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Abstract

:

The utilization of geological formations, distinguished by natural porosity and permeability and protected by low-permeability caprock, has emerged as an effective strategy for carbon dioxide (CO2) storage. This method significantly contributes to mitigating anthropogenic greenhouse gas emissions and addressing the challenges of climate change. Recent research has unveiled the potential of CO2 to enhance geothermal heat energy extraction in geothermal reservoirs by acting as a subsurface heat exchange fluid. This review paper explores the viability of CO2 in augmenting geothermal heat energy extraction, comparing it to conventional water-based geothermal systems. Special emphasis is placed on CO2 plume geothermal (CPG) systems, characterized by rapid deployment and long-term utilization of geothermal energy resources. With the overarching objective of establishing net-zero energy communities, the analysis of such systems offers a comprehensive understanding of their features, providing a fresh perspective on extracted energy within the context of energy supply in integrated, sustainable energy in built systems. Notably, these systems demonstrate efficacy in meeting the power requirements of an energy community, spanning both distinct heating and electricity needs. However, the key challenge lies in selecting suitable locations. This scientific review aims to comprehend the characteristics of CPG under specific temperature and pressure conditions while optimizing subsurface permeability. This insight is pivotal for identifying future locations for CPG operations with the intent of powering small energy communities.
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1. Introduction


1.1. Background


Following the industrial revolution, global warming and energy shortages have emerged as the most widely discussed challenges [1]. The Earth’s increasing temperature is primarily attributed to greenhouse gases, with carbon dioxide (CO2) being a major contributor. Unlike other pollutants, CO2 can be significantly eliminated since it is primarily emitted by specific sources, mainly from human industrial processes [2]. One effective method to address this is “carbon capture and sequestration” (CCS) in geological formations. While CCS is considered the primary approach for reducing CO2 in the environment, its implementation faces an important challenge: the associated cost [3].



Geothermal energy provides environmentally friendly, steady, and reliable electrical power without the need for large-scale energy storage on the grid, distinguishing it from many other renewable energy options. The extensive harnessing of deep geothermal energy holds the potential to substantially contribute to decarbonization of the power, heating, and cooling industries [4]. Although this idea has reached a high “technological readiness level” (TRL), the availability of hydrothermal resources is restricted to specific geologically advantageous areas. Therefore, a heightened emphasis on petrothermal projects will be crucial for the meaningful integration of deep geothermal energy into the global energy system’s transformation in the upcoming decades.



To tap into the abundant geothermal energy for human use, various approaches have been proposed to create or expand fractures within hot, dry, and impermeable crystalline basement rocks. This process aims to establish artificial geothermal reservoirs of relatively small size that can facilitate the flow of fluids and extraction of heat. This system, known as an enhanced or “engineered geothermal system” (EGS) (Section 2.2), commonly employs water to fracture the rocks and extract heat through advection. However, there have been proposals to use CO2 as the working fluid [1,5]. While EGS holds promise for improving access to geothermal resources, there are several challenges that need to be addressed through technological advancements before this system can effectively extract significant amounts of energy [6]. Some of the shortcomings associated with EGS include low heat extraction efficiency, potential of rock mineral precipitation and dissolution, substantial energy demands for water circulation, and issues of water scarcity in certain regions [7]. These limitations highlight the need for further research and development to overcome these obstacles and optimize the performance of EGS for large-scale energy extraction.



The utilization of CO2 as a heat carrier has garnered increasing attention from both academia and industry over the past two decades. Recently, the findings of an initial larger research demonstration project have been published [8]. Integrating CCS with geothermal energy production can lower greenhouse gas emissions, contributing to climate change mitigation [9]. Furthermore, it can enhance the economic viability of CCS [10], leveraging the advantageous thermodynamic and fluid mechanical properties of “supercritical CO2” (sCO2) (Section 2.3). Additionally, the superior heat extraction efficiency of CO2 compared to water or brine becomes especially advantageous in regions with low-to medium-grade geothermal heat resources. In such areas where traditional geothermal electricity production may not be economically feasible, this approach has the capability to substantially expand global geothermal electricity generation [11].



Until now, investigations into electric power generation utilizing CO2 as the subsurface working fluid have mainly concentrated on EGS reservoirs within a restricted range of conditions [12,13,14]. Atrens [13] computed exergy production, representing the maximum theoretical surface plant electric power production, for both subsurface CO2 and water using a specific set of parameters. These parameters included a temperature of 225 °C, a depth of 5 km, a reservoir with fixed permeability modeled using the Darcy equation, and injection and production well diameters of 0.23 m. Beckers et al. [14] conducted calculations on electric power production and the “levelized cost of electricity” (LCOE) for EGS using fixed mass flow rates. This involved varying multiple parameters, such as depth, geothermal well diameter, temperature gradient, and surface plant design. However, EGS has faced substantial socio-political resistance, as evidenced by the termination of several EGS projects in 2009, including the Basel project in Switzerland [15].



Although the application of CO2 was initially described in the context of EGS [1,12,16], Randolph and Saar [10,17,18,19] advanced the concept by integrating geothermal energy production with geological carbon dioxide sequestration. They termed their concept the “CO2 plume geothermal” (CPG) system, distinguishing it from CO2-based EGS approaches (Section 2.3). The CPG concept has been extensively explored and discussed in various publications after Randolph and Saar, including those by Adams et al. [20,21,22], Garapati et al. [23,24,25,26], Ezekiel et al. [27,28,29], and Fleming et al. [30,31].



In the CPG approach, sCO2 is injected into pre-existing naturally porous and permeable geologic formations. As it traverses through the geologic reservoir, it undergoes geothermal heating. A portion of the heated CO2 is subsequently extracted back to the surface, using an appropriate well configuration system. This recovered CO2 can be applied for direct heat applications or used to produce electric power through a direct CPG turbomachinery power plant [21,27,28]. The primary purpose of CPG is to recover geothermal energy from these formations, and as a secondary benefit, the originally injected CO2 can be permanently stored underground, transforming the process into a “CO2 capture, utilization, and storage” (CCUS) technology [10,17,18,19].




1.2. Overview of Past Research on CPG Studies


The primary focus of research on CPG technology revolves around reservoir and wellbore fluid dynamics, subsurface heat transfer, and the surface components of the system. Numerous numerical models have been developed to simulate CPG systems, taking into account different reservoir parameters and CO2 injection rates. These models play a crucial role in helping researchers to analyze and optimize CPG’s performance under diverse conditions.



Garapati et al. [23,24,25,26] have conducted extensive research on CPG technology. In their study [23], they observed that increasing reservoir thickness, permeability, and porosity lead to higher total heat energy output. The contribution of thermal energy from CO2 increases with temperature and CO2 mass fraction, while the contribution from the rock matrix decreases. Furthermore, their analysis of CPG performance in multi-layered geologic reservoirs [24] revealed that the CO2 mass fraction depends on higher-permeability layers, while horizontal layers act as conductors for CO2 flow. Permeability heterogeneity affects the pressure drop and heat energy extraction rate, with low-permeability layers leading to greater pressure drops.



Additionally, Garapati et al. [25] explored the impact of CO2 injection on brine displacement. Their findings showed that the initial CO2 injection increases with well spacing, permeability, and reservoir depth, but diminishes for higher geothermal gradients. The rates of heat extraction vary depending on the depth of the reservoir, gradient, and circulation rate. Lastly, in their evaluation of electric power generation potential between two geothermal-hybrid systems, Garapati et al. [26] observed that direct CPG systems generate more power at low turbine inlet temperatures, while indirect brine-hybrid systems perform best at low-to-moderate temperatures. Optimal turbine inlet temperatures and heat fractions play crucial roles in maximizing the hybrid power ratio.



The research undertaken by Adams et al. [20,21,22] further expanded the knowledge of CPG technology and its impact on various aspects of the system. Adams et al.’s [20] focus was on highlighting the significance of the “thermosiphon effect” in CPG systems (Section 2.3), analyzing the influencing factors, and developing a mathematical model based on thermodynamics and fluid mechanics. They found that CO2 has lower pressure losses, a larger thermosiphon-induced mass flow rate (compared to brine), higher heat extraction rates, and requires less pumping power. It performs well at shallow depths and has optimal benefits between depths of 0.5 km and 3 km.



In addition, their comparative analysis of CPG and brine geothermal systems under varied reservoir conditions [21] showed that CO2 experiences less pressure loss than brine in sedimentary reservoirs and demonstrates higher power generation capacity at lower-to-moderate depths and permeabilities. In hot and deep reservoirs, CO2 direct systems outperform brine systems by producing significantly more power.



Furthermore, Adams et al.’s [22] study investigated the impact of heat depletion on CPG systems in sedimentary basins, emphasizing the importance of considering heat depletion in system design. The findings highlighted the optimal reservoir radius for maximizing power generation and sustaining it over time. The study also addressed the trade-off between energy extraction and long-term reservoir sustainability, emphasizing the impact of reservoir thickness and well pipe diameter on power generation and heat depletion rates.



