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Abstract 

CO2-Plume Geothermal (CPG) is a system that can produce electricity from low-

temperature heat from the subsurface of the earth, effectively combining geothermal 

energy and carbon capture and geologic storage; two technologies that have the potential 

to significantly reduce the amount of CO2 emitted into the atmosphere and limit the impacts 

of climate change. This system is different from other geothermal concepts as 1) the system 

uses CO2 as the heat extraction fluid in the subsurface reservoir, 2) the system does not 

rely shallow-natural hydrothermal locations or engineered (i.e. enhanced or fractured) 

reservoirs, instead using naturally permeably sedimentary basins, and 3) CPG systems 

utilize low-temperature resources which are currently undeveloped for geothermal energy. 

Therefore, CPG has significant potential to expand the geographic region where 

geothermal energy can operate, while providing an end used for captured CO2. 

 

This research demonstrates how the unique properties of the CPG system allow the system 

to be modified to operate as an energy storage system, which can increase the penetration 

of variable wind and solar resources on the grid, by using an additional shallow reservoir 

to separate the components that generate and consume power. To operate, the system 

generates power by extracting CO2 from the deeper-hotter reservoir and generates power 

in the turbine before the CO2 is slightly cooled and injected into the shallow reservoir, 

making use of the thermosiphon effect, where the thermal expansion of CO2 results in a 

density difference in each vertical well that can circulate CO2 without the need for pumps. 

To store power, the CO2 can be produced from the shallow reservoir, cooled and 

compressed, and then reinjected into the deep reservoir where it is heated.  

This research began by establishing the feasibility of the CPGES cycle for a single reservoir 

configuration and a mass flow rate near the optimum energy generation condition, 

demonstrating the effects of the intermittent injection and production of CO2 on the 

transient reservoir pressures and the power generated and consumed by the system over the 

first 10 years of operation (Chapter 2). The results demonstrated that the system was at a 

quasi-steady state condition at 10 years, and that the system could generate more energy to 

the grid than it consumed, providing both net energy generation of and energy storage. 

Using historical electrical price data, it was found that the CPGES system could use price 

arbitrage to be competitive with a CPG system, for the same geothermal heat extraction 

rate. Work was then expanded to illustrate how the CPGES system can operate over a range 

of time scales, with the cycle duration ranging from diurnal to seasonal (Chapter 3), and 

over a range of duty cycles (Chapter 5), demonstrating the versatility of this system. The 

CPGES system was compared to the CPG system for a range of geologic conditions, and 

it was determined that the trade-off of the flexible energy storage system was a reduction 

in the net energy generated per cycle (Chapter 4 & 5). However, these energy losses could 

be alleviated by operating the CPG and CPGES systems concurrently in the CPG+CPGES 

system. The addition of the second reservoir required for the energy storage operation 

increases the capital cost of the system, however, the increased cost of this flexible system 
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could be alleviated by the value that the system adds to the grid as the amount of variable 

renewable energy increases (Chapter 5). Lastly, the effect of the co-production of water in 

solution with the CO2 is considered and found to increase the generation capacity of the 

CPG system, a result of the higher production temperature despite the reduced CO2 mass 

flow rate (Chapter 6). 

 

Overall, this research has demonstrated how the CPG system can be modified to operate 

as an energy storage system. The impact of this work is to establish the flexibility of the 

CPG technology and demonstrate that captured carbon can be used to increase the 

penetration of renewable energy technologies onto the grid, thereby further mitigating the 

emission of CO2 into the atmosphere. This will enable CPG to be integrated into future 

renewable energy portfolios. 
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PHES Pumped Hydro Energy Storage 

 
A form of energy storage which operates by moving water between 
reservoirs at different elevations. 

TOUGH2 Transport Of Unsaturated Groundwater and Heat 

 
Series of codes from Lawrence Berkeley National Laboratory for the 
simulation of the subsurface flow of heat and fluids 

VRE Variable Renewable Energy 

 
Renewable energy technologies that are not dispatchable, and the 
availability of the energy source is outside the control of the grid operator. 
Examples include wind and solar. 
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Chapter 1: Forward and Literature Review 
Limiting human-induced climate change is currently one of the greatest social, political, 

and scientific challenges of our modern society. Human activity has resulted in a 

substantial increase in the atmospheric concentration of carbon dioxide (CO2) in the 

atmosphere, driving global climate change. Carbon dioxide is emitted into the atmosphere 

as a byproduct of combustion, which is used to produce heat or power in the transportation, 

manufacturing, and electricity generation industries since the industrial revolution. In the 

atmosphere, carbon dioxide is a greenhouse gas, which absorbs infrared heat emitted from 

the earth, preventing the heat from being emitted into space, warming the atmosphere. The 

cumulative effect of this prolonged emission of carbon dioxide into the atmosphere is an 

increase in the atmospheric concentration of carbon dioxide, which increases the 

greenhouse effect, trapping more heat, raising the global atmospheric temperature. This 

global warming has significant environmental effects, with decreased air quality, rising sea 

levels, melting ice caps, and changing weather patterns. Left unabated, these effects will 

intensify and permanently change the planet. To limit the impact of the global climate 

change, the emission of carbon dioxide (and other greenhouse gases) must be reduced, and 

eventually eliminated, requiring significant change. 

In the electricity generation sector, renewable energy sources, such as geothermal power, 

can be used to generate electricity without emitting carbon dioxide into the atmosphere. 

Geothermal energy utilizes the heat found in hot rocks in the subsurface to generate power. 

To extract energy from the subsurface, a cold fluid is generally injected and circulated 
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through a reservoir, where it is heated by rock. The heated fluid is then extracted and 

brought to the surface to generate heat or electricity.  

In this dissertation, research on the performance of an innovative geothermal system, 

termed Carbon Dioxide Plume Geothermal (CPG), and its capabilities to operate as an 

energy storage system are presented. This new technology is different from existing 

geothermal systems, as the system synergistically operates a geothermal power system and 

Carbon Capture and Storage (CCS), in what is known as a Carbon Capture Utilization and 

Storage (CCUS) system; using CO2 as the primary working fluid to extract heat from the 

subsurface. To facilitate the storage of CO2 in the subsurface CPG uses naturally permeable 

sedimentary basins; expanding the geo-spatial region where geothermal power system can 

operate, as sedimentary basins underlay large portions of the United States, where 

traditional hydrothermal geothermal resources are not readily available. Traditional 

geothermal systems are usually limited to specific geologic regions, where high 

temperature fluid, generally in excess of 150°C (~300°F), is readily available at shallow 

depths, in existing or artificially fractured rock structures. In the United States, these 

regions are generally located along the western coastal region, which is generally referred 

to as the ring of fire. CPG systems are not limited to these regions, as the system can operate 

using “low-temperature” geothermal resources, or reservoirs with temperatures less than 

150°C. This allows CPG to expand the region where geothermal systems can be built to 

the Midwest and the South, where natural permeable sedimentary basins are located. 
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The development of the CPG system provides dispatchable power that can increase the 

penetration of renewable wind and solar energy systems. Currently, wind and solar systems 

are the preferred renewable resources, due to the maturity of the technology and the low 

capital costs. However, these resources can generate only variable or non-dispatchable 

power, as these systems require wind or direct sunlight to operate. The large-scale 

implementation of these resources can be challenging; periods of power generation may 

not correlate with demand, resulting in periods of excess generation of power where the 

energy is wasted or a generation deficit, which requires additional power facilities to be 

brought online to compensate. Currently, in the United States, the penetration of wind and 

solar are low, and the abundance of non-renewable baseload sources, such as coal, natural 

gas, and nuclear power, can compensate and be dispatched when the variable power 

systems are offline. However, as the penetration of these renewable sources increases, 

displacing existing baseload fossil fuel systems, managing this variability using clean 

energy is challenging. This can be achieved through the use of dispatchable renewable 

systems or a renewable based energy storage system. Currently, only geothermal energy, 

hydroelectric and pumped hydroelectric energy storage (PHES), and bio-energy coupled 

with carbon capture and storage (BECCS) are capable of providing clean dispatchable 

power, which is required to support the variable generation. However, the recent 

development of theses energy sources has been limited; as environmental effects limit the 

development of new hydroelectric systems, CCS is not currently widely used with bio-

energy sources, and geothermal energy is typically limited to regions with high sub-surface 



 

 4 

temperatures. The usage of BECCS is likely to expand, as the CCS technology matures; 

however, the expanded usage of traditional geothermal energy is challenging. 

While dispatchable power systems can supplement variable renewables, they only address 

periods of generation deficit and not the periods of over-generation of power that can occur; 

however, energy storage systems can provide both. Energy storage systems are ideal to 

support variable renewables, as it can store the excess energy that is generated and then 

dispatch this energy back to the grid when it is needed. Currently, there are two large scale 

energy storage systems that can provide bulk energy storage that is required for renewable 

integration, namely, pumped hydroelectric energy storage (PHES), and compressed air 

energy storage systems (CAES). Other types of energy storage exist, such as battery and 

flywheel systems, however, currently these systems cannot provide the large-scale energy 

storage required. While PHES and CAES can provide large scale energy storage, the 

increased development of these systems has challenges. PHES, like hydroelectric systems, 

are limited by environmental regulations, and CAES relies on the combustion of fuel, 

thereby emitting CO2 into the atmosphere, to generate power, reducing the clean energy 

benefit of the renewable energy sources that it is supporting. 

The CPG system can be modified to operate as an energy storage system, supplementing 

variable renewables with a renewable energy storage system.  Previous research has only 

demonstrated the effectiveness of the CPG at generating power [1,2], and the operation of 

the system as an ancillary service providing energy storage has not been considered, and 

thus is the primary focus of this dissertation. 
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1.1 Overview of Thesis 
This thesis is comprised of six individual chapters, including published and soon-to-be 

published papers, with each chapter providing specific research into a fundamental 

question on the operation of the CPG system as an energy storage system, termed CO2-

Plume Geothermal Energy Storage (CPGES). 

Chapter 1: Background, motivation, and literature review 

Chapter 2: CPGES: Single base case with transient reservoir performance  
Fleming, M. R., Adams, B. M., Kuehn, T. H., Bielicki, J. M., & Saar, M. O. Earth Battery: A High-Efficiency, Large-

Scale Subsurface Energy Storage System, Using Carbon Dioxide Plume Geothermal Energy. Unpublished 

Working Paper. 

Chapter 3: Diurnal vs Seasonal Energy Storage  
Fleming, M. R., Adams, B. M., Randolph, J. B., Ogland-Hand, J. D., Kuehn, T. H., Buscheck, T. A., Bielicki, J. M., 

Saar, M. O. (2018). High Efficiency and Large-scale Subsurface Energy Storage with CO2. In 43rd Workshop on 

Geothermal Reservoir Engineering. Palo Alto, California. Retrieved from 

https://pangea.stanford.edu/ERE/pdf/IGAstandard/SGW/2018/Fleming.pdf 

Chapter 4: CPGES Parameter Study 
Fleming, M. R., Adams, B. M., Kuehn, T. H., Bielicki, J. M., & Saar, M. O. Parametric study of a Large-Scale Energy 

Storage System using Carbon Dioxide Plume Geothermal Energy. Unpublished Working Paper. 

