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Abstract

:

Naturally fractured reservoirs are indescribable systems to characterize and difficult to produce and forecast. For the development of such reservoirs, the role of naturally forming fractures in the different development stages needs to be recognized, especially for the pressure maintenance and enhanced oil recovery stages. Recent development in the field of naturally carbonate fractured aimed at fracture characterization, fracture modeling, and fracture network impact of fracture networks on oil recovery were reviewed. Consequently, fracture identification and characterization played pivotal roles in understanding production mechanisms by integrating multiple geosciences sources and reservoir engineering data. In addition, a realistic fracture modeling approach, such as a hybrid, can provide a more accurate representation of the behavior of the fracture and, hence, a more realistic reservoir model for reservoir production and management. In this respect, the influence of different fracture types present in the reservoir, such as major, medium, minor, and hairline fractures networks, and their orientations were found to have different rules and impacts on oil production in the primary, secondary, and EOR stages. In addition, any simplification or homogenization of the fracture types might end in over or underestimating the oil recovery. Improved fracture network modeling requires numerous considerations, such as data collection, facture characterization, reservoir simulation, model calibration, and model updating based on newly acquired field data are essential for improved fracture network description. Hence, integrating multiple techniques and data sources is recommended for obtaining a reliable reservoir model for optimizing the primary and enhanced oil recovery methods.






Keywords:


fractured reservoirs; fracture characterization; fracture modeling; primary recovery; secondary recovery; enhanced oil recovery












1. Introduction


A significant number of reservoirs that contribute to the global petroleum reserves and current production are naturally fractured carbonates. These reservoirs are complex, and their description and production are associated with additional uncertainties about the fracture networks and their impact on production [1,2,3,4,5]. Indistinctness in the distribution of fractures greatly influences fluid flow and displacements, and the challenge of propagating the uncertainty in the fracture distribution patterns into their reservoir flow response needs to be considered [6]. Subsurface rocks and geological formations often exhibit fractures such as joints, faults, and bedding planes. These discontinuities frequently regulate the hydrological behavior of subsurface rocks and form intricate networks [7]. In carbonate and magnesium-bearing carbonate rocks, fractured dissolution channels and cavities are formed during weathering or burial within the sedimentary basin. At the same time, fractures oriented vertically in large portions of the subsurface rocks comprising magnesite, dolomite, silt, and limestone may also be formed due to the tectonic events and increasing overburden stresses, reducing the strength of the rocks [8].



Typically, fractures must form an interconnecting network to be considered as a naturally fractured reservoir. Different fracture characteristics may affect the flow pathways in substantially different ways, e.g., fracture orientation to flow direction or a classification scheme. The assessment of the oil recovery process might be affected by including or excluding these fractures. Therefore, an accurate fracture network characterization is essential for understanding fluid flow behavior [7].



Facture modeling is a complex process that requires a holistic multidisciplinary investigation. Geoscience, reservoir, and production data are pivotal for fracture identification and classification. Different data sources often characterize the fractures on different scales [9]. Alternative to reservoir data, guidelines were proposed for selecting representative outcrops and to prove the correspondence between outcrop and core [10]. Fracture characteristics, such as relative or absolute fracture intensity, structural location, and distributions of height and length, can be quantified through outcrops that are difficult to capture on seismic and core scales. In addition, the results of image logs analysis, such as formation micro-imager (FMI) and electrical micro-imager (EMI), can be used for fracture evaluation, which is more dependable than core data [11]. In the fracture-modeling process, the fractures’ images are used to capture the intersections of the fractures and generate the fracture density logs. The outcrop fracture data with the core observations can improve the fracture modeling for reservoirs with limited or without FMI logs. For example, an improved fracture intensity depiction across a reservoir can be obtained by analyzing the outcrop’s measured properties [12].



In addition to the image logs, modern well and production logs, conventional well logs, cores, and seismic data, production data can be correlated to fracture intensity [12,13,14]. Normally, the high intensity of fractures corresponds to the producing wells. Accordingly, fractured zones with high production rates can be located by integrating fracture data from image logs core and core data. The fracture density logs are used to construct the discrete fracture network (DFN) model. The DFN model is attractive since it can represent fracture characteristics for hydraulically relevant fractures. Fracture network characteristics such as fracture size, orientation, and aperture reflect the rock’s physical properties [15]. Hence, with the DFN model, it is possible to investigate the effect of fracture network features on oil displacement.