Expanding on the groundwork established by Adams et al., the investigations carried out by Ezekiel et al. [27,28,29] introduced another innovation in the CPG system. In their study [27], they explored the use of sCO2 as a working fluid for “enhanced gas recovery” (EGR) and extracting geothermal energy from deep natural gas reservoirs. The system aimed to capture and store CO2 while optimizing power output. Numerical simulations indicated that integrating CO2 injection for gas recovery and establishing a CO2 plume for geothermal energy leads to an augmentation in energy production. This approach improves overall gas field performance and extends its lifespan, making it suitable for geologic CO2 storage and geothermal energy extraction.



Moreover, Ezekiel et al. [28] explored the potential synergy of utilizing CO2 for EGR and CPG from natural gas reservoirs. Their results demonstrated that optimal overall energy recovery performance was achieved by overlapping “CO2-enhanced gas recovery” (CO2-EGR) and CPG stages with a brief CO2 injection period. Sensitivity analysis revealed that permeability anisotropy and reservoir temperature influence EGR, while reservoir temperature and wellbore diameter affect geothermal power generation. In their recent work [29], they emphasized the importance of optimizing the fluid production flow rate to minimize water entry, maintain annular flow, and maximize CPG power generation. They conducted a flow pattern transition analysis for CO2-brine systems, discussing minimum CO2 velocity, case study insights, and sensitivity analyses of operational and reservoir parameters.



Delving deeper into the understanding of the CPG field, Fleming et al.’s [30,31] studies have made crucial and notable contributions. Specifically, Fleming et al. [30] investigated the potential for increased power generation in CPG power plants through exothermic water exsolution. Wet CO2 models, considering water dissolved in CO2, led to higher wellhead fluid temperatures and resulted in a noteworthy rise in turbine electric power output in comparison to dry CO2 assumptions. Furthermore, the concept of a “flexible CPG” (CPG-F) facility [31], which combined dispatchable power generation and energy storage using geologically stored CO2, generated higher instantaneous power compared to a traditional CPG power plant but had lower daily energy production. However, the “CPG-F facility” designed for different energy storage durations incurred a higher capital cost but yielded more power.



Following the aforementioned inquiries, it is crucial to underscore and examine some supplementary and up-to-date research on CPG technology. To begin, the simulation of multi-fluid and multi-level geothermal systems using brine and CO2 as working fluids has shown that integrated reservoir systems could extend reservoir lifespans, generate more electricity, reduce fluid-induced seismicity risk, and offset the expenses associated with CCS (Saar et al. [32]). In this research, a model of a generic system was developed over a span of 100 years using the “NUFT numerical simulator,” considering factors like heat transfer, pressure changes, flow dynamics, and other parameters. Moreover, Hefny et al.’s [33] investigation focused on geologic CO2 storage in the Nubian sandstone formation in the Gulf of Suez, Egypt, utilizing synchrotron X-ray computed microtomography to create a high-resolution 3D pore network model of the rock. A numerical simulator was developed to predict the characteristics of two-phase flow and investigate CO2 trapping mechanisms. The findings demonstrated the efficiency and capacity of Nubian sandstone for CO2 storage and contributed to the development of effective CCS strategies.



Finally, yet importantly, the works by Brummen et al. [34], Schifflechner et al. [35], and Norouzi et al. [36] have to be mentioned as the most recent studies in the CPG field. Brummen et al. [34] explored the feasibility of utilizing CPG power plants and “CPG-F facilities” combined with wind and solar energy sources to tackle the challenges posed by variability and intermittency. They employed plant-scale and power grid-level optimization models to determine the optimal power capacities under different scenarios. The results indicated that while CPG power plants may face limitations on hot days and might require curtailment when combined with renewables, “CPG-F facilities” equipped with long-duration energy storage can alleviate system capacity needs and mitigate these limitations. Schifflechner et al. [35] assessed various configurations of CPG plants for “combined heat and power” (CHP) production. They concluded that CPG plants are suitable for CHP applications, but necessitate larger reservoir depths compared to water-based systems. The two-staged serial concept demonstrated the highest net power output, while thermosiphon systems exhibited the potential for significant revenue increases. Consequently, CHP applications can enhance the overall efficiency of CPG systems.



Conversely, Norouzi et al. [36] assessed the feasibility and efficiency of CPG systems in generating power from 3D fluvial aquifers, revealing that the CO2 injection rate, aquifer thermal depletion, and fluvial heterogeneity significantly impact system performance. Supercritical CO2 production and parallel well orientations yielded better results. Homogeneous cases outperformed heterogeneous cases in terms of cumulative power generation. High mass flow rates were necessary for acceptable power output, suggesting the need for alternative scenarios like depleted oil reservoirs or smaller-scale applications.



Several research endeavors have explored the benefits and challenges of integrating CPG systems with “carbon capture and storage” (CCS) in various locations. However, some researchers have primarily focused on investigating the feasibility of CPG systems in India and Germany. Gupta and Vashistha [37] discussed the technical and economic advantages of CPG systems in India, while McDonnell et al. [38] conducted a comprehensive feasibility study in Germany. The findings unveiled the significant geothermal potential in India, the economic competitiveness of geothermal energy compared to other renewable sources, and the scalability and capability of CPG systems to deliver a stable power supply. Similarly, Germany’s geologic formations were found to be favorable for CPG systems and CO2 utilization. The economic analysis conducted in both studies demonstrated promising returns on investment, highlighting the potential economic viability of CPG systems in these regions.




1.3. Objectives of the Paper


In this paper, particular attention is given to the methodologies employed by Randolph and Saar in their extensive CPG technology research [10,17,18,19]. The researchers devised sophisticated models to simulate CPG technology operations under specific conditions. The paper critically assesses the rates of energy recovery and production achieved by CPG systems, employing a comparative analysis against EGS systems. Additionally, it scrutinizes the simulation methodologies of using H2O and brine versus CO2 as working fluids in CPG systems for energy comparison. This comparative approach sheds light on the relative effectiveness of CPG in meeting the energy demands within a built environment.



A key focus of the evaluation is the simulation methodologies employed by Randolph and Saar, particularly regarding the use of different working fluids—H2O and brine versus CO2—in CPG systems. This comparative analysis aims to provide insight into the energy efficiency and potential benefits associated with utilizing CO2 as a working fluid in CPG systems. Understanding these simulation approaches is crucial for future optimization of CPG technology, especially in addressing the power and heating needs of an energy-efficient building community.



As the broader goal of this paper aligns with creating net-zero energy communities, the findings from Randolph and Saar’s methodologies contribute significantly to the ongoing discourse on sustainable and renewable energy solutions. By emphasizing the role of CO2 in CPG systems and its impact on energy efficiency, this review adds a valuable perspective to the quest for optimal methods to strengthen the power heating requirements of energy-efficient built environments.





2. Utilizing CO2 as the Working Fluid in Geothermal Power Plants


To delineate the attributes of CO2-based geothermal systems, particularly the technology of CPG systems, a brief overview of the fundamental operations of a geothermal plant will be presented.



2.1. Introduction to Geothermal Power Plants


The production of geothermal energy is contingent on extracting thermal energy from the Earth’s subsurface. A geothermal reservoir is a volume of rock in the subsurface, the exploitation of which in terms of heat can be economically profitable. Due to several geomorphological and other rock properties and parameters, such as location, depth, thermal mass, and reservoir flow, the operating temperature of a geothermal plant varies. Thus, three main technologies can be distinguished for electricity production from geothermal resources: (a) flash steam, (b) dry steam, and (c) the binary cycle, which is used for lower-temperature geothermal resources [39,40,41]. The commonly used working fluid to circulate geothermal heat is water (H2O) [42]. In the binary cycle, a second working fluid is required to drive the power loop. The most common fluids for this purpose are propane, butane, pentane, and ammonia (NH3) [40].



Geothermal systems typically utilize injected “cold” water to transport heat from the subsurface to the surface, where it is converted into electricity via turbines and generators [42]. The binary cycle operates in two separated loops:




	
The geothermal loop involves the absorption of heat from the hot rock, which is then transferred to the evaporator. This process leads to the transformation of the secondary working fluid into saturated steam through heat exchange.



	
The power loop involves the second working fluid undergoing expansion in the turbine to generate electricity in the generator [40,41,42].



	
Geothermal systems operate through a continuous circulation of mass and heat fluid [43].









2.2. Enhanced Geothermal System (EGS)


An enhanced or “engineered geothermal system” (EGS) represents a highly efficient method for achieving electricity production through high-temperature geothermal technology. EGS involves creating an artificial geothermal reservoir by injecting fluid at high pressure into hot, impermeable rock formations. This is particularly beneficial when natural permeability is low or when the hot rock lacks sufficient fluid saturation. Commonly, sedimentary zones and regions with “hot dry rock” (HDR) characteristics are used to stimulate the flow of heat to the surface.



