by using surrogate models instead of reservoir models. They
aimed to maximize the utilization of CO, storage capacity in the brine-saturated Forties
and Nelson reservoirs in the North Sea. Different surrogate modeling techniques, including
Linear Regression (LR), Regularized Linear Regression (RLR), and multivariate adaptive
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References

regression splines (MARS), were utilized. The optimization process involved the CO,
injection rates of eight injection wells and five brine production wells using the simplex
method and the GRG (generalized reduced gradient) method. The results showed that
LR and RLR surrogate models predicted optimal rates while meeting pressure constraints.
The optimized approach increased the amount of CO; that could be stored by 125% for a
1:1 ratio of CO; injection to brine production, with five brine production wells producing
up to 2.2 million tons/year of brine over a forty-year operating period.

4. Conclusions

The successful implementation of carbon storage operations demands a robust and
cost-effective well control strategy. This involves precise site characterization, adherence to
fundamental subsurface engineering policies, and the utilization of optimization techniques.
While site characterization and numerical simulations are well-established, there remains a
critical gap in defining technical policies for underground carbon storage. To bridge this
divide, this paper proposes two essential technical policies for storage in saline aquifer
formations: pressure management and storage security.

Furthermore, deep saline aquifers offer substantial CO, storage potential, yet uncer-
tainties surrounding capacity, containment, and policy implementation necessitate the
application of optimization techniques. Given the intricacies of this challenge, traditional
analytical approaches for resolving the injection schedule in the subsurface fall short. In
response, a variety of methods have been explored in the literature to tackle this complexity,
while upholding technical policies to arrive at a secure, technically sound, and economically
viable injection schedule. This study delved into the application of optimization techniques,
particularly focusing on modeling methods and their outcomes.

Our research reveals that both derivative and derivative-based optimization tech-
niques have been deployed to address storage security concerns and long-term liability
issues associated with large-scale CO; storage in saline aquifers. It is evident that opti-
mization techniques can enhance both residual and solubility trapping while conforming
to the technical policy constraints of pressure control and geomechanical considerations.
Nonetheless, there is a pressing need for further research to overcome the limitations of
existing techniques and develop more robust and efficient optimization tools capable of
effectively addressing uncertainties in subsurface parameters, particularly in optimizing
CO; injection schedules and well control strategies in saline aquifers.
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