Currently, with many naturally fractured reservoirs being in brownfields and most of the light oils being produced, improving their oil production, especially with different EOR methods, is of interest. However, limited EOR projects in naturally fractured reservoirs were implemented, and their analyses still bear many uncertainties [16,17]. This might be due to these reservoirs’ fluid phase and flow behavior, which strongly depends on the matrix and fracture properties. For the practical analysis and development of such reservoirs, the need to recognize the role of natural fractures on production in the different stages of reservoir development is significant. Consequently, fracture characterization through integrating multiple data sources from geosciences and reservoir engineering plays a pivotal role in a deep understanding of reservoir production mechanisms in view of a more realistic dynamic simulation model.



This paper aims to provide a comprehensive review of the fracture characterization of the different types of fracture networks and their impact on the different stages of oil recovery. First, the process of fracture characterization and modeling will be reviewed. Then, an integrated approach for their modeling and their impact on the different stages of production will be discussed.




2. Fracture Characterization


Reservoir characterization of naturally fractured reservoirs needs a complete understanding of the fracture networks and their influence on the fluid flow behavior. Based on this knowledge, representative geo-models can be constructed that provide the field parameters required for dynamic simulation. Modeling fractures presents inherent challenges due to the varying scales at which fracture data and parameters are obtained and characterized. Fracture length varies from cm scale to km scale, whereas fracture apertures and spatial densities are widely spread over various variations. Fracture orientations are complicated and depend on the rocks’ local stress regime. However, all the variations and complexities of the fractures can be covered using specialized software [18].



The DFN modeling can represent fracture characteristics for hydraulically relevant fractures [9]. Fracture distribution, geometry, and fracture orientation are required for creating a DFN model. The DFN is a set of planes representing fractures. Similar and genetically connected fractures are classified into a fracture set, and each fracture network contains at least one or several of such distinct sets [19]. Each fracture network contains at least one fracture set but may have more. Fracture sets are determined deterministically as a group of previously defined fractures due to fault plane interpretation extraction from a seismic cube. Hence, fracture characteristics such as fracture aperture (opening displacement), length, spacing, orientation, and matrix fracture interaction can affect the production behavior of fractured reservoirs. The next sections examine several of the key features of fractures and how they interact with the matrix.



2.1. Fractures Characteristics, Parameters, and Fracture Types


Fracture characterization refers to identifying, measuring, and describing fractures’ physical and geometric properties in a rock formation. The fractures can be characterized using various methods, including; core analysis, well logging, seismic method, and tracer testing. Tracer testing is one of the powerful methods for characterizing fractures and their properties in the subsurface. Tracer tests involve injecting a tracer into a fracture or borehole and monitoring its movement and concentration over time [20,21]. Through the tracer test, one can gain valuable insights into the subsurface flow patterns and better understand the behavior of fractures in the subsurface.



Once a fracture is characterized, its properties can be used to determine its potential for fluid flow or as a pathway for fluid injection. In addition, fracture characterization can be used to identify the type of fracture, such as natural fractures, tectonic fractures, joints, and veins. It can also be used to determine the mechanical properties of fracture, such as fracture aperture, roughness, persistence, and conductivity. The mechanical and morphological characteristics of fractures can significantly impact fluid flow in a reservoir. For example, hydraulic fractures with a branched morphology tend to have higher permeability than those with a non-branched morphology, while tectonic fractures parallel to the direction of fluid flow tend to have higher permeability than those oriented perpendiculars to the flow direction. Understanding fractures’ genetic types and associated characteristics can help develop effective reservoir management strategies.



During the data acquisition, fractures are typically grouped into different discontinuity sets [19]. They can have similar characteristics in the same category, such as the mechanical properties and the origin of occurrence. Fractures in one discontinuity set are parallel, meaning they have a similar dip and dip direction in the case of the systematic fracture sets, making them relatively easy to distinguish [22]. An example of an analyzed Rose diagram showing different fracture sets is illustrated in Figure 1.



Fracture sets recognition depends on pattern recognition expertise and capabilities. Minor variations in attributes are often disregarded to simplify the modeling process and decrease computational power needs [23].



The fracture length and aperture control the flow behavior of fracture networks. The fracture aperture and porosity are estimated by the fracture length [12]. From the fracture aperture, the permeability of the fracture can be estimated. Simple and complex correlations were proposed for fracture permeability. The basic relation is based on Darcy’s equation which resembles the cubic law [24].