“Hot dry rock” (HDR) is a type of EGS technology that involves creating artificial geothermal reservoirs in dry or impermeable rock formations. Designed to overcome the limitations of traditional geothermal systems, which rely on naturally occurring hot water or steam, HDR technology enables the extraction of heat from areas lacking such reservoirs. With HDR technology, it is possible to extract heat from areas that do not have naturally occurring geothermal reservoirs. These reservoirs typically exist at depths ranging from 2 to 10 km below the Earth’s surface, and the rock’s permeability and porosity are typically low, often with few or no fractures. Fractures are mechanical breaks in rocks involving discontinuities in displacement across surfaces or narrow zones [42].



The HDR process involves hydraulic fracturing (or hydro-fracturing) to create fractures in impermeable rock, enhancing water circulation. During the hydro-fracturing process, water is injected at high pressure through an injection well into the rock formation, creating small cracks and fractures [44,45]. These fractures are then held open using proppants like sand or ceramic particles, preventing them from closing once the injection pressure is released. Additionally, the water used in the hydro-fracturing process is typically mixed with a small amount of chemical additives, such as acids or polymers, to dissolve or break down minerals in the rock and increase the permeability of the fractures.



Once the fractures are created, water is circulated through the newly formed channels and heated by the surrounding hot rock. This heated water is then pumped back to the surface through a separate production well, where it is utilized to generate electricity in a geothermal power plant. This process establishes pathways for heat exchange between the HDR and working fluid. A system of production and injection wells is constructed to circulate the geothermal fluid and extract the heat [5].



Certainly, improving EGS involves addressing the expenses related to drilling and water loss [42]. Nevertheless, the advancement of EGS may present environmental impacts such as air and water pollution, induced seismicity (resulting from the intentional surpassing of critical fracture stresses [46,47]), and increased water consumption, hindering its worldwide application. Besides potential environmental impacts, various institutional, regulatory, technological, and financial factors pose challenges to the deployment of EGS [48].



The hydro-fracturing process is a vital element of HDR geothermal systems and EGS, enabling the creation of an artificial reservoir in dry or impermeable rock formations and enhancing the efficiency of heat transfer between the rock and circulating fluid. However, it is important to note that the use of hydraulic fracturing has been controversial due to concerns about its potential environmental impact, including the risk of groundwater contamination and seismic activity. Therefore, proper environmental safeguards and monitoring should be implemented to ensure the safe and sustainable use of this technology.




2.3. CO2-Based Geothermal Systems


As mentioned above, CO2 has recently been proposed as a geothermal working fluid due to its enhanced thermodynamic supercritical properties compared to H2O-based systems, introducing an opportunity for geological storage [49]. Brown [1,5] describes several promising advantages of using CO2 as a potential heat carrier compared to H2O. Thus CO2:




	
Is an ionic and less effective solvent for rock minerals, minimizing scaling issues;



	
Has lower kinematic viscosity (or higher mobility), allowing for high flow velocities that would lead to greater mass extraction rates for a given pressure gradient;



	
Exhibits a higher heat exchange rate compared to H2O, enabling faster heat extraction;



	
Has large compressibility and expansibility (high-density variation) that cause a strong buoyancy effect, resulting in a high self-driven mass flow rate without requiring a pump (referred to as the “thermosiphon effect”);



	
Enables sequestration of CO2 in the deep subsurface.








CO2-based geothermal systems require reservoirs located deeper than 800 m with a low-permeability caprock to prevent CO2 migration to the surface. Injecting CO2 as a supercritical fluid (sCO2) is crucial to maintaining the necessary pressure and temperature values for CO2 storage. Supercritical CO2 is a state in which CO2 is at a temperature and pressure above its “critical point” (CP), exhibiting high-density properties similar to those of a liquid while retaining the fluid-like properties of a gas. This makes it an efficient working fluid for generating electricity from geothermal energy.



The critical temperature (Tcritical = 31.03 °C) and critical pressure (Pcritical = 71.778 bar) of CO2 ensure that it remains a supercritical fluid. Supercritical fluid is a single phase that can continuously transform from gas to liquid and vice versa with no phase boundaries [37]. Its volume is significantly smaller than its volume as a gas at the surface and can shrink to 2.7 m3 at a depth of 2 km, making it an attractive option for large-scale storage.



One significant advantage of using supercritical CO2 (sCO2) as a working fluid in geothermal systems is the density-driven “thermosiphon effect.” This natural process occurs when injected fluids, such as H2O or CO2, circulate due to differences in density caused by temperature variations. As the fluid is heated by the Earth’s crust, it expands and becomes less dense than the cooler fluid in the surrounding rocks. This density difference creates a buoyancy force that causes the hotter fluid to rise and cooler fluid to sink, resulting in a natural flow [12,20].



The thermosiphon effect is essential for the efficiency and sustainability of geothermal systems as it maintains a constant flow of heat from the Earth’s crust to the surface, usable for power generation or other applications. Using sCO2 as a subsurface working fluid has the advantage of high mobility, characterized by low kinematic viscosity and high thermal expansibility compared to H2O. This results in a strong thermosiphon effect that eliminates the need for parasitic pumping, thereby reducing energy requirements and improving overall system efficiency [12,20].



However, sCO2 has a lower specific heat capacity than H2O, which can be a drawback. The specific heat capacity of a fluid is the amount of heat energy needed to increase its temperature by a particular amount. Nevertheless, this drawback is compensated by the lower viscosity of sCO2 [5,50], allowing most of the pressure to be utilized in the production well rather than for moving the fluid [51]. It is worth noting that the effectiveness of the thermosiphon effect depends on various factors, including the temperature gradient, fluid properties, and geological conditions of the system. Moreover, the elimination of parasitic pumping requirements may not always be possible to maintain the desired flow rates in the system. Factors such as the distance between injection and production wells, the permeability of the surrounding rock formations, and the temperature gradient in the reservoir can all affect the intensity of the thermosiphon effect and overall efficiency of the geothermal system. It is essential to carefully consider all of these factors when designing and operating a geothermal system to ensure optimal efficiency and sustainability.



This paper discusses two CO2-based geothermal systems: CO2-EGS and the CPG system. When comparing CO2-EGS with the CPG system, the former requires the artificial creation of highly permeable reservoirs, which still demonstrates limited CO2 storage capacity. Furthermore, EGS is commonly developed by hydraulic fracturing or stimulation of low natural permeability rock, a process that may trigger seismicity because of intentionally exceeding the critical fracture stresses in geologic formations (Section 2.2) [46,47]. On the other side of the spectrum, the CPG system uses natural high permeability sedimentary formations with high CO2 storage capacity, which therefore eliminates the need for fracturing the rock (Section 2.4). The size of these natural reservoirs is generally much larger than that of hydro-fractured reservoirs [10]. For example, reservoirs in the Williston Basin, USA, span hundreds of kilometers [52], whereas the EGS site in Soultz, France, covers an extent of a few hundred meters [53]. Hence, the CO2 sequestration potential of the described CPG system is considerably greater than that of EGS.




2.4. CO2 Plume Geothermal (CPG)


The CO2 plume geothermal (CPG) energy capture and conversion cycle begins by capturing CO2 gas from an emitter, such as a fossil fuel power plant. This process results in a negative carbon footprint, and the plant functions as a CO2 sequestering geothermal power plant [10]. The captured CO2 is subsequently injected into a high-permeability sedimentary reservoir in its supercritical state. The reservoir has a confining layer called “caprock”, a rock of very low permeability that acts as an upper seal to prevent fluid flow out of a reservoir. This caprock is a common formation worldwide, and it ensures that the CO2 remains trapped within this layer [54]. Because of the larger contacting surfaces of sedimentary basins, the CO2 heat exchange is more efficient and favorable [55].



When CO2 is injected into a deep geologic formation, it displaces the native formation fluid (e.g., H2O), creating a large subsurface plume of supercritical CO2. This plume is then heated naturally either by the high underground temperatures or by the Earth’s geothermal heat flux (the amount of heat moving steadily outward from the interior of the earth through a unit area in unit time [56]), through conduction heat transfer from geological formations. Eventually, the heated sCO2 plume returns back to the surface through the production well system and can be used in two ways: either it can be directed through a turbine, generating power for a generator and producing electricity, or it can be employed in a heat exchanger to supply energy for both electricity production and district heating in a binary cycle. After circulating in the abovementioned manner, the sCO2 is cooled and re-injected back into the reservoir [10,21]. The injection and production processes occur through the specific design of an injection and production drilling system.