Chapter 5: CPGES Operational Configurations  
Fleming, M. R., Adams, B. M., Kuehn, T. H., Bielicki, J. M., & Saar, M. O. The Performance of a CO2-Plume 

Geothermal Energy Storage System using a Low-Temperature High-Permeability Sedimentary Reservoir. In 

Preparation. 

Chapter 6: Vertical Well Solubility  
Fleming, M. R., Adams, B. M., Kuehn, T. H., Bielicki, J. M., & Saar, M. O. The Increase in Power Generation due to 

Water Precipitation in CO2 Plume Geothermal (CPG) Power Plants. In Preparation. 

 

The remainder of this section is devoted to providing the background necessary to 

demonstrate why CO2 Plume Geothermal research is essential. For this reason, I overview 

the development of renewable energy systems, Carbon Capture and Storage, and current 

geothermal technologies, with a focus on previous research on CO2-Geothermal systems. 
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1.2 The BIG PICTURE 
Since the industrial revolution in the 19th century, human activity has resulted in an increase 

in the global mean temperature, and in 2017 the temperature increase above pre-industrial 

levels was approximately 1°C [3]. The increase in the global mean temperature correlates 

with the rise in concentration of CO2 in the atmosphere [3–5], shown in Figure 1-1. For 

example, from 1980 to December 2017 the global mean concentration of CO2 rose from 

338.8 ppm to 406.77 ppm [6], corresponding to a global mean temperature rise of 0.79 °C 

[7,8]. Without corrective action, atmospheric concentrations of CO2 will continue to rise, 

and the global mean temperature rise will exceed 2°C before 2050. To limit the global 

mean temperature rise to less than 2°C from pre-industrial levels, the International Panel 

on Climate Change (IPCC) has estimated an atmospheric concentration of CO2 to 450 ppm 

has a 50% chance achieving this target [5], allowing for an estimated 1000 Gt of CO2 to be 

emitted after 2011 [4]. These estimates have been recently refined, allowing for an 

estimated 570 Gt and 1320 Gt of CO2 to be emitted post-2017 to achieve the 1.5°C and 

2.0°C warming cases respectively [3,9]. This indicates that to limit global climate change 

CO2 emissions must be reduced and eventually eliminated, resulting in a carbon neutral 

state. To achieve this state, significant changes across all economic sectors are required. 
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Figure 1-1: The temperature deviation from the 1951-1980 average temperature and 

the global CO2 concentration at Mauna Loa, Hawaii. Data is sourced from [6,7]. 

The emission of CO2 is attributed to several main sectors: electricity and heat production, 

industry, transportation, buildings, and agriculture forestry and other land use (AFOLU). 

Of these sectors, electricity generation is the largest source of CO2 emissions, accounting 

for 25% of the total emitted CO2 in 2010, with agriculture 24%, industry 21%, and transport 

14% [4,5]. The total energy sector contribution is 35%, accounting for secondary processes 

required to generate energy, such as fuel extraction and refining. To prevent climate change 

and achieve a carbon neutral state, a reduction in the CO2 emissions is required for all 

sectors. The de-carbonization of the energy generation sector is critical to the viability of 

this endeavor [3], shown in Figure 1-2, where electricity has the largest reduction in 

emissions.   



 

 8 

 

Figure 1-2: CO2 emissions for each sector for the baseline and reduced CO2 emissions 

scenarios. Figure is sourced from Figure SPM.7 of the IPCC Report: Climate Change 

2014 Mitigation of Climate Change [5] published by Cambridge University Press and 

reused in accordance to the IPCC copyright (Appendix: Copyright Reuse 

Permissions). 

1.3 Decarbonizing the Electricity Sector 
To decarbonize the energy sector, existing technologies can be further developed and 

deployed. These technologies include Carbon Capture and Storage (CCS) and renewable 

energy sources, specifically wind, solar, geothermal, and biofuels [5,10]. The increased 

penetration of these renewable resources into the energy grid will displace fossil fuel 

energy generation with cleaner, low carbon energy sources, reducing the amount of CO2 

emitted. The International Energy Agency (IEA) scenario to decarbonized energy solutions 

estimated that renewable energy sources could provide up to 40% of the primary energy 

demand in 2040, displacing fossil fuel power sources, incentivized by new policies [11]. 

For example, the European Union has the Renewable Energy Directive that requires 20% 

of the energy generation to be from renewables in 2020, with each individual nation 
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achieving a minimum of 10% renewable; and a 50% reduction in greenhouse gas emissions 

by 2050 [12]. In the United States, individual states have set renewable goals, with 

California requiring 50% and Hawaii requiring 100% renewable energy by 2045 [13,14]. 

In Minnesota, the Renewable Energy Standard requires utilities to have 20% renewable 

energy sources by 2020, and 25% by 2025 [15]. 

Figure 1-3 illustrates that while wind and solar energy have grown in the United States 

over the past decade, geothermal energy has not seen significant growth since the late-

1980s. The growth of geothermal has been limited as a result of the development of the 

known hot shallow hydrothermal resources, the lack of incentives to continue geothermal 

development, and the elevated startup capital costs of exploration and accessing deeper 

hotter resources. While challenges exist to the future development of geothermal, it is 

possible to expand the geothermal capacity by 100 GW or more by 2050 using new 

technologies [16]. These developments in geothermal energy are discussed in detail, in 

section 1.6. 

The recent growth in renewable energy is shown in Figure 1-3. Since 2000, the primary 

increase in renewable energy has been in wind, bioenergy, and to a lesser extent, solar. In 

2016, the growth of these renewables increased the total energy generated by renewables 

by 66% from the 2000 levels, and accounted for 12% of the total energy generated in the 

United States [17]. While the increased development of wind, bioenergy, and solar energy 

has increased the renewable penetration on the electricity grid, the majority of the grid is 

still dominated by fossil fuel sources, including coal, natural gas, and crude oil, resulting 
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in the emission of CO2 into the atmosphere. For example, in 2010, when renewables 

accounted for 11% of the total energy generated in the United States; the United States 

energy sector emitted 2.27 Gt-yr-1
 into the atmosphere [18], or approximately 5% of the 

global CO2 emitted (6% of the total greenhouse gas). This indicates that further action is 

required to efficiently decarbonize energy generation. 

A drawback of the development of wind and solar renewable energy sources is that these 

resources are considered variable renewable energy (VRE) and are not dispatchable 

resources; meaning that these sources are only available when their resource is available 

and cannot be controlled by a system operator. This results in the resource energy 

production to be well below the rated capacity. For example, in 2016, wind produced only 

34.5% of its rated capacity (Capacity Factor), while solar photovoltaic was limited to 

25.1%, whereas dispatchable resources such as geothermal and nuclear power have 

capacity factors of 74.2% and 92.5% [19]. The variability of both wind and solar energies 

are impacted by the weather, which is inherently unpredictable. This unpredictability 

(variability) in these resources has a substantial impact on energy markets and the electric 

grid, particularly as the penetration of variable renewable energies increases [20]. Some of 

these effects have already been observed in regions with high penetration of VRE, with 

negative electricity market prices resulting from the over generation of energy [21]. As the 

high penetration of VRE becomes more widespread, these effects will increase and change 

the nature of energy markets, decreasing the value of VRE and increasing the value of 

ancillary services, requiring markets to move beyond levelized cost of electricity (LCOE) 
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(i.e. capital cost over the generation capacity) and consider the performance and 

contribution of each system to the energy grid [20,22]. In particular, this will benefit 

dispatchable energy systems and energy storage systems, which can generate energy when 

VRE are unavailable. Currently, the electricity grid is supported by secondary power 

systems, known as peaking power plants, which generate power for only short periods 

when the demand is large. Typically, these peaking power plants use natural gas; however, 

to reduce CO2 emissions these plants will need to be replaced by clean, carbon neutral 

power systems. Energy storage systems have been considered as the ideal solution to 

support the integration of VRE onto the grid  [20,23–26], as energy storage systems can 

consume power during periods of excess generation and then later dispatch this energy 

back to the grid when there is a generation deficit; and allowing for the increased 

penetration of renewable energy without supplementing the need for fossil fuel power. The 

details of energy storage are discussed in detail in section 1.5. 

 

Figure 1-3: Energy consumption for each renewable resource in the United States. 

Data is sourced from [27]. 
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In addition to the development of low carbon renewable energy sources, existing fossil fuel 

energy sources (as well as other large point sources of CO2) can be retrofitted to capture 

CO2 from the flue gas before it is emitted into the atmosphere, as part of the Carbon Capture 

and Storage process (CCS) [10,28–30]. The implementation of CCS will reduce the carbon 

footprint of existing power plants, enabling the existing energy infrastructure to provide 

clean energy. Currently, CCS is the only available technology which is capable of 

decarbonizing existing fossil fuel power systems. Currently, no single technology is 

capable of providing the required reduction in CO2 emissions; however, by employing 

multiple technologies the required reduction in CO2 emission can be achieved, and most 

models predict that the 450 ppm goal cannot be achieved without CCS [5].  

1.4 Carbon Capture and Storage 
The development of Carbon Capture and Storage (CCS) is vital to the de-carbonization of 

the energy sector, and the development of the CO2-Plume Geothermal (CPG) system, that 

is the primary focus of this dissertation. Thus, a review of the current state of this 

technology is provided. 

Carbon Capture and Storage (CCS) is a process that involves capturing CO2 at a point 

source, compressing, transporting, and then permanently storing the CO2. CCS is an 

important anthropogenic CO2 mitigation technology, as it is currently the only mitigation 

technology which can reduce or eliminate CO2 emissions from fossil fuel power plants. In 

addition, CCS can mitigate emissions from other larger point sources of CO2, including 

petroleum refineries and large industrial facilities [10,31].  
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There are two main types of carbon storage that have been proposed; geologic and ocean 

storage. For the purposes of this paper, we focus the discussion on geological CO2 storage; 

as oceanic storage, while providing vast storage potential, considerably larger than 

geologic storage, cannot permanently contain the CO2, slowly releasing CO2 into the 

atmosphere over time, and has significant environmental effects, including the acidification 

of the oceans, and the increased mortality of organisms near the injection site [10]. The 

geologic storage of CO2 utilizes natural subsurface formations to permanently store the 

CO2. The geologic formations typically considered for CCS include oil and gas reservoirs 

and deep saline aquifers; as these reservoirs provide sufficient storage capacity for CO2, 

estimated to be 2379 Gt CO2 in North America [32], and have high natural permeabilities. 

In the subsurface the long-term storage of CO2 is achieved by several trapping mechanisms: 

Structural Trapping – CO2 trapped beneath a sealing layer, a low-permeability caprock, 

that prevents the vertical leakage of CO2, which is naturally buoyant at the reservoir 

conditions [32–34]. 

Residual Trapping – CO2 is trapped in the pore space between rock grains due to capillary 

forces [32]. 