The general technique to differentiate fracture types is separating them into open, partial, and closed fractures. Open fractures can be classified according to their aperture values since they are the main concern for fluid flow in porous media [25]. Based on FMI and EMI logs, fractures can be identified, and their aperture can be estimated using mathematical expression by converting measured logging parameters to aperture. For example, based on the FMI log shown in Figure 2, fractures appear as sinusoidal features with more dip than a structural dip. The blue triangles, circular, and square dips represent the minor, medium, and major open fractures. Based on the aperture size, different fracture types, namely major, medium, minor, and hairline fractures, can be identified if sufficient image logs are available. For example, the four mentioned types were determined in a giant carbonate fractured reservoir with more than 29 image logs [26]. In this classification, the major fractures had the highest continuity and aperture values (600 µm), while the hairline fracture type had the lowest values (10 µm). The medium and minor average apertures were 400 µm and 200 µm, respectively. The hairline fractures can be lumped with a minor fracture if their aperture size is too small.




2.2. Matrix–Fracture Interaction


Matrix–fracture interaction is a key aspect of subsurface flow and transport in rock formations. The matrix, which is the intact rock surrounding the fractures, and the fractures can possess distinct properties such as permeability and porosity that can influence the flow and movement of fluids. In the fluid transfer between fractures and matrix, non-dimensional numbers such as Capillary, Gravity, and Péclet number control the flow behavior [5]. Hence, the matrix–fracture interaction is governed by matrix and fracture properties. To understand and predict the behavior of subsurface fluids in fractured rocks, it is important to have a detailed understanding of the properties and behavior of the matrix and fractures and their interactions. This can be obtained through laboratory experiments, field measurements, and numerical modeling, such as rock mechanics tests, permeability, and porosity measurements, microscopic imaging, hydraulic tests, geophysical surveys, well logging, DFN modeling, and coupled fluid flow and geomechanical modeling.



In the water-wet rock reservoirs, the effective imbibition of water from the fractures is supported by a counter-current or co-current mechanism to displace oil from the matrix [27]. It is an effective recovery mechanism in water-wet fractured reservoirs, whereas less effective in a mixed-wettability or oil-wet system since a faster increase in the water cut usually happens. The interaction between the matrix blocks highly influences the gravity drainage mechanism, capillary continuity, and the liquid’s reinfiltration. For gas-based EOR methods, it is the main production mechanism, especially in the gas-invaded zone [28,29,30,31]. Due to the height and large density differences (oil and gas phases), pressure contrast between matrix blocks and surrounding fractures occurs, enhancing oil production from the matrix blocks [12,32].




2.3. Modeling and Workflow for Data Integration


Data integration in modeling naturally fractured reservoirs involves combining different data types to create a numerical model accurately representing the reservoir’s geological and hydraulic characteristics. The difficulty of this procedure stems from the intricacy of the fractures and the requirement for validation at every stage of the modeling and scaling process [14]. Usually, production data are used for tuning the model through history matching. This fact necessitates a precise static and dynamic modeling approach for the fracture networks due to their effects on overall reservoir performance. Fractures of the same type generated simultaneously are grouped into a fracture set, and each fracture network contains at least one fracture set or more. Wellbore data in the form of logs, cores, borehole images, or dynamic data provide information on the characteristics of smaller-scale fractures. In contrast, seismic data can provide the distribution parameters of large-scale discontinuities, e.g., major faults. Stochastic methods are used to populate the area between seismic-scale faults, but reliable statistics might result in high extrapolation uncertainties [33].



Statistical methods are commonly recommended for fractured network characterization. Fracture attributes such as the aperture, size distribution, and fracture density are implemented within the rock volume based on experimentally recognized statistical models [7,9]. The Poisson modeling technique was used in commercial software. However, the model tends to have some uncertainty owing to its simplified assumptions, mainly uniform spatial distribution, fracture shape simplification, and neglecting the relationships between geometrical properties and topological relations are the weakness of this approach [9,34,35].



The main techniques utilized for modeling fractured reservoirs, continuum and discrete fracture modeling (DFM), as well as their combination, are explored in the following sections.