As sCO2 circulates in a closed-loop cycle without additional CO2, this prevents the release of CO2 into the atmosphere. This feature enhances the system’s flexibility, allowing it to operate with a limited quantity of CO2 stored underground. As a result, it minimizes the need for continuous injection and geological CO2 storage, especially when such practices are unfeasible or unprofitable under certain conditions [24]. Another advantage of the system is its ability to control the amount of CO2 produced. By controlling the thermosiphon effect, the rate of heat depletion within the reservoir can be decelerated. The rate of heat depletion depends not only on the transport of free-phase CO2 and dissolved CO2 but also on the sensitivity of permeability changes. Thus, optimizing this rate for a specific location in a geologic reservoir can increase the system’s longevity and provide significant economic and environmental benefits [23].



CPG technology can increase the efficiency of electricity generation by eliminating the need for parasitic power requirements to maintain pumping circulation, as discussed earlier in Section 2.3. This is achieved through the sCO2 thermosiphon effect [26]. Moreover, locating the CPG facility near established CO2 sequestration sites enhances the effectiveness of CO2 geological sequestration and geothermal heat extraction, making CPG a CCS (carbon capture and storage) technology. Utilizing CO2 as a resource for electricity generation can assist in reducing the costs associated with sequestration [18] and spread the cost of subsurface exploration across different activities [57]. It should be noted, however, that it might be necessary to use parasitic pumping in certain cases in order to maintain the desired flow rates in the system.



Conventional H2O-based geothermal development has three geologic requirements that need to be satisfied:




	
A substantial amount of H2O;



	
A permeable formation that allows for H2O extraction and reinjection;



	
Sufficient subsurface temperatures.








To increase the probability of geothermal heat extraction, EGS artificially induces the second requirement and either supplies water (in H2O-based EGS) or prevents it (in CO2-based EGS) [1,5]. Conversely, closed-loop CPG systems are designed to maximize the heat extraction efficiency by exploiting the high mobility of CO2. Unlike H2O-based systems, CPG systems eliminate the need for a substantial amount of water (first requirement) and can operate at lower minimum subsurface temperatures (third requirement), reducing the technical and economic feasibility thresholds [10].



In a CPG system, the low viscosity of CO2 facilitates smoother flow through the small pores in the reservoir rock. This increases the contact area between the fluid and rock, thereby enhancing heat transfer. This results in higher rates of heat extraction from the reservoir compared to traditional H2O-based systems, particularly at deeper reservoir depths where temperatures are higher.



CPG systems can extract more heat from the reservoir for medium-low permeability values, typically ranging from 0.1–2 [×10−14 m2], compared to H2O-based systems. However, for higher permeability values above 5 × 10−14 m2, the advantage of using CO2 becomes less significant as the difference in permeability between CO2 and H2O is less pronounced [17,21]. It is essential to note that the optimal permeability range for CPG systems may vary depending on the specific geology of the reservoir.



As a reliable and predictable source of energy, CPG systems can produce either dispatchable or baseload “carbon-neutral” electricity, making them an attractive option for renewable energy. Furthermore, the CO2 used in the process can be recycled, making CPG systems more sustainable than other forms of geothermal energy. CPG systems can also be modified to provide energy storage, increasing their versatility and potential applications in the energy sector [58].



All of the above information is analyzed in the following Section 3, covering the overall CPG system, its model characteristics, system parameters, and simulation results, as described by Randolph and Saar. The analysis is conducted in comparison with CO2-EGS not only to contrast the two systems but also to provide extensive details on the development of CPG numerical models.





3. CPG Model Configuration


3.1. General System Parameters


When comparing the CPG system and CO2-EGS, it is essential to identify certain critical characteristics (e.g., reservoir permeability, temperature, pressure, size, injection/production fluid rate, etc.) for thermal energy extraction. The Base Case parameters for the model configuration were set by Randolph and Saar [10,17,18,19]. These general system parameters encompassed the CPG formation parameters, injection/production model specifications, as well as initial and boundary conditions. To determine the reservoir conditions for CPG technology, investigating the standard values of worldwide geothermal power plants is crucial. Water-based geothermal systems are primarily situated in areas with relatively high temperatures (>150 °C) and high heat flow (>90 mW/m2, approximately) [18]. In contrast, CO2-based geothermal systems require larger reservoirs that are not often ideal for high temperature processes. The established lower limit of the initial temperature for geothermal electricity production in a subsurface system is T = 100 °C [59].



Considering the above information, for CPG modeling, Randolph and Saar [10,18] selected a geologic reservoir with non-extreme thermal characteristics, typical of most areas around the Earth’s surface. As the geologic formation parameters, they set a reservoir map-view area of 1 km2 with a thickness of 305 m, rock grain density of 2650 kg/m3, rock specific heat of 1000 J/kg/°C, thermal conductivity of 2.1 W/m/°C, and heat source of 90 mW/m2. Two different permeability values were taken into account: 5 × 10−14 m2 for direct comparison with reservoir system simulations and 2.5 × 10−14 m2, which better reflected practical EGS implementations (see Section 3.2).



Randolph and Saar introduced the EGS technology features as outlined by Pruess (2006) [5] to optimize the functionality of their CPG model. Subsequently, they adjusted their simulations for naturally porous and permeable systems. Instead of employing an “injector-producer doublet,” which is a combination of a production and injection well working in double pairs, they adopted the 5-spot well configuration (square-shaped) from EGS. Its high degree of symmetry reduced the modeling requirements to 1/8th of the system domain (Figure 1), simplifying the modeling problem. In this configuration, 4 production wells and 1 injection well are positioned. The injection well is located at the center of the square, while the production wells are situated at the four corners, respectively. The two-dimensional 5-point grid has a basic pattern area of 1 km2 (reservoir map-view area) and comprises 36 grid main blocks, each with a side length of 70.71 m (well separation). Drawing inspiration from several CO2 sequestration basins (e.g., Williston Basin), the blocks consist of a continuous porous medium matrix with a porosity of 20%. The temperature of the injected fluid was set at 20 °C, the injection/production rate was set at 300 kg/s (variable), and the total injection/production duration was set at 25 years. The downhole injection temperature exceeds the surface heat rejection temperature (specified in Section 4.1), attributed to Joule–Thomson heating taking place in the injection well. Additionally, the downhole injection and production pressures were set at 260 and 240 bar, respectively (Base Case). All of these parameters characterized the injection and production conditions of the model.



Furthermore, as the initial conditions, Randolph and Saar defined 100 °C and 250 bar as the initial reservoir temperature (T) and pressure (P), respectively. These values corresponded to a formation depth of 2.5 km under a low-to-moderate geothermal gradient of 30–35 °C/km (Base Case), varying with the local mean annual surface temperature and fluid rock thermal conductivity. The reservoir fluid was only CO2. Such initial conditions are prevalent in several sites worldwide suitable for CO2 sequestration, including the Williston Basin in North Dakota (USA) and Alberta Basin (Canada) [52]. As for the boundary conditions, they assumed no fluid or heat flow at the top and sides and no fluid flow or heat conduction at the bottom of the reservoir configuration.



Besides the Base Case parameters, Randolph and Saar [10,18] examined several additional permeability, temperature, and pressure scenarios to explore the parameter space. The parameter space encompasses the range of potential parameter values that define a specific mathematical model, typically representing a subset of finite-dimensional Euclidean space. These scenarios were part of the Additional Case parameters for the CPG model configuration, with all other parameters remaining the same as those for the Base Case. The cases examined included CPG, CO2-EGS, H2O reservoir (where H2O reservoir refers to a traditional geothermal system with H2O as the working fluid and no fracture spacing is applied), and H2O-EGS. Cases 1–4 were applied to all, while Case 5 was specific to CO2-EGS. Cases 6* and 7* were modified for specific CPG reservoir requirements [18]. Case 6* was specifically designed for a reservoir with considerable depth and moderate geothermal heat flux, such as the aforementioned Williston Basin [52]. Case 7* was utilized for shallow reservoirs with high geothermal heat flux, particularly in regions like the western USA [18]. More analytically, the formation temperatures and pressures are respectively represented below:




	
Case 1: 120 °C, 250 bar



	
Case 2: 140 °C, 250 bar



	
Case 3: 100 °C, 200 bar



	
Case 4: 100 °C, 300 bar



	
Case 5: 100 °C, 250 bar



	
Case 6*: 150 °C, 400 bar



	
Case 7*: 100 °C, 100 bar








Monitoring the production well is crucial for system operation, as both the heat extraction rate (H) and fluid flow rate (Q) can be controlled. The heat extraction rate (H) is defined as:


  H = Q ( h −   h   0   )  



(1)




where h and h0 are the fluid enthalpies of the produced and injection (at 20 °C) conditions, respectively.



The rock characteristics used generally reflected those of the EGS site in Soultz. Pruess et al. (2006) [5] examined an idealized fractured reservoir design with parameters adjusted to mimic the conditions of the European EGS site at Soultz, France [53]. Similar values may be encountered at various potential geologic CO2 sequestration sites, such as the Williston Basin in North Dakota (USA) and Alberta Basin (Canada) [52]. Randolph and Saar completed their simulations using the reservoir simulator TOUGH2 [60] with the fluid property module ECO2N (equation-of-state module) [61]. CO2 was assumed to be the only subsurface working fluid in the system, while the displacement of natural brine and formation of other fluids by CO2 were important to be examined (Section 4).