Solubility Trapping – CO2 dissolves into the native brine and remains in solution with the 

brine [32,35]. 

Mineral Trapping – CO2 reacts with the brine and rock structure to form carbonate 

minerals [32,36,37]. 
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These trapping mechanisms ensure that the CO2 remains in the subsurface and is not 

released back into the atmosphere. 

1.4.1 Current State of Carbon Capture and Storage 
CCS is a developing technology that has had several successful demonstration projects, 

however, it has not been adapted for large-scale deployment [38]. In 2017, there were 17 

operating CCS projects, however, the majority of these (13) are associated with Enhanced 

Oil Recovery (EOR) [39], where CO2 is injected into the reservoir to displace the native 

fluids, increasing the amount of oil extracted, operating as a Carbon Capture Utilization 

and Storage (CCUS) system. The remaining four projects; 1) Snøhvit CO2 Storage, 2) 

Quest, 3) Illinois Industrial Carbon Capture and Storage, and 4) Sleipner CO2 Storage, are 

dedicated CO2 storage sites. Other notable CCS projects include the In Salah project [40], 

the Illinois Basin Decatur Project, and Weyburn-Midale project [41–43] which are no 

longer actively injecting/storing CO2, but are actively monitored to demonstrate the long 

term stability and containment of the CO2 in the reservoir. The sites are used to determine 

the large-scale viability of CCS.  

These current and past CCS projects have demonstrated the feasibility and challenges 

associated with geologic storage of CO2. While these projects have demonstrated the 

feasibility of CCS, not all CCS projects have been successful [44], as challenges exist. 

These challenges to CCS are primarily related to the project economics, specifically the 

transportation infrastructure, regulatory and legal issues, and the subsurface evaluation to 

ensure permanent storage (i.e. reservoir overpressurization and CO2 leakage) [45]. These 

current economic challenges can be overcome with stricter emission regulations and 
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economic incentives [46], particularly, increasing the cost for emitting CO2, as this leads 

to an increase in the development and implementation of renewable energy sources and 

CCS for fossil fuel plants [47]. Overcoming these challenges will allow CCS to be scaled 

up to store the gigatons of CO2 required for large scale CO2 mitigation. 

The development of CCS is limited not only by technological and geological conditions, 

but also on the public perception of CCS [48]. In countries such as the United States, public 

opinion plays an important role in public policies and can influence the development and 

implementation of CCS projects. Public opinion often varies, based on a number of 

perceived technological and social factors, including benefits, risks, costs, public 

knowledge, and trust in related industries [48]. Risks associated with CCS is not a deterrent 

on the societal level, however, this can provide a major obstacle to development on the 

local level [49]. In general, CCS is a relatively new concept; there are several public 

misconceptions about the purpose and effects. For example, some people overestimate the 

impact renewable energy can have on lowering atmospheric CO2 levels and view CCS as 

a technology designed to limit renewable energy implementation. Overcoming these social 

misconceptions about CCS is important for the long-term success of carbon capture. 

CCS is needed, in addition to clean energy technologies, to achieve the required reduction 

in emissions to achieve sustainable environmental goals. No single technology will be able 

to achieve the required CO2 reductions, and CCS must be used in addition to the 

development and implementation of clean energy sources. 
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1.5 Energy Storage Systems  
The projected growth of variable renewable energy generation and the expected instability 

in the electric grid has resulted in an increased focus on the integration of large scale energy 

storage systems into the grid. These systems are considered the ideal technology to enable 

the growth of variable renewables, as they can reduce the curtailment of renewables by 

storing energy during periods of excess generation, and they can dispatch the energy back 

to the grid when there is a generation shortage, without the need for ramping up a carbon 

emitting fossil fuel peaking power plant [23,26,50–52]. Without energy storage integration 

variable renewable penetration is expected to be limited to less than 30% [53], though 

actual penetration limits will vary based local grid characteristics. 

1.5.1 Energy Storage Services 
While the increase in variable renewables has increased the discussion of grid scale energy 

storage, the integration of energy storage systems can provide a variety of services and 

benefits to the energy grid [50]. These include: 

Bulk Energy Storage: Storage and generation of large amounts of energy over extended 

periods, increasing the grid capacity, allowing for the use of price arbitrage and peak 

shaving (i.e. dispatching energy when demand is high to reduce generation assets). 

Ancillary Services: The ability to support the grid infrastructure by serving as a backup or 

regulation system. Examples include: providing reserve power to the grid to compensate 

for generation losses; operating as voltage/frequency support to ensure energy transmission 

is within specified tolerances; black start services to enable grid services to be restored in 

the case of a blackout; and load following. 
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Transmission Deferral: Delayed transmission of energy though the grid to avoid 

congested transmission lines during periods of peak usage. 

To provide this range of grid services, a variety of energy storage technologies are 

considered. These technologies include batteries, fly-wheels, pumped-hydroelectric, and 

compressed air energy storage systems. The proposed energy storage system discussed in 

this dissertation is envisioned to be scaled up to operate as a large-scale bulk energy storage 

system, in a similar capacity to the existing technologies of pumped hydroelectric and 

compressed air energy storage systems. Therefore, a brief overview of these technologies 

is provided. 

1.5.2 Pumped Hydroelectric Energy Storage  
Pumped Hydroelectric Energy Storage Systems operate using two water reservoirs at 

different elevations. The system stores energy as gravitational potential energy in the water, 

consuming power to pump the water from the lower reservoir to the upper reservoir [54–

56]. To produce power, the water is transferred from the upper reservoir to the lower 

reservoir, where the energy is extracted by a hydraulic turbine as the fluid flows between 

the reservoirs, recovering 70-85% of the stored energy. Pumped hydroelectric systems have 

been extensively developed, with a 20 GW capacity in the United States, and 127 GW 

worldwide [55,57]. However, further developments of these systems are limited, due to the 

environmental impacts of their large surface reservoirs. 

1.5.3 Compressed Air Energy Storage 
A compressed air energy storage system utilizes a gas turbine power plant that is coupled 

with a large-volume, high-pressure storage vessel, typically a subsurface cavern, to enable 



 

 18 

the system to offset periods of energy generation and power consumption. To store energy, 

air is compressed and then diverted into the storage vessel. To produce power, the high-

pressure air is released, heated using fossil fuels, and then expanded in a turbine [58]. In 

this system, the use of an intermittent Brayton power cycle allows the energy generated to 

the grid to be greater than the energy consumed from the grid, due to the addition of heat. 

Despite this, the development of compressed air energy storage systems has been limited 

by the ability to locate and develop suitable subsurface storage vessels [59]; as a result 

there are only two, first-generation, large-scale compressed air energy storage systems 

operating, providing a combined capacity of 430 MW [58,60,61]. However, research and 

development on compressed air energy storage systems is ongoing and additional projects 

have been proposed [58,60,61].   

1.5.4 Geothermal Energy Storage Systems 
Other large-scale geothermal energy storage systems have been proposed and are discussed 

in section 1.9 in the context of geothermal energy systems. 

1.6 Geothermal Energy 
Geothermal energy is a renewable resource that uses heat contained within the body of the 

earth to generate power or produce heat. Geothermal energy is an abundant resource, with 

an estimated 12.6 x 1024
 MJ of total energy stored within the earth, primarily generated 

from the decay of radioactive isotopes [16,62]. Currently, only a small fraction of this 

energy is utilized to produce power; however, there is significant potential for 

development, and unlike other renewable resources, specifically wind and solar, 

geothermal resource is dispatchable, as the heat from the earth is always available. 
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The earth is comprised of several layers: the solid inner core, outer liquid core, mantle, and 

the thin crust. The inner core is comprised of iron, and has a temperature that exceeds 

4000°C [62,63]; however, some sources report this temperature may exceed 5000°C 

[64,65]. The surface of the earth has an average temperature of 15°C, resulting in a thermal 

gradient, and a continuous heat flux from the core to the surface. In the crust, heat is 

transferred primarily through conduction, resulting in a temperature gradient, with 

temperature increasing with depth. The average continental geothermal temperature 

gradient is approximately 28-31°C/km [16,65,66], and typical geothermal gradients are 

reported between 20-35°C/km [63], however, this value can vary based on local geologic 

conditions. In select regions, special geologic conditions can result in large temperature 

gradients, in excess of 70°C/km [67], with high temperatures occurring near the surface. 

These high temperature resources are ideal sites for the development of geothermal power 

systems.  

The heat extracted from the subsurface can be used to generate power, provide direct 

heating, or in some cases both. The selection of power generation or direct use heating is 

typically based on the resource temperature, with low temperature resources being used for 

direct use applications and high temperatures used for power generation [65,68]. For the 

purposes of discussion, the remaining overview is focused solely geothermal power 

systems, as this is the primary focus of the dissertation, and does not discuss direct use 

geothermal systems, such as geothermal heat pumps. 
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To produce power from the heat in the subsurface, geothermal systems operate using a 

concept known as a heat engine. A heat engine operates by moving thermal energy from a 

high-temperature thermal source, to a low-temperature thermal sink, producing useful 

energy in the process. The thermal efficiency of this energy conversion depends on the 

resource temperature, with higher temperature resources resulting in greater efficiencies. 

For this reason, geothermal power systems typically extract heat from resources that have 

temperatures that exceed 150°C [69]. However, while these temperatures are considered 

high temperature or high enthalpy geothermal systems, the efficiency of these geothermal 

systems are low compared to other baseload systems, such as gas turbine engines, that can 

achieve turbine inlet temperatures up to 1600°C [70]. While the efficiency of the 

geothermal power systems is lower than other fossil fuel systems, it alone has not prevented 

the development of geothermal energy, as the earth is a free-renewable source of heat 

(fuel), does not emit CO2 into the atmosphere, and is available throughout the world. 

However, while geothermal energy is abundant, the economics of accessing this energy is 

challenging, particularly at great depth, and not all geothermal resources are economically 

viable for development at current technology levels.   

In the current energy market, only shallow, high-temperature, easily accessible 

hydrothermal resources have been economically viable, which has limited the distribution 

of geothermal power plants to specific locations. New geothermal energy developments 

are limited by the significant capital investment costs required to evaluate and drill the 

wells required to access the subsurface resources. This has resulted in the stagnation in the 
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development of geothermal energy once the shallow, high temperature hydrothermal 

resources were developed, shown in Figure 1-3. However, the economics of geothermal 

energy is likely to improve due to the increased focus on CO2 emissions that may result in 

legislation taxing CO2 emissions and/or requiring carbon capture and storage, increasing 

the costs of fossil fuels plants and stimulating the growth of renewables, particularly 

baseload renewables to ensure the reliability of the electrical grid. 

1.7 Current Status of Geothermal Technology 
In 2014, the United States had a total capacity of 3.1 GW provided by 197 geothermal units 

with a worldwide capacity of 12 GW, provided by 573 geothermal units [65]. The 

geothermal energy capacity is limited compared to other renewable resources, such as 

wind, which as of 2016 has an installed worldwide capacity of 486.8 GW, with 82.2 GW 

in the United States [71]. Most commercially developed geothermal power installations are 

in geologically active regions, where abnormally large subsurface temperature gradients 

exist. In the United States, these regions occur in California, Nevada, Idaho, and Utah, and 

this corresponds to the locations of operating geothermal power plants [72].  