2.3.1. Continuum Approach


In this approach, virtual fracture networks are generated as a second, independent continuum dividing the rock matrix, the first continuum in matrix blocks. Both continuums have their own storage, flow properties, and flow equations. A hydraulic coupling between the rock matrix and the fracture network is introduced by a transfer function. A transfer function defined in shape factor interactions with the two continua (fracture and matrix) and determines the fluid transfer between matrix and fractures. This function represents the difference in pressure between matrix blocks and the surrounding fractures [36]. Several transfer functions were proposed to improve the matrix–fracture interaction description and provide accurate modeling [23,37,38].



Two models were used for the continuum approach, namely the dual-porosity (DP) and the dual-permeability (DK) models [39]. The DP model is computationally efficient, but precision might be compromised due to its tendency to underestimate or overestimate the oil recovery during early or late times. The main difference between these two models is that the exchange of fluids is only allowed between the matrix block and the fracture in the dual-porosity model. This corresponds to a situation in which matrix blocks are essentially insulated by the fracture network. The DP model allows for inter blocks flow and directly connects the flow pathway with the wellbore and the inter-porosity flow between matrix and fracture systems. The modeling results might differ for different reservoirs; however, it is not completely proven to be one or the other. The continuum approach’s main benefit is simplifying the fracture networks’ complexity to be suitable for field-scale studies. However, this simplification might provide misleading simulation results [39,40].




2.3.2. Discrete Fractures Approach


The discrete fractures approach explicitly represents fractures as elements or control volumes as an alternative to the dual continuum approach. The approach involves dividing the reservoir into discrete fractures characterized by their geometric properties (length, width, and orientation) and flow properties (permeability and aperture). The fractures are then connected to the surrounding matrix, representing the non-fractured rock. The DFN is used to display the fracture network [41]. When the permeability of the reservoir matrix is low or negligible, fluid flow through the fractures can be modeled using discrete fracture network models. In comparison, other discrete fracture models need to be utilized in the case of fracture matrix interaction [40].



In the DFM models, the need for transfer functions is eliminated, but it could be used to estimate the properties of fractures that are not directly known [42]. The DFM conveniently describes the fractures’ structural features, such as fracture geometry. Fractures aligning with the internal boundaries of the matrix grids is a mandate in the DFM models. Therefore, unstructured grids are necessary for the fractures’ geometrical representation and the matrix domain’s decentralization. However, quality gridding might not be feasible when the distance between the fracture is trivial [43]. It is worth mentioning that DFM models are computationally intensive and fall outside the realm of traditional solution methodologies for field-scale applications [42].



The embedded discrete fracture model (EDFM) is an alternative modeling technique in the discrete fractures approach, with the advantage of using the non-conforming grid to discretize the matrix domain without considering the fracture’s locations. The approach defines the intersection between the fracture polygons and matrix grids after placing the fractures in the matrix grids. The matrix grid boundaries discretize the fractures, so only one fracture segment is created for each infiltrated matrix grid by a fracture [41]. Based on these measures, the model can be compatible with commercial simulators [40].




2.3.3. Hybrid Approach


The hybrid approach combines the continuum and the discrete fracture approaches. To simulate the overall behavior of the rock matrix and fluid flow through it, continuum elements such as finite difference or finite element methods are employed. The discrete elements, such as DFN, are used to model the fractures’ behavior, including their geometry, orientation, and aperture. The construction of the hybrid model has two essential processes: partitioning and lumping. The fracture network is separated into two sets based on a pre-determined cutoff in the partitioning process. The continuum approach implicitly represents the small fracture set, while the discrete fracture approach explicitly represents a large one. It should be noted that the implicitly represented fractures must be subdivided into fracture groups so they can be integrated into a continuum [40]. The hybrid approach is particularly useful for fractured reservoirs because it can accurately capture the complex behavior of the fractures and their interaction with the surrounding rock matrix and fluids, leading to more accurate predictions of fluid flow and production rates.



In summary, different simulation approaches were proposed for fractured reservoirs; however, the simulation outcome might differ depending on the reservoir and fracture properties. For example, water movement and distribution differ between DFN and non-DFN models for water flooding in a low permeability reservoir. The DFN model predicts more water spreading and reaching farther locations than the non-DFN model [44]. Hence, the simulation modeling approach is critical for the secondary oil recovery and EOR stages.