3.1.1. Permeability


The permeability (k) of geothermal formations is a vital parameter for CPG system operation. In line with permeability values found in commonly known CO2 sequestration sites such as the Illinois Basin (with permeability values ranging from 3 to 10 [×10−14 m2] [62]) and the saline aquifer systems of Alberta, Saskatchewan, North and South Dakota, and Montana (with permeability values ranging from 9.3 × 10−15 to 9.3 × 10−12 m2 [52]), the rock thermal permeability was set at 5 × 10−14 m2. However, due to the limited number of EGS production facilities, defining representative reservoir-scale permeability values for CO2-EGS simulations is relatively challenging. As a result, two approaches for determining kEGS permeability were developed [19].



In Approach 1, it was considered that the reservoir permeability values were the same for both EGS and CPG models (5 × 10−14 m2). This allowed for an easy comparison of thermal energy extraction, directly achieved without the impact of hydraulic effects between the two systems. The only drawback is to what extent these values reflect actual EGS sites. To address this, fracture permeability modeling for hydraulically stimulated basement rocks (hydro-fracturing, as discussed in Section 2.2) was established in Approach 2 [19]. This analytical approach aimed to estimate the reservoir-scale permeability of a hydraulically stimulated basement rock reservoir from “core-scale” pre-stimulated basement rock samples. A core sample is a roughly cylindrical piece of subsurface material removed by a special drilling process and brought to the surface for examination. The sample is analyzed to determine porosity, permeability, fluid content, geologic age, etc. [63]. This method provides at least a more indicative value of actual EGS implementations.



The analytical permeability calculation in Approach 2 for a specific fracture is based on electrical resistance theory in the 5-spot EGS grid, applying “Kirchhoff’s 1st Law” to a fracture network. To be more specific, Ohm’s Law (2) is analogous to Darcy’s Law (3), as for constant ρ and μ values (4), resistance (R) is analogous to permeability (k).


  I =   Δ V   R    



(2)






  q = − K ∇ h  



(3)






  K =   ρ g k   μ    



(4)




where I is the current, ΔV is the voltage difference, R is the electrical resistance, q is Darcy’s velocity, ∇h is the hydraulic head gradient, K is the hydraulic conductivity, ρ is the fluid density, g is Earth’s gravitational acceleration, k is the permeability, and μ is the dynamic fluid viscosity [64].



According to the “multiple interacting continua” (MINC) method [65], connections between fractures and adjacent grid blocks are created, even if they already exist along the boundaries of the primary grid blocks. A fracture connection network is formed, enclosing the permeable domain of 5-point EGS grid and smaller fracture segments are connected in grid block nodes (Figure 2). Applying Kirchhoff’s law for each node, assuming that ΔV is analogous to ∇h and R is analogous to k for an individual fracture (except the injection well, ∇h = 0), a linear system with 35 unknown hydraulic heads is created. For a given individual fracture—considering ΔV as the “voltage difference” (hydraulic head) between production and injection wells and I = 1 A as the “current” (fluid flow) across each fracture—the “resistance” (permeability) is calculated as 5.4 times the permeability of a fracture.



The core samples from the Soultz site and the “midcontinental rift system” (MRS) have permeabilities ranging from 10−18 to 10−16 m2. The MRS is a geological rift in the North American continent that spans 2,000 km and formed around 1.1 billion years ago during the Mesoproterozoic era [46,66]. In the MRS, especially at depths greater than 3.5 km, the average permeability is 10−18 m2. Randolph and Saar [19] selected a pre-hydraulic-stimulation permeability value of 10−17 m2. Assuming that hydraulic stimulation augments permeability by a factor of 200 (Soultz [46]), they chose a core-scale EGS permeability of 2 × 10−15 m2.



Using Approach 2, they calculated an effective system-scale permeability of 1.1 × 10−14 m2, obtained by multiplying the core-scale permeability by a factor of 5.4 (2 × 10−15 [m2] × 5.4 = 10.8 × 10−15 [m2] ≈ 1.1 × 10−14 [m2]). For numerical exercise purposes, they averaged this value with the EGS permeability in Soultz, France. Determining the permeability in Soultz for CO2-based EGS simulations is challenging due to the lack of production-scale (water-based) EGS facilities. However, a post-stimulation, reservoir-scale value of 6 × 10−14 m2 is provided by the EGS site in Soultz, France [46]. This averaging process resulted in a fracture system permeability of 3.5 × 10−14 m2, which was utilized to compare the CPG system and CO2-EGS.





3.2. Energy Recovery versus EGS


According to Randolph and Saar [19], two approaches were established for CPG modeling, as mentioned in Section 3.1.1. In Approach 1, all simulations for CPG and CO2-EGS reservoirs were performed with the same system permeability of 5 × 10−14 m2 to ensure identical mass flow rates [10]. Four cases were considered: one for CPG and three for EGS. The three cases of EGS corresponded to fracture spacings of 70.71 m, 141.42 m (2 × 70.71 m), and 212.13 m (3 × 70.71 m), as shown in Figure 3, respectively. All model parameters and constraints for each case were the same as those for the Base Case. According to Berkowitz (2002), percolation theory, primary path analysis, and field testing frequently demonstrate that systems may have dense fracture networks, but only a small fraction of the fractures accommodate the majority of the fluid flow. As such, discrete fracture networks provide logical approximations of the main fluid flow conduits and heat extraction from fracture-dominated systems [67].



With the simulation time set to 10 years of CO2 injection and production, Figure 3 displays the temperature profiles along a line based on the distance from the injection to production wells. It is observed that the temperature at the CPG case’s production well tends to be closer to the initial reservoir temperature of 100 °C compared to that of the EGS case production wells. Furthermore, as the fracture spacing increases, the temperature at the EGS cases’ production wells decreases. These results indicate an augmented heat flow rate in the CPG case compared to the EGS cases, suggesting that CO2 has better and larger contact with the specific surface area of reservoir rock or sediment in the CPG system [10].



To incorporate time-based operations in simulation software, time series are formed. Within a time series, simulation controllers are used to update the values of different elements in each time step of a loop. Two such elements in these cases are the pumping and injection times and rates at the production and injection wells, respectively. All rates were provided for the full 5-spot domain, with a total simulation time of 25 years. The system permeability was 5 × 10−14 m2, except for EGS fracture spacing of 70.71 m, which was shown by both permeability values of 5 × 10−14 m2 and 3.5 × 10−14 m2 (Section 3.1.1) for comparison. EGS fracture spacing of 70.71 m was utilized as the investigated spacing [10], with heat-sweeping characteristics most similar to the CPG reservoir case.



It is noted that when the reservoir’s heat diminishes and the temperature at the production well gradually decreases, there is a decline in the rate of heat extraction, even though the mass flow rate generally remains stable. This result indicates that the CPG system provides more extensive heat extraction compared to EGS, maintaining higher temperatures in the production well for a more extended duration. As the EGS fracture spacing increases, there is reduced contact between the heat exchange fluid and reservoir materials. Consequently, this leads to a higher rate of temperature drop in the produced fluid over time [19]. In Approach 2, where the EGS permeability was lower (3.5 × 10−14 m2), lower mass flow rates were observed. This resulted in lower heat extraction rates, leading to slower cooling of the formation compared to EGS with similar fracture spacing and a permeability of 5 × 10−14 m2 [10].



In developing Approach 2, Randolph and Saar [10] incorporated a new reported value from the EGS field site in Ogachi, Japan (10−15 to 10−14 m2) [68]. The new fracture system permeability was defined as kEGS = 2.5 × 10−14 m2, representing the averaged value of Soultz (6 × 10−14 m2), Ogachi, and a system-scale permeability of 1.1 × 10−14 m2. This value was utilized for the purpose of CPG Additional Case parameters (Section 3.1).



Observations revealed that as temperature and pressure decrease over time, the CPG system demonstrates higher heat extraction rates compared to H2O-based systems (EGS and reservoir). This indicates that the CPG approach is notably beneficial in, although not limited to, relatively shallow geologic formations. However, to guarantee adequate subsurface temperatures at which CO2 remains in its supercritical phase, minimum depths are required [10].



3.2.1. Numerical Analysis Findings


The simulation results regarding the heat extraction rates (H) for both Base/Additional Cases of different systems, including CPG, H2O reservoir, CO2-based EGS, and H2O-based EGS, on average in a 5-spot well system, are represented in Figure 4 [10]. It is observed that the Base Case of the CPG model (100 °C/250 bar) has a significant heat extraction rate of about 47 MW, which is very close to Case 5 of the CO2-EGS model (100 °C/250 bar) with H = 45.8 MW. However, the highest H is noted in Case 2 of the CPG model (140 °C/250 bar) with H = 68.8 MW. The two Additional Cases (Cases 6* and 7*) of the CPG model also generate high levels of heat extraction rate with H = 62.6 MW and H = 64.1 MW, respectively. The total simulation results for the traditional H2O reservoir and H2O-EGS show relatively smaller average H for Cases 1–4, while CO2-EGS approaches CPG.