1.7.1 Types of Geothermal Resources 
While all geothermal systems extract heat from the subsurface, there are several types of 

geothermal resources that could be sufficiently developed to provide commercial stage 

geothermal power. These resources are broadly classified as hydrothermal, enhanced 

geothermal systems (EGS), and low temperature geothermal systems [65]. To date, nearly 

all geothermal developments have been of hydrothermal resources, however, these 

resources only represent a small fraction of the accessible geothermal energy. To realize 
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the full potential of geothermal power, these unutilized geothermal resources must be 

developed.  

1.7.2 Conventional Geothermal (Hydrothermal) 
Most geothermal sources are classified as hydrothermal systems; or a system which 

circulates water. To be considered a viable hydrothermal source a resource must contain 

water, a permeable reservoir, and overlaying impervious caprock, a large heat source, and 

a water recharge mechanism [65]. Naturally occurring sources are ideal for geothermal 

energy, as a system can simply extract the heated fluid to produce power and then reinject 

the cooler fluid back into the subsurface. However, for these sources to be economically 

viable, the resource temperature must be greater than 150°C and must occur at shallow 

depths to reduce drilling complexity and costs (i.e. < 2 km). 

1.7.3 Low Temperature 
Low temperature geothermal encompasses all resources less than 150°C, including low 

temperature hydrothermal resources. These resources are considered to be a separate 

category and they include the majority of known resources, over 60%, in the United States. 

They have traditionally not been considered for geothermal power application due to their 

low thermal efficiency and large specific costs [65]. Though, with proper incentives and 

technology development, these systems are feasible, as demonstrated by the Chena Hot 

Springs Power Plant that has a resource temperature of 74°C [73].  

Additionally, these low temperature reservoirs typically include sedimentary basins, which 

are a target for CCS and the proposed CO2-Plume Geothermal systems (Section 1.8.2). 
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Therefore, the CO2-Geothermal Energy Storage system presented in this dissertation can 

be considered a low temperature geothermal system. 

1.7.4 Enhanced Geothermal Systems 
Enhanced Geothermal Systems (EGS) evolved from the concept of Hot Dry Rock 

Geothermal, which originated at Los Alamos National Laboratory in 1973 [74,75] as a 

method to access deep high-temperature geothermal resources that were previously 

inaccessible due to low rock permeabilities or an absence fluid in the formation. EGS 

systems can operate in these formations by “enhancing” the permeability of the rock 

structure by hydraulically fracturing the rock in the reservoir. The resulting fracture 

network allows cold water to be injected and circulated in the reservoir to extract heat [75]. 

The heated fluid is then extracted from the facture network at the production well and 

brought to the surface to generate power.  

The development of EGS can significantly expand geothermal energy generation. Unlike 

traditional geothermal systems, which are limited to select high temperature regions, EGS 

can be deployed nearly anywhere, as the required resource temperatures can be achieved 

at deeper depths, due to the thermal gradient. In the United States it is estimated that 100 

GW of EGS could be added in the next 50 years [16]. However, despite being proposed 

and initially demonstrated in 1973, EGS has not become commercially viable, due to 

geologic uncertainties and the large capital costs, particularly due to drilling the wells. 

Since the initial Fenton Hill project started in 1973, other EGS projects have been 

undertaken, including sites at: The Geysers, USA; Desert Peak, USA; Soultz, France; 

Landau, Germany; Hijiori, Japan; Habanero, Australia; and Basel, Switzerland. Of these, 
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only four remain active and have a combined generation capacity of 14.2 MW [76,77]. 

While some of these projects have established the potential of EGS, other projects never 

produced power due to reservoir complications and socio-political resistance. Reservoir 

stimulation was unsuccessful in connecting the injection and production wells at the Hijiori 

and Orgachi plants, limiting the power generation [77]. In Basel, the EGS project was 

canceled after hydraulically fracturing in the reservoir induced seismic events [78], which 

resulted in significant social-political resistance to the development of EGS [79]. Despite 

these setbacks, EGS is closer to commercialization due to ongoing research and 

developments in technology [67]. Recently, the U.S. Department of Energy sponsored the 

Frontier Observatory for Research in Geothermal Energy (FORGE) project, which aims to 

develop an EGS site to accelerate the development of EGS technologies [80]. 

1.7.5 Geothermal Energy Conversion Systems 
To generate power, geothermal power plants must convert the geothermal heat into 

electricity at the surface. This is generally achieved using variations of the basic Rankine 

cycle. In general, there are three primary geothermal power systems: dry steam, flash-

steam, and binary power plants. Each cycle is configured based on the thermodynamic 

properties of the produced fluid, described in detail below. 

1.7.5.1 Dry Steam Geothermal 
The first type of geothermal power plant is the dry steam configuration. In this system, dry 

steam (i.e. superheated water vapor) is produced at the surface from the geothermal 

reservoir. The produced steam is filtered to remove contaminants and directly passed 

through a steam turbine to produce power [63,65]. After the turbine, the exhaust can be 
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cooled and condensed, extracting additional heat from the fluid. The condensed fluid can 

be reinjected into the geothermal reservoir, where it can be reheated extracting additional 

heat from the subsurface.  

Locations where dry steam geothermal systems can operate, are limited, as the resource 

temperature required to produce dry steam is significant and is generally not found near 

the surface. To operate a dry steam plant, produced fluid temperatures greater than 180°C 

are required [68]. While the geothermal resources for these types of plants are limited, 

these systems account for a large fraction of the overall geothermal energy production due 

to the large amounts of power that these systems can generate, resulting from the relatively 

high production temperature. In 2014, dry steam geothermal accounted for 24% of 

geothermal capacity, with 68 operational plants [65]. 

1.7.5.2 Flash Geothermal Cycle 
Most geothermal reservoirs produce a mixture of steam and liquid brine at the surface, and 

a steam turbine, as used in the dry steam cycle, would be damaged if directly used on the 

produced fluid. To produce power, the steam is separated from the liquid and is passed 

through a steam turbine, similar to the dry system. However, in this configuration, the heat 

from the liquid is wasted, and limited power is produced by the steam, especially when 

steam concentrations are low. To increase the amount of power generated, the produced 

mixture is expanded in an expansion valve, decreasing the pressure, causing a fraction of 

the liquid to flash, and transition to steam [68]. The steam is then separated from the liquid 

and fed through a steam turbine. In this configuration, the flashing process produces 

additional steam, which can be used to produce additional power. 
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Power plants can operate using a single-flash, double-flash, or triple-flash cycle. Multi-

flash cycles operate by performing multiple flash separations and turbine expansions in 

series, increasing the amount of energy produced relative to a single-flash cycle. For 

example, a double-flash cycle is able to produce 15-20% more power than a single flash 

cycle [65]. Each additional flashing stage increases the amount of energy that can be 

extracted, but also increases the plant complexity, as the additional flashing processes 

require additional system components, also increasing capital costs.  

Single-flash geothermal systems are widely used, and as of 2014, 185 systems were 

operating accounting 43% of the geothermal power production [65]. The same year, 

double-flash systems accounted for 9.4% of all geothermal plants, with 54 operational 

plants. Only four operational plants utilize the triple-flash system, however, these plants 

average 75 MW, generating considerably more power than a double-flash system, which 

averages only 35 MW [65]. 

1.7.5.3 Binary Geothermal Cycle 
Not all geothermal resources produce fluids at temperatures greater than 150 °C, which is 

required to operate the flash-steam plant. While it is theoretically possible to produce 

power using a flash system for lower temperatures, the system efficiency and economics 

become prohibitive as the resource temperature decreases. Power can still be produced 

from these lower temperature resources; however, a secondary working fluid is required. 

For lower temperature resources, a binary cycle, where the produced fluid is not directly 

used as the working fluid, can be used. In a binary cycle, a heat exchanger is used to transfer 

heat from the produced fluid to a secondary fluid, which is used as the working fluid. The 
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secondary fluid has a lower boiling point than water and produces power using a turbine in 

a closed loop Organic Rankine Cycle (ORC). Binary geothermal plants have efficiencies 

of 10-13%, which is considerably lower than other power cycles, due to the low resource 

temperature [65]. In 2014, binary cycle units accounted for 35.4% of the installed 

geothermal units, but accounted for only 10.4% of the overall geothermal capacity [65]. 

1.7.5.4 Advanced Geothermal Cycles 
To increase the performance and utilization of geothermal energy, hybrid geothermal 

systems have been designed. These hybrid systems combine geothermal energy with 

another energy source to increase the utilization efficiency of each process. Examples of 

these systems include Fossil Fuel-Geothermal and Solar-Geothermal systems [65], where 

the heat from the auxiliary source can be used to increase the temperature of the geothermal 

fluid, increasing the power generated. For Fossil Fuel Geothermal, it is also possible to 

operate the geothermal system as a pre-heater a fossil-fuel system, decreasing the amount 

of fossil fuel required by the plant. 

Additionally, to improve the utilization of produced geothermal energy, the waste heat 

from a geothermal power cycle can be used to provide direct use heating, in what is 

commonly known as a Combined Heat-Power Geothermal system. 

1.8 CO2 Geothermal Systems 
Geothermal power traditionally uses water or brine (water with dissolved minerals) as the 

heat extraction fluid in the subsurface, as brine is traditionally found in formations suitable 

for traditional geothermal systems. However, the advent of carbon capture and storage as 

a pathway to mitigate global climate change has led the possibility of large volumes of CO2 
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being stored in the subsurface, leading to the question, could this CO2 be used for 

geothermal heat extraction. Potential benefits for each system are significant, particularly 

given that capital costs for both systems are large, mainly due to well and drilling costs, 

and combining geothermal energy and CCS into a single system could increase the 

feasibility for project development. Over the past two decades, two main versions of CO2-

Geothermal systems have been researched: CO2 Enhanced Geothermal Systems (CO2-

EGS) and CO2 Plume Geothermal (CPG) systems, discussed in detail below. 