3. Impact of Fractures on Recovery Processes


Fractures can have a considerable effect on oil recovery in various stages of production. They create additional conduits for oil flow, enhancing the permeability of the reservoir, and enhancing the effectiveness of oil recovery techniques. The initial production of fractured reservoirs can reach high levels, and this is due to the oil production from the fracture. However, they might quickly decline [45]. The rapid decline after high initial production flow rates is typical for most fractured reservoirs. At the commencement of the production life cycle, oil mostly fills the fractures and matrix pores. Furthermore, the fracture network’s complexity often results in the injected fluid being channeled or fingered in the displacement process, which results in low oil recovery [46,47]. Therefore, preserving the production is problematic due to the different types and complex structures of fracture networks.



A workflow for quantitatively classifying all types of fractures in fractured shale reservoirs into different categories was presented based on their effects on reservoir performance [48]. The study includes micro-scale and reservoir-scale modeling to investigate the influence of small and large fractures on equivalent permeability, production performance, and pressure propagation speed. The results suggest that an analytical apparent permeability model can be used to describe the effect of isolated and connected fractures on production for certain ranges of fracture aperture and matrix permeability. The study also found that disconnected fractures had a minimal influence on gas production and can be modeled using the matrix–fracture effective permeability method and medium continuum model, while the DFM method should be used for connected fractures. The study provided valuable guidance for optimizing fracture modeling in unconventional fractured reservoirs.



Fractures can also affect the pressure distribution within the reservoir, impacting the effectiveness of primary and secondary recovery methods. Fractures can act as conduits for the injection of water or gas to displace oil and improve recovery. However, if not well understood, they can also cause pressure communication between injectors and producers, leading to early and undesirable water or gas breakthrough.



All fractures might contribute positively to the fluid flow during primary production, but during secondary production, the effect of non-major fractures suddenly diminishes [14,34,35]. Multiple experimental and theoretical studies examined the influence of fractures on oil production [49,50,51,52,53]. However, different observations and conclusions are reported due to the matrix, fracture, and fluid properties used. The categorization of these observations is pending.



3.1. Primary Recovery


Natural fractures have a variety of primary production behaviors and mostly lead to low oil recovery. In the initial primary recovery, oil from the fractures is produced first, resulting in very high recovery peaks, which may decline quickly [45]. Primary fractures mainly contribute to fluid flow in reservoirs with widespread aperture distribution and good fracture network connectivity [34,35,53]. In primary production, fractures provide the path for the oil to flow toward production wells; even small fractures should be considered; hence, all fractures should be included in the primary production stage [14,35,54]. Excluding the medium or minor fractures results in underestimating the oil recovery.



The findings recently published are based on a hypothetical 2D horizontal slice model that assumes the presence of major fractures with a 1.0 mm aperture surrounding a matrix block. Figure 3 illustrates that medium (0.5 mm) and minor (0.1 mm) fractures are present within the matrix block.



The impact of the fracture characteristics was evaluated for a fractured field with 38 years of production history using fracture properties without altering the matrix properties [12]. Most reservoir wells reported excellent matching results with improved fracture modeling. Figure 4 shows the oil production and pressure profile for one of the wells in a studied carbonate fractured reservoir with four different fracture type combinations [14]. Red dots represent the observed production and pressure data, whereas the curves are the simulation results. Realistic predictions are achieved when all effective open fractures are included in the model, although the hairy fractures do not impact the prediction in the study well. Therefore, proper fracture identification and characterization will assist in better history-matching processes for the reservoir under study. Most importantly, fracture properties should not be sadistically modified by local adjustment or multipliers, which might result in a fictitious simulation model without future prediction capability.




3.2. Secondary Recovery


After the primary production diminishes, the secondary production typically results in gas injection or a waterflood. Oil production depends on the supply of injected water or gas during water or gas floodings. During this stage of recovery, oil production depends on the supply of injected agents. In water-wet reservoirs, the water level rises through fractures, and water injection often starts after increased water saturation. However, due to imbibition, water starts encroaching into the matrix, gradually displacing the oil. Hence, most of the oil is produced from the fracture network before the water breakthrough [55]. The fractures are filled with water upon breakthrough, and then, oil production from the matrix commences [56].



In a model describing a five-spot water flood with major, medium, and minor fractures, minor fractures hardly contributed to the recovery [26]. The results showed that fracture networks performed similarly in the early period, but later major-only fracture networks performed worse when the medium fracture was excluded. Based on the same model with different fracture properties, a relatively small number of fractures carried almost all the injected water to the production well [34]. Yet, fractures might behave as capillary barriers to imbibition and reduce oil recovery, even if they are more permeable than the matrix [35].