While it is possible to employ technology to tap into geothermal resources with water temperatures below 100 °C, around 90% of the installed capacity in the United States predominantly utilizes dry steam or flash power systems, requiring subsurface temperatures exceeding 150 °C. According to Randolph and Saar’s [10] model simulations, it is noticed that the heat extraction energy for the Base Case parameters of a traditional H2O-based geothermal reservoir system, installed in a single 5-spot well configuration at 150 °C and a depth of 2.5 km with an averaged permeability of 5 × 10−14 m2, is approximately 46 MW. This corresponds to 5.2 MW of electricity, as calculated by Carnot with a 10 °C average annual heat rejection temperature and 50% power system efficiency (modified after [69]). It is observed that a CPG system with identical parameters has the potential to generate equivalent electrical production at a geologic temperature as low as 98.2 °C. Similarly, the geologic temperature of 100 °C in H2O-based geothermal reservoir systems corresponds to the required temperature of 65.8 °C for CPG systems for the same production of electricity.



These results illustrate that in regions with comparatively low geothermal temperatures and heat flow rates, where adequate reservoirs are available, CPG offers viable geothermal energy resources for electricity production. Under a wide range of circumstances, it significantly surpasses the performance of CO2-EGS, not to mention conventional H2O-based reservoirs or H2O-EGS approaches, all the while concurrently storing CO2 [10]. In Figure 5 and Figure 6, the ratios of the average heat extraction (H) and mass flow (MF) rates of the CPG-H2O reservoir, CO2-EGS, and H2O-EGS are represented, respectively. It is crucial to highlight that the CPG difference in heat extraction ratio for all simulation cases on average is 1.8 times higher than that of CO2-EGS, 2.6 times higher than that of the traditional H2O geothermal reservoir, and 4.9 times higher than that of H2O-EGS, as seen in the trendlines in Figure 5.




3.2.2. CO2 Mobility


As mentioned in Section 2.3, CO2 has higher mobility than water, providing several advantageous characteristics as a working fluid in geothermal systems. Mobility describes the tendency of a fluid to maintain its momentum during flow. It can be defined by dividing fluid density by the inverse of kinematic viscosity (or dynamic viscosity). Despite CO2 having a lower thermal capacity than H2O under the same temperature and pressure conditions, its higher mobility leads to increased fluid mass flow, resulting in higher heat extraction. This minimizes the permeability threshold at which heat advection tends to dominate over conduction [70].



The use of a CPG working fluid, characterized by its higher mobility (3.5 times higher, on average) compared to H2O, broadens the spectrum of natural formation permeability. Consequently, this reduces the economically and technologically viable subsurface temperature threshold. Therefore, the development of CPG has the potential to facilitate the expansion of geothermal energy in reservoirs with lower permeabilities than those that are feasible with water-based geothermal systems [17].




3.2.3. CPG Electricity Production Calculation


Calculating the value of energy captured by CPG (electricity production) in relation to CCS is crucial for enhancing the economic feasibility of the CO2 sequestration component in deep saline aquifers. For this reason, Randolph and Saar [18] estimated the value of energy captured per ton of injected CO2. This paper only focuses on the methodology they used to calculate power production (W). Gross revenue (R) is not analyzed here.



To be more specific, they first determined the total amount of CO2 sequestered over a 25-year period of CPG power plant operation by applying the parameters relevant to the Base Case scenario (Section 3.1). The examined geothermal reservoir (Base Case) had to be filled with CO2 in 10% of its total area prior to the production process (pre-injection process). This corresponded to around 6 months under a continuous injection rate of 280 kg/s [18]. However, the production well configuration could not recover all of the injected CO2 during operation of the power plant. Thus, 7% of the average injection rate (non-recoverable) had to be regularly refilled. This non-recoverable CO2 (fluid loss) represents the system’s CO2 sequestration component, and it is thought to be permanently stored within the geologic formation (CO2 storage). It is essential to underline that, according to Pruess [5], these fluid losses (initially higher during early plant operation and gradually diminishing over time) are considered to account for about 5% of the injection rate throughout the extended operation of CO2-based EGS. Anticipated higher fluid loss values are expected in naturally permeable formations and were taken into account in the CPG system simulation.



Ultimately, since the CO2 circulating through the above-ground power plant system is reinjected, all of the CO2 injected into the reservoir is permanently sequestered (except for the upward leakage through the caprock, if any) [18]. Therefore, in the Base Case, the overall CO2 sequestration over the 25-year simulation of the CPG power plant was theoretically 2 × 107 tons.



To begin with, applying the Carnot efficiency (C)—representing the maximum theoretical amount of thermal energy that can be converted into mechanical work—along with the mechanical system utilization efficiency (E) and energy extraction rate (H), electricity production (W) is defined in the following Equation (5):


  W = C · E · Q  



(5)






  C = 1 −     T   r e j e c t i o n       T   r e s e r v o i r      



(6)







In terms of Carnot efficiency (6) for the Base Case, Treservoir was equal to 373.15 K (100 °C + 273.15) and Trejection was equal to 283 K (10 °C + 273.15), determined by the approximate average yearly surface temperature in the northern United States [71]. So, calculating C = 0.24 and applying H = 47 MW (Figure 4) and E = 50% (modified after [69]) to Equation (5), the total electricity production for the Base Case was calculated to be W = 5.7 MWe [18]. Similar calculations were also made for the CPG Additional Cases, and their results are presented in Table 1. The maximum value of electricity production corresponded to Case 2 (140 °C, 250 bar) with W = 10.8 MWe. However, the elevated temperature of 140 °C may pose a limitation, as it might not be accessible in most locations.






4. CO2 versus H2O and Native Brine


Randolph and Saar [17] also conducted a simulation to distinguish the impact of reservoir permeability on geothermal energy production from natural reservoirs. This involved the selection of a subsurface working fluid, with options including CO2, water, and native brine.



4.1. Numerical Simulation Methodology


To begin, numerous assumptions and simplifications were required to specify the reservoir fluid behavior. Specifically, Randolph and Saar [17] assumed there was sufficient geologic formation injectivity and productivity in the bottom-hole area around the wells to determine the injection/production rate. Although injectivity and productivity are crucial factors, the emphasis was on reservoir-scale features.



Under several permeability selections (ranging from 5 × 10−16 m2 to 5 × 10−12 m2 [52,62]), the simulation was conducted using the following working fluids:




	
CO2



	
Pure water (H2O)



	
20% mass fraction NaCl brine (brine)








Similar to other CPG investigations (Section 3), each numerical model’s pore space used one only fluid. All simulations were conducted using the reservoir simulator TOUGH2 [60] with the fluid property module ECO2N [61].



The Base Case parameters for the simulation models of the three examined working fluids were identical to those for the CPG Base Case (Section 3.1), with the exception of reservoir porosity (10%), heat extraction rate (43.6 MW), average annual surface temperature (12 °C), and heat rejection surface temperature (22 °C). It is important to note that heat rejection surface temperature assumes a prudent value for the heat rejection efficiency of binary geothermal systems [72]. This temperature is typically 10 °C above the average annual atmospheric temperature [71]. Hydrostatic pressures occur under reservoir conditions characterized by such low temperatures and heat flow rates [73]. The geothermal power system is considered a binary system due to its low resource temperatures (T < 150 °C) [73], often employing a variation of the “Organic Rankine Cycle” (OCR). Nevertheless, because of the low critical point of CO2 (31.03 °C, 71.778 bar), it is utilized directly in a turbine.



The fluid production temperature was assumed to be constant, and the pressure drop through the surface equipment was ignored [17]. Furthermore, to maintain single-phase conditions in surface equipment, the surface pressure of CO2 injection was adjusted to be 10 bar above the saturation pressure (60 bar) at the wellhead temperature during injection [17]. Newtonian iteration was employed to estimate the T and P profiles for CO2 in the injection well, starting with the T and p values at the surface. It is essential to highlight that, for a more realistic perspective of long-term fluid behavior in the injection and production wells, fluid flow was considered to be isenthalpic for the temperature and pressure conditions [5]. This approximation takes into account temperature changes resulting from the (de-)compression of fluids, commonly referred to as the “Joule–Thomson effect” [74]. This effect is important in CO2 simulations due to the large compressibility of sCO2 (Section 2.3). In contrast, H2O and brine were characterized as relatively incompressible liquids under the examined conditions, exhibiting practically isothermal flow within the well.