1.8.1 CO2 Enhanced Geothermal Systems (CO2-EGS) 
CO2 was proposed as a geologic working fluid for Enhanced Geothermal Systems (EGS) 

by Brown [81]. The use of CO2 as a working fluid in geothermal systems has several 

advances over brine: 1) CO2 has a lower kinematic viscosity than brine, thus a higher 

mobility in geothermal reservoirs, 2) CO2 has a lower mineral solubility than brine, which 

limits the transport and precipitation of minerals throughout the system, decreasing pipe 

scaling, 3) CO2 has a larger thermal expansion than brine, which results in the generation 

of a thermosiphon, and 4) the use of a thermosiphon allows the CO2 to circulate without 

the need for a mechanical pump [1,2,81–83]. Pumping power in conventional geothermal 

power plants is a significant fraction of the gross power produced so eliminating the 

pumping requirement could significantly increase the net power delivered to the grid for 

the same resource temperature. In addition, the use of CO2 in a geothermal system allows 

the CO2 to be captured, stored, and used for energy production, acting as a carbon capture, 

storage, and utilization (CCUS) site.  
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Initial CO2-EGS studies examined the effectiveness of CO2 as a heat extraction fluid in the 

reservoir. Using simplified two dimensional fracture network models, it was shown that 

the heat extraction abilities of CO2 were similar and perhaps superior to brine and the CO2  

mass flow rate could be considerably larger [84–86]. The reservoir simulations were then 

extended to include the reservoir thickness demonstrating the effect of the thermal 

expansion of CO2 on the heat extraction. This three dimensional simulation determined 

that the thermal expansion of CO2 resulted in an unequal heat extraction from the reservoir, 

with cooler denser CO2 flowing along the bottom of the reservoir and the heated CO2 

buoyantly rising to the top [87]. It was concluded that to avoid early thermal breakthrough 

the production well should extract CO2 only near the top of the reservoir, and not extend 

throughout the thickness of the reservoir.   

Additional reservoir simulations examined the interaction between the CO2 and the native 

brine and rock structure. The injection of CO2 into the reservoir displaces the native brine, 

drying out the reservoir, resulting in the precipitation of primary minerals and formed 

carbonate minerals [37,88,89]. The precipitation of these materials near the injection well 

can decrease porosity and reduce the mobility of the CO2 plume, however, co-injecting 

some water reduced mineral clogging, but also reduced the heat extraction [89]. 

After determining the effectiveness of CO2 heat extraction in the reservoir, simulations 

were expanded to include the vertical wells and the surface power plant.  Power plant 

models demonstrated that the electricity generation of CO2-EGS was comparable with 

water based systems [90]. Additionally, the use of CO2 eliminated the need for a circulation 
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pump, as the system was able to generate a thermosiphon; that uses the density difference 

in the injection and production wells, resulting from the thermal expansion of CO2 in the 

reservoir, to circulate the fluid [90]. However, for CO2-EGS to be competitive with brine 

based systems the vertical production well diameter must be increased for CO2, which has 

a lower density and larger velocity in the well than brine, otherwise the frictional pressure 

losses in the well will substantially reduce the performance of CO2-EGS  [91].  From these 

models,  Atrens et al. [91] determined that CO2-EGS is preferable to brine based systems 

in low-permeability reservoirs, and shallow low temperature reservoirs, provided that the 

production wellbore is correctly sized.  

While this research into CO2-EGS demonstrated the potential of EGS to be combined with 

CCS technologies, the size of the artificial fracture networks for EGS systems are limited, 

and cannot store the volume of CO2 required to mitigate climate change; which is the 

primary reason to consider CO2-EGS [33,92]. This challenge, combined with the socio-

political resistance to hydraulic fracturing [79], has led to another concept, termed CO2-

Plume Geothermal (CPG), which uses CO2 as a working fluid in naturally permeable 

sedimentary basins [1,33,34,82,93–96].   

1.8.2 Carbon-Dioxide Plume Geothermal 
The CO2-Plume Geothermal concept is a natural progression from the previously discussed 

CO2-EGS technology, evolving the CO2-Geothermal concept by reframing the 

combination of CCS and geothermal energy to eliminate several technology and socio-

political obstacles that hindered the development of CO2-EGS. The CO2-Plume 

Geothermal system has several key differences that distinguish it from the previously 
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discussed CO2-EGS configuration. Specifically, CPG does not require the reservoir to be 

“engineered”, or fractured, and instead uses sedimentary basins that are naturally 

permeable [33,34,93,94,96]. This distinction is significant as hydraulic fracturing increases 

project uncertainty and risks, as fracture networks are random and may not result in a closed 

loop (i.e. the fracture don’t connect the injection and production wells or fractures connect 

to an outside formation), and may induce seismic disturbances which has led to the 

cancelation of EGS projects due to socio-political resistance [78,79]. Additionally, the use 

of sedimentary basins benefits CPG, as these reservoirs are currently targets of CCS 

operations[10,97], providing a better synergy with CCS than CO2-EGS [33,34,94,96].  Put 

simply, CPG reframes the problem that CO2-EGS attempts to address, which was how CCS 

can be adapted for geothermal energy, and instead asks how geothermal energy can be 

adapted for CCS. 

Initial research into CPG validated the heat extraction potential of CO2 in permeable 

sedimentary reservoirs, and demonstrated that they produce more heat with higher CO2 

production temperatures for a longer period than a similar CO2-EGS system [94], and 

similar brine-EGS and brine reservoir systems [96]. The effects of the permeability were 

evaluated on power generation for CPG, water, and brine systems, with CPG generating 

more power than water systems for permeabilities less than 5x10-14 m2 [34], which was 

similar to findings of Atrens et al. for CO2-EGS systems [91]. The synergistic value of the 

geothermal heat extraction on CCS was evaluated, and CPG increased the feasibility of 

CCS by offset approximately 10% of the carbon capture cost [33]. 
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Two surface power plants were developed and evaluated for use with the CPG reservoir, a 

direct power cycle where CO2 is directly expanded in a turbine (i.e. the CO2 equivalent of 

the dry-steam cycle), and a binary cycle, where the heat is transferred to a secondary fluid 

to produce power using a simplified reservoir model (i.e. a binary cycle) [98]. The results 

of this simulation demonstrated that CPG has the capability to generate power from the 

heat extracted from the reservoir, and that for CPG applications the direct cycle was more 

efficient at generating power than the binary system.  Adams et al. [1] further refined these 

models, accounting for friction losses in the adiabatic wellbore, realistic parasitic power 

consumption for the fans in the cooling towers, a circulation pump to augment the 

developed CO2 thermosiphon [82], and a reservoir characterization estimating the reservoir 

pressure loss. The detailed thermodynamic model confirmed that CO2 direct cycles 

generate more power than binary cycles, and CPG systems generate more power than an 

equivalent brine system for low and moderate permeabilities and temperatures. The 

availability of the geothermal resource additionally enables CPG to be more dispatchable 

than wind and solar [2].  This power system, defined by Adams et al. [1], is the most 

comprehensive power generation study completed for the CPG system and represents the 

state of the art in power conversion technology for CPG systems, and is shown in Figure 

1-4. 
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Figure 1-4: Layout of a CPG system using a 5-spot pattern. Both a direct cycle and 

an indirect cycle are indicated. Figure is sourced from Adams et al 2015 [1] and 

reprinted with permission from Elsevier (Appendix: Copyright Reuse Permissions).  

Further research on CPG has enhanced the understanding of CO2 heat extraction from the 

reservoir. Garapati et al. [83,99] simulated the performance of a radial-axisymmetric 

reservoir with a horizontal production well located beneath the caprock, and a vertical 

injection well located at the center. These simulations included the CO2-brine interactions 

and the initial plume development, determining the minimum volume of initially injected 

CO2 required to operate a CPG system, the lifetime of each reservoir, and the effects of 

stratified permeability within the reservoir. These simulations additionally demonstrated 

that in a CO2-brine reservoir, the produced fluid will contain some brine in solution, but 

this fraction is typically within allowable limits for turbomachinery. However, this brine 

must be removed at the surface, as the reinjection of brine with the CO2 increases reservoir 
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pressure losses. Finally, the thermal drawdown at the production well reservoir was 

characterized for variable reservoir thicknesses and production well radiuses, determining 

an optimum production well radius and mass flow rate for the lifespan of the reservoir 

[100].  

A field test conducted at the Southeast Regional Carbon Sequestration Partnership 

(SECRAB) Cranfield site located in Cranfield, Mississippi demonstrated the viability of 

the recovery of CO2 from the reservoir and the operation of a thermosiphon for 43 hours 

[101–103]. The reservoir is part of the Lower Tuscaloosa Formation and is highly 

permeable, and while the Cranfield site is not a saline reservoir, the site can be viewed as 

an analog to CO2 injection into a saline reservoir [104]. 

1.9 CO2 Geothermal Energy Storage Systems 
While CO2 geothermal systems can operate solely as dispatchable baseload power systems, 

research has demonstrated that they can operate as energy storage systems and both 

consume and generate power from the electrical grid to support the growth of other variable 

renewable systems. To date, three CO2-Geothermal Energy Storage systems have been 

proposed: 1) CO2-Bulk Energy Storage System (CO2-BES), 2) Compressed CO2 Energy 

Storage System (CCES), and 3) CO2-Plume Geothermal Energy Storage System (CPGES). 

1.9.1 CO2-Bulk Energy Storage System 
The CO2-Bulk Energy Storage System is a complex multi-fluid geothermal system that 

uses the injection of CO2 to pressurize, displace, and then produce heated brine for 

geothermal energy generation [105–107]. The geothermal reservoir consists of several 

concentric horizontal circular injection and production wells to circulate both CO2 and 
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brine, shown in Figure 1-5. This well configuration is designed to create a hydraulic mound 

to store pressure in the CO2 and create an artesian flow in the brine, generating power 

[106]. To consume power, the brine is pumped back into the reservoir to re-establish the 

hydraulic mound. Modelling demonstrated that with select mass flow rates, the system 

would establish a hydraulic mound, and brine extraction could generate significant power, 

in excess of 100 MW for the given reservoir configuration [105–108]. 

 

Figure 1-5: A cross section of the reservoir for the CO2-Bulk Energy Storage system 

indicating the layout of the concentric injection and production wells. Figure is 
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sourced from Buscheck et al. 2016 [106] and is reproduced with permission from 

Geological Society of America (Appendix: Copyright Reuse Permissions). 

1.9.2 Compressed CO2 Energy Storage System 
The Compressed CO2 Energy Storage System (CCES) expands from the known 

Compressed Air Energy Storage System and utilizes a multi-level sedimentary reservoir to 

generate and then store energy using a supercritical CO2 Brayton cycle, shown in Figure 

1-6. The CCES system has two modes: a generation and consumption mode. In the 

generation mode, CO2 is extracted from the subsurface and heated at the surface, using heat 

recovered after the turbine and an external fuel source, and then expanded in a turbine. 

Most of the waste heat is recovered and used in the pre-heat process and then the CO2 is 

injected into the shallow reservoir. This generation process is similar to the Compressed 

Air Energy Storage system, as most of the generated power is a result of the heat addition 

at the surface, provided by an external heat source. To consume power, the CO2 is 

recovered in the shallow reservoir and then compressed into the deeper reservoir. They 

found that the system operated with round trip efficiencies (i.e. power out over sum of the 

compression power and adjusted heat added) of approximately 63%. However, accounting 

for the full amount of heat addition this value is likely to be closer to 50%. Overall, the 

system operated with energetic efficiencies near 50%. System performance is limited by 

the large power consumption by the compressors, which generally exceeded the turbine 

generation capacity, even with heat addition. The overall efficiencies, however, are 

maintained by the large heat recovery system in the generation mode. Modeling however, 

neglects the vertical wells, which can have an significant impact on the performance of the 

cycle [1,91]. This, combined with the inoperable heat recovery system, which transfers 
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heat against the temperature difference, shown by state 7 in Figure 1-6d, may significantly 

impact the findings. Additionally, surface heating of a CO2-Geothermal cycle, as 

demonstrated in CCES, operates with a lower efficiency than a secondary power system 

alone for high turbine inlet temperatures [109]. None the less, this provides valuable insight 

into multi-level CO2 energy storage. 