In the case of gas injection, faster breakthrough times were observed in fractured reservoirs. The significant permeability difference between fractures and the matrix can cause high injection rates and pressure buildup in the fractures, leading to premature breakthroughs and decreased oil recovery [14]. In addition, the performance is more dependent on fracture permeability changes during gas injection than waterflooding. Horizontal wells performed better than vertical wells, mostly related to enhanced gravity effects [26]. In addition, when the medium fractures are excluded, the recovery is underestimated. The gas/oil ratio behavior led to overestimating the produced gas quantity in the early period. Later, the trend shifted to underestimating the produced gas quantity [53]. It should be noted that the effect of minor fractures was minimum regarding oil recovery. At the same time, it had a noticeable effect on the gas and gas/oil ratio in the different periods of the process. Hence, all fractures should be included in the gas injection process.



The complex nature of fracture properties and their unpredictable geometry pose a challenge in predicting the impact of fractures on secondary recovery. Hence, a discrete fracture model (DFM) approach is advised for simulating and comprehending the behavior of fractured reservoirs.




3.3. Enhanced Oil Recovery


Most known EOR methods can be applied to fractured reservoirs, provided the injection agent rate is optimized [5]. In addition, related mechanisms, such as spontaneous imbibition, gravity drainage, etc., for the fractured reservoir should be boosted. Rock and fluid interactions and molecular diffusion effectively impact recovery; in contrast, an oil-wet rock matrix might hinder the oil recovery in some EOR processes [57,58]. However, spontaneous imbibition in water-wet rock and gravity drainage are important production mechanisms in naturally fractured reservoirs [5,12,31,53,59]. The matrix system is mostly bounded by a fracture system with high conductivity. The oil in the fracture is favorably produced through water injection due to its high conductivity. However, rock wettability can work against the water injection process in some reservoirs. When injected, water tends to ascend and trespasses the oil bank creating fingers and an early breakthrough for the matrix system; the predominant recovery mechanism is spontaneous imbibition, which is driven by capillary pressure [60]. The imbibition rate is related to the mobilities ratio and can be either counter-current or co-current displacement [61,62,63,64]. The spontaneous imbibition mechanism is more efficient in the water-invaded zone, where capillary forces cause water to be absorbed into the rock, resulting in oil production in the fractures. During the imbibition process, co-current production always takes precedence over counter-current production.



Moreover, capillary forces determine fluid exchange between matrix and fracture. The matrix capillary pressure curve differs from the fracture network in a water-wet case. When this happens, the pressure of oil inside the matrix is higher compared to that of the fracture. As a result, water spontaneously imbibes, and oil expels from the matrix to the fracture without difficulty. However, this is not the case in an oil-wet system.



Gas injection has a wide range of applications as an EOR process for fractured reservoirs; due to the good injectivity compared to water or chemical EOR Methods. The gravity drainage mechanism is enhanced due to the high permeable fractures that gas prefers to flow through. Depending on reservoir conditions, the miscible and immiscible gas injection might be feasible as an EOR process [65]. Gravity drainage is the controlling mechanism of oil recovery and acts as the main driving mechanism, where the gas displaces the oil (wetting phase) out of the rock. Because of the significant density difference, gas-assisted gravity drainage (GAGD) is an efficient production mechanism in the gas-invaded zone [31]. Thus, the GAGD mechanism should be reinforced during gas injection processes. The basic principle of gravity drainage mechanism can be described by an oil-filled matrix block surrounded by fractures filled totally or partially with gas. Oil is displaced through gravity drainage and gas diffusion in the matrix, displacing the oil. Fracture and matrix properties can hinder or accelerate the process. Higher recovery can be attained when the permeability of the vertical fracture is higher than the horizontal one [58]. Sufficiently high depth with large reservoir blocks in the direction of gravity provides better oil re-imbibition from matrix to matrix [66].



For thermal processes such as steam and in situ combustion, in the form of steam-assisted gravity drainage (SAGD and in the form of combustion-assisted gravity drainage (COGD)), the orientation of the fractures affects the steam expansion and the combustion propagation from the injection to production wells [67,68,69,70,71]. A simplified two-dimension model fractured system of a matrix surrounded by fractures studied by Kharrat and his co-workers is shown in Figure 5 [70]. One common observation was the overall shape of the front changes compared to the concave shape of the conventional reservoirs for all thermal and non-thermal recovery methods [67,68,69,70,71,72,73,74]. The geometrical fractures properties, such as orientation, density, location, and fracture networks, affected the process performance [67,68,69,70,71,72,73,74].