As stated by Randolph and Saar [17]: “in certain CPG systems, a throttling valve could be used to sufficiently decrease pressure between injection and production wellheads, whereas in H2O/brine and other CPG cases (e.g., very low reservoir permeability), additional pumping may be needed.”



Therefore, the injection/production pumping power (p) had to be calculated [75]:


    p   p u m p   =   q   t o t a l   ·   Δ P   ρ   · η  



(7)




where q is the total flow, ΔP is the necessary pressure to ensure the q rate, ρ is the fluid density, and η is the pump efficiency.



Applying η = 0.9 (modified from [73]) and assuming the use of downhole shaft pumps, the pump depth was constrained to 450 m [73]. Consequently, in models involving H2O and brine, the presumption of hydrostatic reservoir conditions sets a lower limit of about 205 bar on the pressure at the bottom-hole production well, ensuring that the fluid reaches the downhole production pump [17]. In simulations, any extra pressure difference between the injection and production wells must originate from the injection side, and the production bottom-hole pressure is not allowed to drop below 210 bar [17]. In CPG models, ppump = 0 if the pressure at the production wellhead is greater than the pressure at the injection wellhead (see Section 2.3, thermosiphon effect) [17].



Some other constraints established in the system included a constant bottom-hole pressure difference between the injection and production wells and a constant production mass flow rate across all fluids. However, to distinguish the effects of reservoir permeability (k) from variations in fluid mobility (inverse kinematic viscosity, Section 3.2.2) and heat capacity, it is significant to establish the heat energy extraction rate from the reservoir between fluids for a specific reservoir permeability [17,18,19]. The Base Case simulations were applied to calculate the mass flow rate for each working fluid at the same permeability of 5 × 10−14 m2. It is important to note that these simulations do not optimize power plant electricity production for each permeability and fluid, but compare various reservoir fluids at various permeabilities over constant fluid flow-mass rates. The pressure drops through the reservoir, starting with the CO2 case with a pressure drop of 20 bar, determine the mass flow rate for each fluid. This mass flow rate then remains constant by adjusting the pressure drop while the permeability changes in the H2O/brine case [17].




4.2. Electricity Efficiency versus Permeability


Electricity efficiency (e) at the production process is defined by the following Equation (8):


  e =     W   n e t       H   t o t a l      



(8)






    W   n e t   = W − p  








where Wnet is the net electricity production rate, Htotal is the total heat energy extraction rate, W is the total electricity production rate, p is the injection/production pumping power, and m is the total mass flow.



In Figure 7, it is demonstrated how the properties of sCO2 (mobility, heat capacity, compressibility) collaborate to enhance the electricity production efficiency (e) at different reservoir permeabilities versus H2O and NaCl brine. More specifically, for:




	
k < 10−15 m2: Water has negative efficiency, but CO2 is generally stable (Figure 7D);



	
k = 8 × 10−15 m2: CO2 produces an efficiency that is around 50% greater than H2O, while brine moves into the negative efficiency zone (Figure 7C);



	
k < 2 × 10−14 m2: CO2 produces greater power efficiency than both H2O and brine (Figure 7B);



	
k > 2 × 10−14 m2: Pure H2O is more efficient than CO2 (Figure 7B);



	
k > 5 × 10−14 m2: NaCl brine provides higher power efficiency than CO2 (Figure 7A).








It is observed that for larger permeabilities (k > 2 × 10−14 m2), H2O and NaCl brine have slightly higher power efficiencies than CO2 due to their relatively high heat capacities and low compressibilities. Particularly, above extremely high permeabilities (k > 5 × 10−14 m2), H2O’s and brine’s pumping powers approach zero and their power production efficiencies (e) stabilize (stop varying with k). Conversely, at moderate-to-low permeabilities (10−16 < k < 10−14 m2) the high mobility of CO2 becomes advantageous, diminishing pumping power needs and leading to higher mass flow rates. Moreover, net power production from H2O, let alone brine, is not feasible, while the efficiency of CO2 is slightly reduced [17]. Considering specific hydraulic head gradients, kinematic water viscosities, and water heat capacities at the relevant temperatures and pressures, the minimum permeability range required for heat advection in H2O or brine is 5 × 10−17 < kmin < 10−15 m2 [70,76].



To investigate the impact of permeability on electricity production efficiency (e) under various temperature and pressure conditions, Randolph and Saar [17] conducted a multitude of simulations at numerous points along two different geothermal gradients (35 and 60 °C/km).




4.3. Simulation Results


In light of the observations presented above and simulations of geothermal development in sedimentary basins [17], the recommended reservoir permeability for economical geothermal developments is k < 2 × 10−14 m2 (moderate-to-low permeability formations). This value is influenced by the compaction of sediments and hydrothermal alteration, leading to pore space clogging [52,62]. Moreover, even at swallower depths, k can be exceptionally low in crystalline rocks [17].



For the Base Case parameters T, P, and k (100 °C, 250 bar, and 5 × 10−14 m2, respectively), the net electricity production rate (Wnet) and thermal utilization efficiency, were calculated to be 3664 kW and 8.4%, respectively. Assuming 90% system efficiency and 93% turbine efficiency, Wnet became 4170 kW and the thermal utilization efficiency was 9.6% for the direct, Base Case CO2 system [17]. The direct system efficiency may be proportionately much greater at higher resource temperatures and pressures, especially when the wellhead pressure difference is significantly increased.





5. Sustainable Energy Communities


Energy communities represent a forward-thinking approach to residential development, emphasizing sustainability and community engagement [6]. These innovative neighborhoods prioritize energy efficiency and environmental consciousness, employing renewable energy sources, energy-efficient technologies, and eco-friendly construction practices. Architectural designs incorporate passive solar principles, advanced insulation, and ventilation systems. The integration of solar panels, wind turbines, and geothermal systems ensures clean and sustainable power generation, reducing reliance on traditional fossil fuels and minimizing the community’s carbon footprint [77]. Geothermal systems, in particular, play a crucial role by harnessing Earth’s natural heat for heating and cooling, offering significant energy savings and a lower environmental impact compared to conventional systems [78]. The longevity and lower maintenance requirements of geothermal systems contribute to the overall sustainability and resilience of these communities.



Implementing geothermal technology in energy communities aligns with the principles of sustainable development, providing a reliable, eco-friendly, and cost-effective solution for heating and cooling needs [79]. This approach requires a comprehensive feasibility study and collaboration with experienced professionals to ensure successful integration into the community’s infrastructure [6]. By prioritizing renewable energy sources and embracing environmentally conscious practices, energy communities set a precedent for responsible and sustainable living, fostering a harmonious coexistence between human habitation and environmental preservation.



A relevant example of an energy-efficient community is the “Beddington Zero Energy Development” (BedZED) in the UK. Situated in Hackbridge, South London, BedZED is an environmentally friendly housing development consisting of 100 homes, community facilities, and sufficient workspace for 100 people. This pioneering eco-village incorporates various renewable energy sources, including solar panels (777 m2) and wind turbines, to generate electricity for the entire community. The average electricity consumption per square meter (m2) here does not exceed 34.4 kWh/year, while the average heating and hot water consumption does not exceed 48 kWh/year, respectively [80].



The Vauban neighborhood in Freiburg, Germany, serves as another model of sustainable urban planning, emphasizing passive house design principles. Boasting well-insulated buildings and efficient ventilation systems, it minimizes reliance on conventional heating and cooling methods. Additionally, Vauban incorporates renewable energy sources, significantly reducing its dependence on non-renewable energy. Situated on a 380,404 m2 site that was once a French military base, its thriving community has nearly 5100 residents living in around 2000 buildings. The average electricity consumption per square meter (m2) in Vauban is an impressive 15 kWh/year. This transformation highlights the successful adaptive reuse of a former military facility, showcasing how urban spaces can evolve to meet modern environmental and social challenges [81].



Additionally, Malmö, Sweden, deserves recognition for its commitment to sustainability, with a focus on the “Western Harbour (Västra Hamnen)” district. A notable showcase of sustainable urban development in this district is the “Flagghusen block”, covering an area of 40,000 m2 and featuring 16 buildings with around 600 residences, of which two-thirds are available for public rentals. The construction project prioritized housing diversity, specifically aiming to provide affordable options for low- and middle-income residents. The design of the buildings was guided by community preferences, including a height restriction of under 25 m. Notably, energy conservation measures were implemented, with a stipulation that the energy consumption per square meter (m2) should not exceed 120 kW/year, underscoring a strong commitment to sustainability [82].



Assuming an average consumption for these examples of approximately 56 kWh/m2/year and average residence area of 50 m2, it is calculated that the average annual consumption for a household is approximately 3 MWh, enough to be captured by a CPG system with an annual average electricity production of 5 × 104 MWh.