 

Figure 1-6: A schematic for the proposed Compressed CO2 Energy Storage System. 

System components include the compressor (C), the turbine (T), the high-pressure 

reservoir (HS), the low pressure reservoir (LS), the surface heat addition (HE), and 

the reheat heat exchanger (RE). Image was sourced from Liu et al 2016 [110], and 

reused with permission from Elsevier (Appendix: Copyright Reuse Permissions). 
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1.9.3 CO2-Plume Geothermal Energy Storage System (CPGES) 
The CO2-Plume Geothermal Energy Storage system is an extension of the CPG power 

system, and operates by adding a second shallower reservoir which enables the system to 

operate as an intermittent Rankine cycle. This system is different from the previous CCES 

systems, as the CPGES system operates using a supercritical Rankine cycle using only 

geothermal energy to produce power, whereas, the CCES system used a Brayton cycle with 

auxiliary heating on the surface. The design and performance of the CPGES system is the 

primary focus for the remainder of this dissertation. The purpose of this work is to provide 

insight on how the CPG system can be a flexible power generation and storage facility to 

supplement the growth for variable renewable energy sources, and limit climate change, 

thereby increasing the versatility of the CPG system.  
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Synopsis 
A Carbon Dioxide Plume Geothermal (CPG) energy system has been modified into a large-

scale energy storage system (CPGES) by including a second geothermal reservoir at a 

shallower depth, some surface plant modifications, and operating the system as an 

intermittent Rankine cycle.  The shallow reservoir serves to store CO2 at a lower pressure 

and temperature than the deep reservoir between the energy production and energy storage 

processes. Circular injection wells are used in both reservoirs to provide more surface area 

than the use of vertical wells and reduce detrimental pressure drops. A CPGES system has 

been simulated with 16 hours of power production and 8 hours of energy storage per day.  

Results show that more energy can be provided than consumed after initial startup 

transients, the ratio of energy produced to energy consumed per day was found to be 2.92 

after 10 years of operation. The additional energy is provided by the deep geothermal 

reservoir. Daily revenue of a CPGES system can become larger than an equivalent 

continuously operating CPG system when the time of day electrical prices are sufficiently 

high between daytime and night time and all the produced power can be sold. 



 

 40 

2.1 Introduction 
Fossil energy (oil, natural gas, coal) based power generation has been identified by the 

Intergovernmental Panel on Climate Change (IPCC) as a significant source of carbon 

dioxide (CO2) emissions to the atmosphere [5]. The IPCC has furthermore estimated that 

limiting atmospheric CO2 concentrations to a maximum of 450 ppm results in a 50% 

chance of preventing a global mean temperature increase by more than 2°C [5], as agreed 

upon by the United Nations Framework Convention on Climate Change in the Paris 

Agreement [111]. To achieve this goal, an estimated 1000 Gt of CO2 can be emitted after 

2011 [4], requiring the reduction, and eventual elimination of CO2 emissions. In the 

electricity sector, which comprises 25% of the global CO2 emissions [5], the utilization of 

clean, CO2-emission-free energy sources, or coupling CO2-emitting energy sources, such 

as fossil energy, with CO2 capture and geologic storage (CCS), is critical to reduce, and 

eventually cease, CO2 emissions to the atmosphere [5,10].  

In the United States, state legislation has set goals that require the expanded use of 

renewable energy sources. For example, in California, legislation passed in 2015, requires 

public utilities to generate 33% of their electricity from renewable energy sources by the 

end of 2020 and 50% by the end of 2030 [13].  In 2015, Hawaii updated its clean energy 

initiative, passing a house bill that requires utilization of 100% renewable energy by 2045 

[14]. In 2015, renewable energy utilization accounted for 9.45% of the total energy used in 

the United States [27]. However, expanded utilization of renewable energy, particularly of 

wind and solar, increases the complexity of grid management due to the variable energy 

supplied from these sources [112,113].  
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Renewable energy sources, such as wind and solar, can only produce variable power, as 

these energies are naturally only intermittently available. Therefore, to ensure on-demand 

power supply at any time, excess power, that may be generated when it is not needed, 

requires energy storage for later use when power demand is high. Without the storage of 

intermittently available solar and wind energy, their integration into the electrical power 

grid, while maintaining grid reliability, is challenging [112,113]. Therefore, large-scale 

energy storage systems are key to the widespread development and implementation of 

wind- and solar-based power supply [56,114].  

An alternative to storing excess solar and wind energy for later use is to install dispatchable 

backup power. However, this alternative to actual excess energy storage comes at the 

expense of utilizing fossil energy, as typically natural gas turbines are employed [50], 

which, again, results in CO2 emissions. Therefore, this commonly deployed backup power 

approach does not constitute a favorable solution.  

Both excess energy storage and energy backup systems are capable of supplementing 

renewable energy resources [50,58,115,116], allowing continuous power supply, even 

when the renewable energy resource is unavailable [50,115]. Without this ability to provide 

power reliably at all times, solar and wind energy are unlikely capable of completely 

replacing baseload power plants, such as fossil energy or nuclear power plants. To note, 

the only renewable-energy-based power generation systems that are commonly considered 

to provide baseload power, are those that use either bio energy or geothermal energy [117].  
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Here, we investigate excess energy storage that utilizes supercritical carbon dioxide (CO2) 

as the subsurface energy storage medium, which, compared to other excess energy storage 

approaches, has the following three main advantages: 1) It is large scale in space, utilizing 

subsurface saline aquifers, potentially enabling excess energy storage for a significant 

portion of the power grid; 2) It is large scale in time, capable of storing energy for hours to 

seasons; and 3) It is highly efficient, due to a) its capability to store both heat and pressure 

energy in the form of supercritical CO2 and b) its potential to take up geothermal energy 

during the underground storage of the supercritical CO2. Under favorable conditions, the 

geothermal energy input can more than make up for parasitic power requirements to store 

and retrieve the energy, essentially resulting in a CO2-based geothermal power plant 

[1,93,96] with add-on energy storage. 

2.1.1 Background on Energy Storage 
Energy storage systems have two operation modes: a charge period, and a discharge period. 

The charge period consumes electrical power from the power grid, while the discharge 

period releases the stored energy from the energy storage system back to the power grid. 

The timescales of the charge and discharge operations vary depending on the type of the 

energy storage system. For example, so-called peak-shaving energy systems store excess 

energy during peak power production and supply it later from storage, when intermittently 

available energy resources are not able to provide power. Currently, relatively large-scale, 

energy storage systems, capable of peak-shaving, include pumped hydroelectric energy 

storage (PHES) and compressed air energy storage (CAES).  
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PHES stores energy using two surface-water reservoirs that are vertically offset. Energy is 

stored by pumping water from the low elevation reservoir to the one at higher elevation.  

In this system, energy is stored as gravitational potential energy of the water, resulting in a 

low energy density [54–56].  The stored energy can be converted to electricity by reversing 

this process (i.e. letting the water drop from the upper to the lower reservoir) and converting 

the energy to power using a hydraulic turbine. Pumped hydroelectric is a mature 

technology which operates at a typical energy storage efficiency of 70-85% [54,55], 

meaning that 70-85% of the energy required to operate the PHES system is later retrieved.  

Relatively recently, pumped hydroelectric had a capacity of 20 GW in the United States, 

1.8 GW in Switzerland , and a worldwide capacity of 127 GW [55,57]. Pumped 

hydroelectric can store energy over long periods of time, with only minor losses.  However, 

most economically viable sites worldwide have already been developed [55]; others pose 

environmental challenges, hindering development. 

Compressed air energy storage (CAES) operates as an intermittent Brayton cycle [58], by 

separating the air compression and expansion processes. When excess electricity is 

available to be stored, the system compresses the air, consuming or storing energy in the 

process. The high-pressure air is stored in caverns underground. When energy is needed, 

the high-pressure air is released from storage, heated, expanded in a turbine, and then 

vented back to the atmosphere [58]. In contrast to PHES, CAES requires additional (heat) 

energy input during the energy production to operate efficiently, and this heat typically 

comes from fossil fuels. The deployment of CAES systems has been limited in comparison 
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to PHES.  Currently, only two, first-generation, large-scale CAES systems exist, a 321 MW 

plant in Huntorf, Germany, and a 110 MW plant in McIntosh Alabama [58]. The McIntosh 

and Huntorf plants operate with an overall energy efficiency of 54% and 42%, respectively 

[58]. Currently several CAES sites are under development [58,61].   

The CO2-based geothermal energy systems, such as the one mentioned at the end of the 

introduction, can also serve as particularly high-efficiency and large-scale (in both space 

and time) energy storage systems, as discussed in detail throughout the remainder of this 

paper. In essence, such CO2-Plume Geothermal (CPG) systems fall somewhere on a 

continuum between pure energy storage and pure CO2-based geothermal power generation, 

depending on subsurface energy storage depth, geothermal conditions (reservoir 

temperature and heat-input rates), reservoir permeabilities, and system operating 

conditions (e.g., energy storage versus energy retrieval durations). We refer to this 

technology as “Earth Battery,” which emphasizes that the main purpose of this form of 

energy storage is large-scale electric power storage (albeit in the form of heat and/or 

pressure energy), although it can also be used for heat storage and production.  

The Earth Battery, or CPG system, requires large amounts of CO2, which can come from 

the CO2 capture process at fossil-fueled power plants, cement manufacturers, biofuel 

refineries, or any other CO2-emitting technology, which is increasingly implemented to 

reduce global warming [5]. To keep the CO2 from the atmosphere, it needs to be stored 

permanently, which typically requires underground, i.e., geologic, storage of the CO2, 

ideally in its supercritical phase to ensure high density, in deep saline, and thus unusable, 
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aquifers or partially depleted oil/gas fields. This process is referred to as Carbon, or CO2, 

Capture and (geologic) Storage (CCS) [10]. The CCS reservoir is a permeable reservoir 

overlain by a low-permeability caprock, which prevents upward leakage of the CO2. In 

addition to this so-called structural trapping mechanisms, the CO2 can also be stored due 

to capillary forces, binding the CO2 in small pores between grains, dissolution into the 

underlying brine [35], and eventually carbonate mineral formation [36,37].   