For the combustion process, the presence of fractures results in lower combustion front temperature and the formation of the water bank in the fractured zone. The generated water bank prevents oxygen from breaking through fractures into the production well. Water imbibition from the fractures into the matrix can be considered an oil depletion mechanism for the fractured reservoir [70].



For the steam injection, simulation results showed that vertical fractures enhanced SAGD recovery achievable from NFR compared to only horizontal fractures. Higher horizontal fracture density further reduces the ultimate oil recovery since the consequent set of horizontal fractures restricts the steam chamber development more [67].



Fractures can enhance the SAGD and COGD performance by enabling a larger contact area between hot fluid (air and steam) and oil. Vertical fractures increase the performance by spreading the hot chamber shape, whereas horizontal fractures mitigate the effectiveness of the process [67,68,69,70,71]. Hence, a negative impact on oil production results from horizontal fractures, while vertical fractures enhance production. Most reported EOR gravity drainage process studies observed oil production enhancement in the presence of horizontal fractures [67,70,71,72,73,74]. The vapor-assisted gravity drainage (VAGD) process, also known as vapor-assisted petroleum extraction, can similarly gain advantages from fractures in heavy oil reservoirs, just like the SAGD and COGD processes [72,73,74]. Fractures assist in spreading the solvent over a wider area, thereby increasing the duration of interaction between vapor and oil.



Poor sweep efficiency is common in most gas-based enhanced oil recovery (EOR) processes due to gravity override and unfavorable mobility conditions. Hence, mobility control is necessary to enhance sweep efficiency and make the gas-based EOR processes effective.



The water alternating gas method performs better than water or gas injection due to overcoming the underride (water) and overriding (gas) phenomenon. The WAG in naturally fractured reservoirs is feasible if the viscous and capillary forces dominate over gravity [5,75]. In addition, the larger contrast in the fractures and matrix permeabilities is important for a successful application [5].



Foam was used to divert the gas from the fractures into the matrix through gas mobility reduction and wettability alteration. However, harsh fractured reservoir conditions such as high salinity and temperature might hinder the application of foam and other chemicals in fractured reservoirs [31,46,65,76,77]. Foam-assisted gas injection processes’ performance for fractured reservoirs was reported in the literature [76,77]. Fracture properties and foam generation methods might affect the recovery performance [78,79]. The results of in situ foam generation in fractures, as opposed to the injection of pre-generated foam, showed bubble size generation. The in situ generation resulted in larger bubble sizes, four times bigger than pre-generated foam. This difference in bubble size was linked to the number of “snap-off sites” in the fractures compared to the number of snap-off sites in the foam generator [80]. The fracture aperture and the bubble size ratio also impact sweep efficiency. Foam can be used along the WAG process as foam-assisted gravity drainage (FAWAG) to enhance recovery [31]. A recent study showed that fracture networks’ impact is process deepening [53]. The FAWAG process was more sensitive than the WAG and the continuous gas injection process.



The performance of EOR methods was quantified in fractured reservoirs based on acting forces such as viscous, capillary, and gravity [5]. Both gravity number and capillary number can be used to control the behavior of fluids in a fractured reservoir, but it depends on the specific flow mechanism that is being studied. The behavior of viscous fingering is determined by the dimensionless capillary number and gravity segregation by the gravity number [5,74]. These parameters are used to compare fluid behavior and must be considered accordingly. It is important to mention that these numbers do not consider the influence of fracture properties and cannot offer a thorough comprehension of fluid behavior.



Chemicals such as surfactants and polymers were implemented in fractured reservoirs; however, most reported applications are at the pilot scale [80]. The surfactants are mainly used for interfacial tension and wettability alteration of mixed or oil-wet reservoirs, whereas polymers are for mobility control. When surfactants are used, water breakthrough through the fracture is delayed in oil-wet rocks. In water-wet cases, water imbibes in the matrix blocks resulting in the oil displacement from the matrix blocks towards the fractures [81]. The gravity mechanism is more dominated when surfactants are combined with polymers (SP) due to the lower capillary pressure. However, a breakthrough may occur faster for high fracture permeability than the matrix.