It is imperative to acknowledge that the calculations presented herein serve as approximate estimates, and real-world outcomes may deviate due to an array of factors. Notable among these factors are the efficiency of the geothermal system, considerations related to maintenance practices, and losses incurred during the distribution of power. Furthermore, it is pertinent to recognize that the assumption of continuous, uniform power production, while useful for illustrative purposes, diverges from the nuanced reality of geothermal systems, where variations in operational states and power production levels are commonplace.



5.1. CPG Challenges


While the energy data presented above are theoretical, a detailed examination is necessary due to its practical complexities. Achieving a comprehensive understanding of community energy consumption involves considerations such as architectural design, renewable energy integration, and advanced technologies like combined heat and power systems. A holistic approach to assessing and improving energy consumption in a community involves considering the interplay of these factors. Each community may have unique characteristics, and a tailored strategy based on local conditions and priorities is often essential. Regular monitoring, evaluation, and adaptation of strategies are crucial for the long-term sustainability of energy communities.



CPG plays a substantial role in energy communities, particularly in addressing distinct heating and electricity power needs. The critical parameter influencing its effectiveness is the location’s proximity. The sustainable scenario for optimal CPG operation is closely tied to the community’s location, a challenge given Earth’s geothermal heat flux limitations in specific areas. Regions considered CPG-viable might be conservative, not factoring in the efficiency benefits associated with using CO2 instead of water in a power cycle. For instance, CO2 turbines can operate at higher pressure, potentially boosting efficiency. Moreover, CO2 freezing at temperatures below 0 °C in cool climates could enhance electricity production potential. The potential of a CO2 thermosiphon and its impact on pumping costs are not explored in this analysis [12].



Furthermore, CPG technology may pose some other certain limitations that need to be highlighted. In CPG research, it is thought that the produced fluid from production wells may not contain native brine or H2O, a parameter that does not occur in real life. In the initiation of a new CPG approach, the subsurface reservoir might be filled with brine or retain residual brine, leading to the potential co-production of water and CO2 in the production well. However, a significant challenge lies in preventing the occurrence of CO2 mixtures within the thermosiphon. The production of wet CO2, containing dissolved H2O, can elevate fluid temperatures and pressures at production wellheads due to the exothermic release of H2O from CO2 [30]. Although the circulation of dry CO2 strengthens the thermosiphon effect, the production of mixed fluids may weaken it. Despite this, the higher temperatures and pressures associated with wet CO2 can enhance electric power output by 15–25% compared to 100% CO2.



Moreover, sedimentary formations exhibit heterogeneities in porosity, permeability, mineralogy, thickness, and other parameters. Previous modeling has assumed homogeneous reservoirs, neglecting variations in these properties that may have a substantial impact on the overall heat extraction. Further exploration of the complexity of such systems by considering geological heterogeneity or assuming a multi-layered reservoir, as described by Garapati et al. [24], represents an important direction for advancing research in geothermal heat extraction. This aspect will be analyzed in future work.



The subsurface variations in sedimentary basin aquifers play a crucial role in heat transfer, affecting facility performance. Three-dimensional unconformities and permeability variations create “thief zones” with higher permeability, allowing increased heat extraction. However, regions with lower permeability can hinder flow rates and reduce heat extraction efficiency. Key questions remain regarding optimal heat extraction rates, CO2 replenishment, and their impact on geothermal power generation. Uncertainties in CO2 supplies may present challenges or opportunities for geological carbon sequestration (GCS). The effects of reservoir characteristics on operational costs and energy storage efficiency are not adequately considered. Addressing these challenges could unlock significant CO2 mitigation and power system service potential [83].





6. Conclusions


In light of the studies and analyses presented above, it is indisputable that, according to fluid-mechanical simulations, CO2 is a really interesting heat exchange fluid due to its consistently higher mobility than H2O under the specific temperature and pressure conditions of interest. CPG systems demonstrate higher geothermal heat extraction rates compared to both hydrothermal and water-based EGS, even at lower temperatures and pressures, under the consideration that there are sufficient temperatures at these depths and CO2 remains in its supercritical form. CPG heat mining is more extensive than EGS mainly because it sustains higher temperature profiles for a longer time period at geothermal production wells. Other advantages over EGS include:




	
It does not rely on hydraulic fracturing or rock stimulation to improve permeability but utilizes existing highly permeable and porous geological reservoirs, thereby avoiding microseismicity.



	
Natural reservoirs are considerably larger in size than those formed through hydraulic fracturing.








As analyzed in Section 4, subsurface formation permeability (k) has a considerable impact on the net generation of geothermal power. Numerical simulations have shown that for low-to-moderate reservoir permeabilities (k < 2 × 10−14 m2), CO2 provides higher power generation efficiencies than H2O and NaCl brine systems, and slightly lower efficiencies for higher permeability values (k > 5 × 10−14 m2) always depend on formation temperature and pressure. Furthermore, CPG reservoir temperatures of about 65.8 °C and 98.2 °C may yield the same electrical power as H2O-based reservoir temperatures of 100 °C and 150 °C, respectively, under the same reservoir parameters and injection/production pressure conditions (Section 3.2.1). This means that CPG systems can offer higher electricity generation than traditional geothermal systems under given temperature and pressure conditions.



According to the energy demands of the buildings in energy communities, CPG systems utilizing CO2 as a working fluid present a highly efficient and environmentally friendly solution for powering these sustainable environments. With superior energy capture efficiency compared to traditional geothermal methods, as mentioned above, the CPG system ensures reliable and continuous electricity generation. Its reduced environmental impact aligns with sustainability goals, contributing to lower greenhouse gas emissions. The technology’s adaptability to various geological settings enhances its applicability, while integration with smart grids optimizes energy distribution. Community engagement and education initiatives can further promote the technology’s acceptance. Assessing economic viability is crucial for its long-term success.



In conclusion, CPG emerges as a promising and scalable solution, poised to play a key role in powering the sustainable communities of the future. However, further research in this field is needed to overcome the limitations described in Section 5.1.




7. Future Objectives


The goal of this review paper was to present some of the CPG specifications discussed in the scientific community, providing a new perspective on the extracted energy in comparison with the demands of an integrated energy built environment system. While the paper primarily explores conventional CPG technologies, it is important to note that certain advancements, such as integrating CPG with direct air CO2 [84,85] or coupling it with natural gas recovery [27,74], could potentially enhance energy outputs, although these are not analyzed in this paper.



In future research, the CPG system, as suggested by Randolph and Saar, will be optimized with the intention of providing sustainable and renewable methods tailored for the creation of net-zero energy communities. Achieving net-zero energy status involves a holistic approach that integrates CPG systems seamlessly into the built environment. Key parameters to be considered in this optimization process include the necessary CO2 volume for CPG system formation, operating temperature, depth, desired power production ratio, 5-spot reservoir impedance, and heat losses. Furthermore, the optimal location for CPG construction to achieve the best performance in a nearly sustainable built community will be thoroughly analyzed. These aspects will be subject to further simulation analysis to refine and improve CPG technologies. The success of this endeavor relies on meticulous planning, efficient energy extraction, and minimizing environmental impacts.



In summary, this review paper not only presents current CPG specifications but also sets the stage for future research endeavors geared towards optimizing these systems. The overarching aim is to contribute to the development of sustainable and renewable energy solutions, ultimately paving the way for the realization of net-zero energy communities.
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Figure 1. A 3D view of a 5-spot well configuration. 
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Figure 2. Enlarged view of a section of the 2D fracture connection network that encloses the permeable domain of the EGS model. Numbers indicate the nodes per grid block boundary. 
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Figure 3. Temperature profiles from injection to production wells. The production well temperature of the CPG case is higher than that of the EGS cases, indicating more extensive heat mining in the CPG scenario. 
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Figure 4. Average simulation results for the heat extraction rate (H) across all parameter cases of CPG, H2O reservoir, CO2-based EGS, and H2O-based EGS over the 25-year life of the system. 
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Figure 5. Simulation results as CPG ratios of average heat extraction rate (H) to H2O reservoir, CO2-based EGS, and H2O-based EGS for Cases 1–4. 
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Figure 6. Simulation results as CPG ratios of average mass flow rate (MF) to H2O reservoir, CO2-based EGS, and H2O-based EGS for Cases 1–4. 
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Figure 7. Numerical simulation results of electricity production efficiency (e) related to reservoir permeability (k) for the three examined working fluids (CO2, H2O, and 20% NaCl brine). 
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Table 1. Calculated CPG electricity production (W) for all case parameters, applying Carnot efficiency.






Table 1. Calculated CPG electricity production (W) for all case parameters, applying Carnot efficiency.





	
CPG Electricity Production (W)




	
Case Number

	
Heat Extraction H (MW)

	
Electricity Production W (MW)






	
Base Case

	
47.0

	
5.7




	
1

	
58.6

	
8.2




	
2

	
68.8

	
10.8




	
3

	
52.4

	
6.3




	
4

	
43.0

	
5.2




	
6*

	
62.6

	
10.4




	
7*

	
64.1

	
7.7
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