CO2 injected underground, for example, as a result of CCS operations, may be utilized as 

a working fluid in Enhanced Geothermal Systems (EGS) [81,87,90,91] and in CO2-Plume 

Geothermal (CPG) systems [1,82,83,118], thereby constituting a Carbon Capture 

Utilization and Storage (CCUS) system. However, as the artificially generated, by 

hydraulic stimulation, EGS reservoir sizes are rather small, only minimal amounts of CO2 

can actually be stored in such CO2-EGS systems [34,96]. In contrast, CPG uses naturally 

permeable sedimentary basin formations that are overlain by low-permeability caprocks, 

resulting in significant CO2 storage capacities [34,96]. The effectiveness of CO2 as a heat 

and pressure energy extraction fluid, from a subsurface CPG reservoir, is documented in 

[33,34,83,94,96,119]. Furthermore, numerical models of the power generation by a 

theoretical CPG system demonstrated the effectiveness of a thermosiphon [82] and system 

performance relative to brine-based geothermal energy systems [1]. This CO2 

thermosiphon utilizes the density difference between the injection and production wells to 

reduce or eliminate pumping power requirements [91]. 
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In a standard CPG system, CO2 is continuously circulated between a subsurface reservoir 

and a surface power plant to constantly produce baseload electrical power [1,82]. In 

general, the ability of geothermal power plants to produce baseload power distinguishes 

them from most other renewable energy sources, such as wind and solar, which are capable 

of producing intermittent only power – one exception being Bio Energy (BE) [117], which, 

however, produces CO2 emissions, unless it is coupled with CCS, resulting in what is 

commonly referred to as BECCS [28]. However, geothermal power plants may, depending 

on geologic and power system conditions, instead be run at different power generation 

rates, i.e., intermittently, to provide (more) power to the electricity grid during times of 

peak power demand. An example of such a Subsurface Energy Storage (SES) system is the 

one introduced here, which is a modified CPG system, i.e., a CPG Energy Storage 

(CPGES) system. CPGES is related to, but still significantly different from the other Earth 

Battery system we have introduced in Buscheck et al. [106,107], and the Compressed CO2 

Energy Storage concept, discussed by Liu et  al. [110]. In contrast to Buscheck et al. 

[106,107], our concept here uses only CO2, and no water or brine, and employs two 

geothermal reservoirs at different depths. The deeper reservoir has greater temperatures 

and pore-fluid pressures, due to the geothermal temperature gradient and the increased fluid 

column, respectively. The CPGES system adds a shallow reservoir to the standard CPG 

system that acts as a “storage tank” for lower-pressure, lower-temperature CO2, enabling 

the CPGES system to operate as an intermittent power supply system, i.e., as an 

intermittent Rankine cycle. The CPGES system operates using only the energy stored from 
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the grid and geothermal energy, which is significantly different from the Compressed CO2 

energy storage system, which uses a supercritical CO2 Brayton cycle and requires 

substantial heat addition at the surface. This multi-reservoir approach facilitates power 

production and consumption at different times, dispatching power when needed and 

charging the system when low-cost power is available. 

The objective of this discussion is to quantify the performance of a CPG electricity 

generation system that is modified to operate as an energy storage system, i.e., a CPGES 

system. We demonstrate this system for a small-scale pilot plant to illustrate the 

fundamental mechanics of the operation of the system. We compare the energy 

performance of this system to the closest existing technologies for large-scale energy 

storage, Compressed Air Energy Storage (CAES) and Pumped Hydroelectric Energy 

Storage (PHES). We also consider time-of-day electricity pricing (in the USA) that would 

make this option economically viable. 

2.2 Method 

2.2.1 System Overview 
A CO2-Plume Geothermal (CPG) system consists of CO2 injection and production wells, 

a permeable sedimentary reservoir overlain by a low-permeability caprock, sufficient 

reservoir temperature, and a surface power plant that converts the heat and pressure energy 

from the reservoir to electrical power. If only heat is desired, a heat exchanger to another 

working fluid suffices. In the direct system considered here where no secondary fluid is 

used in the power plant at the Earth’s surface, the supercritical CO2 (scCO2) is heated in 

the reservoir, produced to the surface through a production well, expanded through a 
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turbine, cooled to a condensed liquid, compressed, and reinjected through a well back into 

the reservoir [1,34,82,83,96]. CPG systems may ideally be developed at a CO2 storage site  

or at a naturally occurring underground CO2 deposit [33].  

The CPGES system is similar to the CPG system, but operates by moving CO2 between 

two reservoirs at different depths, where the deeper reservoir exhibits higher temperature 

and pore-fluid pressure as outlined before. Figure 2-2 shows that the CPGES system 

operates in two different modes for the power generation and power consumption 

processes:  

1) Power Generation Mode: CO2 production from the deep reservoir, electric and/or 

thermal power generation, and injection of the CO2 into the shallow reservoir. 

2) Energy Storage Mode: CO2 production from the shallow reservoir and injection into the 

deep reservoir, consuming power.  

During power generation, the system produces geothermally heated CO2 from the deeper 

reservoir and expands the CO2 in a turbine to generate power. When the fluid exits the 

turbine, it is in a low-pressure, high-energy state. This state is not suitable for CO2 injection 

into the deeper reservoir as significant compression is required, however, it may be stored 

temporarily near the surface in a shallow reservoir. The shallow reservoir allows for storage 

of the CO2 at hydrostatic fluid pressure with minimal parasitic power consumption.  

During energy storage (i.e., power consumption) mode, CO2 is removed from the shallow 

reservoir and brought to the surface, where it is cooled, compressed, and injected into the 

deeper reservoir. The cooling and compression processes consume energy.  
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Because the fluid in the deep reservoir is heated by a geothermal energy source, the net 

electrical energy produced can be greater than the net electrical energy consumed by the 

system. This can result in a net positive energy contribution to the electric power grid, 

depending on geologic, geothermal, and system operation (energy storage duration) 

parameters. 

2.2.2 CPGES numerical modeling 
The CPGES system is divided into two sub-systems: 1) the two reservoirs and 2) the 

remaining components, which include the vertical wells, the turbine, the cooling towers 

and fans, the throttling valves, and the pump.  The reservoirs are numerically simulated 

using TOUGH2 [120], with the ECO2N equation of state module [121]. The remaining 

components are simulated employing Engineering Equation Solver (EES) [122].  We 

couple the models for the reservoirs and the other components with MATLAB [123]. 

2.2.2.1 Reservoir numerical modeling (TOUGH2-ECO2N) 
Following the approach presented by Garapati et al. [83], both reservoirs are numerically 

modeled employing a three-dimensional, axisymmetric geometry. Both reservoirs have a 

porosity of 10%, are 300 meters thick, and are overlain by low-permeability caprocks. The 

respective reservoir temperatures are given by their depth, a standard continental-crust 

geothermal gradient of 35oC/km, and a mean annual surface temperature of 15oC.  

Additionally, we model the heat flux through the top and bottom reservoir boundaries as 

semi-analytic conduction heat transfer [120], representing the surrounding rock. The 

reservoirs are initially filled with brine with an NaCl saturation of 20%. Reservoir 
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parameters are consistent with the base case presented by Adams et al. [1,82] and are 

summarized in Table 2-1.  

Table 2-1: Reservoir physical properties for the numerical simulation. 

Reservoir Parameters/Conditions   

General Parameters  

 Horizontal Permeability 5.0 x 10-14 m2 

 Vertical Permeability 2.5 x 10-14 m2 

 Thermal Conductivity 2.1 W/m/°C 

 Porosity 10% 

 NaCl Concentration  20% 

 Geothermal Gradient 35 °C/km 

 Surface Temperature 15 °C 

 Reservoir Thickness 300 m 

 Rock Density 2650 kg/m3 

 Rock Specific Heat 1000 J/kg/°C 

 Simulated Radius 100 km 

 
Initial Conditions 

Hydrostatic equilibrium, 

pore space occupied by brine 

Deep Reservoir  

 Mean Reservoir Depth 2.5 km 

 Mean Reservoir Temperature 102.5 °C 

 Injection Well Radius 200 m 

 Production Well Radius 707 m 

 Number of grid cells, vertical 42 

 Number of grid cells, horizontal 117 

Shallow Reservoir  

 Mean Reservoir Depth 1.5 km 

 Mean Reservoir Temperature 67.5 °C 

 Well Radius 400 m 

 Number of grid cells, vertical 34 

 Number of grid cells, horizontal 121 

 

2.2.2.1.1 Deep Reservoir 
As shown in Figure 2-2, during the energy storage operation, power is consumed to inject 

cold, but still supercritical, CO2 (scCO2), with its critical point being at only 31.04 °C, into 

the deep reservoir at the deep horizontal, circular injection well.  Due to the mobility and 
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buoyancy of the scCO2, the CO2 plume expands vertically and radially away from the 

injection location, overrides the higher-density brine, and is geothermally heated as it 

moves through the hot geothermal reservoir.  Vertical movement ceases at the top of the 

reservoir, due to the overlaying, low- to virtually zero-permeability caprock. During the 

power generation mode, the geothermally heated CO2 is extracted at a horizontal, circular 

production well, located just beneath the caprock (Figure 2-2), as also shown in Garapati 

et al. [83].  

The deep injection well is located at a radius of 200 meters directly above the low-

permeability rock at the bottom of the reservoir (Figure 2-2), although it should be noted 

that, due to the buoyancy of the scCO2, such a basal, low-permeability rock or layer is not 

required.  This injection well configuration differs from that used in previous CPG power 

system studies that used a vertical injection well, including in Garapati et al. [83] who used 

a horizontal, circular production well, but a vertical injection well.  We consider a 

horizontal, circular injection well to increase the injection well length, compared to a 

vertical well, thereby reducing the injection pressure, other factors remaining the same, 

which is desirable [95]. The location of the injection well at the bottom of the reservoir 

allows the CO2, which is naturally buoyant at the reservoir conditions, to extract heat via 

convection over the entire thickness of the reservoir.  The circular, horizontal production 

well is located at a radius of 707 meters directly beneath the top-bounding caprock, where 

this radius is chosen for better comparison with previous CPG results, in particular those 

reported by Randolph and Saar [33], Adams et al. [1], and Garapati et al. [83,119]. 
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The CPGES system requires the deep, hot reservoir to contain a CO2 plume, which must 

be developed prior to starting CO2 circulation. In this study, we prime the deep reservoir 

by injecting CO2 for 2.5 years, during which time the developing CO2 plume displaces 

some of the native brine. The CO2 injection rate increases linearly from 0 to 250 kg/s during 

the first year, then remains constant at 250 kg/s for the remaining 1.5 years, similar to 

Garapati et al. [83].  This results in the total injection of 15.78 Mt of CO2 and CO2-plume 

breakthrough at the production well, where the CO2 saturation at the production well is 

30% (Figure 2-2). As demonstrated by Garapati et al. [83,119] CO2 saturations in the 

production well are significantly higher than even in the reservoir immediately surrounding 

the production well inlet, due to the high mobility (low kinematic viscosity) of the 

supercritical CO2, which is preferentially entering the production well, compared to brine. 

This tends to result in CO2 saturation values in the production well significantly above 

90%, often very close to 100%, , as demonstrated by Garapati et al. [83,119].     

2.2.2.1.2  Shallow Reservoir  
The shallow reservoir is used differently and, thus, has a different well configuration than 

that of the deep reservoir (Figure 2-2). The shallow reservoir is located at a depth of 1.5 

km and has a single horizontal, circular well located at the top of the reservoir directly 

beneath the caprock. The well has a radius of 400 meters and operates both as a CO2 

injection and a CO2 production well (i.e., as a so-called “Huff and Puff” system). 