Finally, the use of smart water and carbonate water for fractured carbonate reservoirs is worthy of consideration [82,83,84]. These methods offer several advantages over traditional EOR techniques, including improved oil displacement, increased oil recovery, and reduced water production. In carbonate water flooding, carbonate-rich water is injected into the reservoir to mobilize and displace trapped oil. The carbonate in the water reacts with the rock matrix, potentially changing the fracture and matrix permeabilities and leading to enhanced sweep efficiency [82]. Recent studies indicate that these reactions are more active in fractures than in the matrix [84]. Additional studies are necessary to fully understand the influence of carbonated and smart water flooding on the fracture network and the potential production mechanisms that might develop.





4. Summary and Conclusions


It is crucial to comprehend the effects of fractures on production, which can be both positive and negative, to optimize recovery in fractured reservoirs. Accurate modeling is imperative for the success of any secondary or enhanced oil recovery method chosen for implementation in these types of reservoirs. Reservoir models are usually tuned based on the production history in the primary and secondary stages of recovery. However, precise fracture characterization in line with good reservoir characterization is essential in obtaining a reliable reservoir description in the history-matching process. Data, including image logs, faults maps, curvature maps, mud loss maps, productivity indexes, etc., are essential for fracture and reservoir characterizations. The fracture types and density logs can be obtained and classified based on the fractures extracted from the image logs from which a continuous fracture network (CFN) can be constructed. Consequently, a three-dimension DFN model can be generated from the CFN model, providing a basis for a reliable dynamic simulation model and a deep understanding of the production challenges of fractured reservoirs and their impact on oil production in naturally fractured reservoirs.



All conventional EOR methods can be implemented for fractured reservoirs; however, the fracture characteristics and orientation should be considered, and gravity drainage should be enhanced through injection rate optimization and precise well locations. This review indicates that fracture type identification and characterization are vital for providing a more realistic dynamic simulation model by integrating geoscience, reservoir, and production data. The fracture types’ contributions differ in the primary recovery and EOR processes. Almost all fractures contribute to production in the primary recovery, while major fractures mainly contribute to production in the secondary and tertiary stages. In water flooding, the displacement is achieved mostly by the primary (major) fractures, and secondary fractures have a minor effect on the oil displacement from the injection to production wells. Gas-assisted gravity drainage is more beneficial than continued gas injection for the fractured reservoir, especially for reservoirs with high vertical fracture density. For thermal processes where the gravity drainage is assisted, the orientation of the fractures affects the chamber propagation and expansion from the injection to production wells. Vertical fractures and their intensity align with the oil recovery enhancement, while horizontal fracture hinders recovery.



Extensive research was conducted in the last two decades with the objective of more precise identification, characterization, and modeling of fracture networks. The main theme of the published work is related mainly to; integrating data from multiple sources, machine learning, microseismic monitoring, fracture mapping, and integrated reservoir modeling. Data from well logs, core samples, and seismic surveys are used to create a more comprehensive fracture network model, while machine learning techniques are used to analyze large amounts of data and improve fracture prediction.



A comprehensive representation of the reservoir is constructed by combining geological, geomechanical, drilling, reservoir, and production data. Using fracture mapping techniques helps identify fracture patterns in the reservoir and comprehend fluid movement through the fracture network. Optimal characterization and modeling of the fracture network necessitate the integration of multiple techniques and sources of data. Model accuracy and production forecast realism can be improved by aligning the models with field data, such as production and pressure data.
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Figure 1. Rose diagrams showing different fracture sets. 
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Figure 2. FMI image and core of a carbonate formation: major open fractures blue square dips, medium open fractures (blue circular dips), and minor open fractures (blue triangle dips) [11]. 






Figure 2. FMI image and core of a carbonate formation: major open fractures blue square dips, medium open fractures (blue circular dips), and minor open fractures (blue triangle dips) [11].



[image: Energies 16 03437 g002]







[image: Energies 16 03437 g003 550] 





Figure 3. Scheme of a hypothetical model with the deterministically distributed fractures (black: major; red: medium, green: minor fractures). 
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Figure 4. Oil production rates and pressure under natural depletion [14]. 
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Figure 5. Oil saturation profile for conventional (top) and fractured (bottom) models. Red refers to oil saturations, whereas green refers to the depleted zoned (So = 0) [70]. 
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