The use of a single injection/extraction well allows efficient injection and recovery of CO2.  

During the power generation mode, CO2, produced from the deep reservoir is passed 

through the turbine (where it is expanded and thus cooled), and injected into the shallow 
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reservoir, where it partially displaces the pre-existing CO2 and the brine near the well, 

forming or maintaining a “pocket” of CO2 around the well. During the energy storage 

mode, when power is consumed to extract CO2 from the shallow reservoir, high CO2 

concentrations near the well minimize brine entrainment, thereby maximizing the 

likelihood that the produced fluid is only CO2.  

As with the deep reservoir, the shallow reservoir must be primed by injecting sufficient 

CO2 to ensure that the fluid extracted during the energy storage phase is only CO2. 

Therefore, we prime the shallow reservoir by injecting CO2 at a rate that linearly increases 

from 0 to 100 kg/s over the first two weeks and then remains constant at 100 kg/s for 

another ten weeks, resulting in a total injected CO2 mass of 0.67 Mt (Figure 2-2).  

During our early numerical analyses of CPGES system performance, the CO2 plume in the 

shallow reservoir dispersed over multiple energy storage and discharge cycles, depleting 

the CO2 pocket around the well, as the CO2 rose to form a thin layer beneath the caprock. 

The decreased CO2 saturation values near the combined injection-production well 

increased CO2 injection and decreased CO2 production pressures, increasing the parasitic 

power consumption of the system. This problem can be mitigated by injecting slightly more 

(5% in our simulations) CO2 into the shallow reservoir than extracted from it during each 

cycle. Our approach uses the deep reservoir, which contains a substantially larger amount 

of CO2, as a CO2 source to maintain the required CO2 injection/withdrawal mismatch in 

the shallow reservoir, enabling the system to operate for decades without requiring external 

makeup CO2.  
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Figure 2-1 shows the CO2 saturation in the shallow reservoir at the end of ten years when 

5% more CO2 has been injected than removed each cycle. The 5% excess CO2 injection is 

sufficient to maintain a high CO2 concentration near the injection well. The observed 

growth of the CO2 plume, both horizontally and vertically (Figure 2-1 and Figure 2-2), 

indicate that a lower excess injection fraction can be used to maintain the CO2 

concentration near the well. This will slow the growth of the CO2 plume in the shallow 

reservoir, which will minimally impact the performance of the reservoir. However, 

reducing the excess injection fraction will increase the mass flow rate during the production 

phase, increasing the power consumed.  

 

Figure 2-1: The shallow reservoir CO2 saturation distribution with 5% extra CO2 

delivered each cycle. The CO2 plume expands horizontally beneath the caprock due 

to the buoyancy of the CO2, maintaining a high concentration near the well (located 

at the top of the reservoir at a radius of 400 meters). 

2.2.2.2 Reservoir Heat Transfer 
The heat extraction from the reservoir for each power-generation-energy-storage cycle, 

Qreservoir,  is defined by the product of the total circulated CO2 mass, mCO2, and the mean 

enthalpy difference,  h1-h10 , between the production and the injection wells, i.e., 

𝑄𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 = 𝑚𝐶𝑂2(ℎ1 − ℎ10). (2-1) 
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Each state point is defined in Figure 2-2. The fluid states at each well are given by the 

reservoir conditions. The circulated mass of CO2 is defined as the amount of mass of CO2 

produced from the deep reservoir during the power generation mode.  

In the shallow reservoir, the CO2 injection temperature is nearly equal to that of the 

reservoir, so we assume isothermal conditions, i.e., we neglect heat transfer between the 

CO2 and the rock within the shallow reservoir.  In addition, heat transfer between the 

surrounding rock and the shallow reservoir well is essentially eliminated due to the single-

well “Huff and Puff” approach. After several injection/production cycles, the reservoir near 

the well is thermally depleted and does not change the fluid temperature, justifying the 

assumption of isothermal conditions.  

2.2.3  Power Plant Modeling 
The main components of the direct CO2-system plant are vertical wells, a turbine, cooling 

towers, throttling valves, and a pump. This configuration is illustrated in Figure 2-2, while 

Figure 2-3 shows the corresponding state points on a temperature-entropy, T-s, diagram, 

with the working fluid in the surface power plant also being the pure CO2 that is produced 

from the reservoir. The parameters assigned to each component are consistent with Adams 

et al. [1,82]  and are given in Table 2-2. 
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Figure 2-2: Schematic of the two operational modes of a CPGES system. In the 

production mode (A), power is generated by producing hot CO2 from the deep 

reservoir, extracting thermal energy at the surface in an expansion device (turbine), 

and injecting the cooled CO2 into the shallow reservoir. During the energy storage 

mode (B), power is consumed by extracting the CO2 from the shallow reservoir, 

cooling and compressing it at the surface prior to injecting it into the deeper reservoir. 

CO2 saturation in the shallow and in the deep reservoirs after the initial charging 

period, with the computational grid overlay are illustrated below the system 

schematic. The shallow reservoir exhibits limited CO2 plume development, as only 

enough CO2 is injected to displace the brine near the well.  The deep reservoir exhibits 

significant CO2 plume development so that the CO2 reaches the production well, as 

required.  The numerical grid is refined near the injection and production wells, near 

the caprocks, and, in case of the deep reservoir, near the baserock. The numerical 

grid spacing is increased logarithmically in the horizontal direction beyond 1 km, to 

the model boundary at 100 km, to reduce computational costs. 
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Figure 2-3: Temperature-entropy, T-s, diagram for CO2, showing state points for a 

complete CPGES power generation (red: 1-5) and energy storage (blue: 6-10) cycle. 

The difference between State Point 5 and 6 is due to the transient pressure conditions 

at the well in the shallow reservoir, resulting from changing CO2 mass flow rates and 

the temporal separation between the power generation and the energy storage modes. 

The CO2 in the generation mode remains supercritical throughout the cycle, whereas, 

the storage mode may operate in the sub-critical region, particularly during the 

cooling operation.  

Table 2-2:  Plant parameters 

System Parameters  

Ambient Temperature  15 °C 

Daily Power Generation Duration 16 hours 

Mass Flow Rate during Power Generation 200 kg/s 

Daily Energy Storage Duration  8 hours 

Mass Flow Rate during Energy Storage 380 kg/s 

Well Internal Diameter 0.41 m 

Turbine Efficiency 78% 

Isentropic Pump Efficiency 90% 

 

2.2.3.1 Energy Generation 
The production process begins by extracting hot CO2 from the deep reservoir at State 1 

(Figure 2-3) through the deep horizontal production well.  Four vertical wells connect the 
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deep horizontal well to the surface and the CO2 rises buoyantly, i.e., without requiring 

pumping, and while adiabatically expanding, to the surface, reaching State 2. Four vertical 

wells are used to reduce the frictional losses, and maintain parity with previous 5-spot CPG 

models. To simulate the vertical wells, we employ the vertical CO2 well model from Adams 

et al. [1,82], where we numerically integrate over the well length beginning at the deep 

reservoir, simultaneously solving the continuity, energy balance, and momentum 

equations. The frictional pressure losses are modeled using the Darcy-Weisbach relation, 

assuming a pipe surface roughness of 55 µm [124]. The model assumes an adiabatic, 

steady-state operation and does not include transients that occur during the transitions 

between the power generation and the energy storage modes. Supercritical CO2 (scCO2) 

properties are given in Span and Wagner [125].   

At the surface, the scCO2 is expanded to State 3 in the turbine to produce power (Figure 

2-3). The turbine power output is determined as the product of the scCO2 mass flow rate 

and the enthalpy difference between the turbine inlet, h2, and outlet, h3, 

�̇�𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = �̇�𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛(ℎ2 − ℎ3). (2-2) 

The turbine is assumed to have an isentropic efficiency of t=78%, consistent with the CPG 

model of Adams et al. [1,82]. The back pressure of the turbine is held constant at 7.5 MPa, 

keeping the scCO2 as a supercritical fluid at State 3.  This is necessary to prevent multi-

phase flow within the injection well (State 4), where the liquid and vapor phases could 

separate. 
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The processes from State 3 to 4 are governed by the downhole reservoir pressure, required 

to inject the scCO2 into the shallow reservoir (State 5). The reservoir pressure is determined 

from the reservoir simulation. Depending on the required injection pressure (State 5), the 

scCO2 is either isobarically cooled in a cooling tower, or isenthalpically expanded in a 

throttling valve to State 4. The heat extraction rate for the cooling towers is obtained by 

the product of the scCO2 mass flow rate and the enthalpy difference of the scCO2 across 

them, 

�̇�𝑐𝑜𝑜𝑙𝑒𝑟,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = �̇�𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛(ℎ3 − ℎ4). (2-3) 

The parasitic power requirement for the operation of the cooling tower fans is determined 

as a fraction of the heat extraction rate from the cooling towers, given as  

�̇�𝑐𝑜𝑜𝑙𝑒𝑟,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 𝜆𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛�̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔, (2-4) 

where the parasitic loss fraction, λ, is defined in the supplemental information in Adams et 

al. [1] for cooling and condensing towers.  

The resultant reservoir injection pressure is determined by the gravitational compression 

process (i.e., self-compression, not requiring an injection pump) in the injection well.  The 

CO2 is injected into the shallow reservoir and is stored there until the energy storage, 

requiring parasitic power, mode commences.   

During the power generation mode, some of the scCO2 stored in the deep reservoir rises 

buoyantly to the surface so that no power-consuming pump is needed, although the cooling 

tower fans do consume some minor power (typically <4% of the turbine output). The net 

electric power is continuously generated by the turbine and is sent to the power grid.  The 
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net power produced during the power generation mode is defined as the difference between 

the turbine power output and the parasitic losses due to the operation of the cooling tower 

fans, 

�̇�𝑛𝑒𝑡,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = �̇�𝑡𝑢𝑟𝑏𝑖𝑛𝑒 − �̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛. (2-5) 

2.2.3.2 Energy Storage (Power Consumption)  
The energy storage mode produces scCO2 from the same four vertical wells coming from 

the horizontal, circular well in the shallow reservoir (the same wells used to inject scCO2 

into the shallow reservoir) and uses the same cooling towers, a throttling valve, a pump, 

and four vertical wells that feed CO2 to the horizontal, circular injection well in the deep 

reservoir (which is different from the deep reservoir production well) as shown by the blue 

lines in Figure 2-2B.  

The CO2 is extracted from the shallow reservoir (State 6) through the horizontal, circular 

well and the connected four vertical wells and rises adiabatically to the surface (State 7). 

The temperature of the produced scCO2 (State 7) is slightly cooler (e.g. within 2°C) than 

the injected temperature (State 4), resulting from the decrease in pressure between CO2 

injection and recovery in the shallow reservoir. At the surface, the fluid is isobarically 

cooled in a cooling tower, extracting the majority of the thermal energy from the CO2 and 

reducing its density prior to injection into the deep reservoir. The power consumed to 

operate the cooling tower fans is the product of the scCO2 mass flow rate, the parasitic loss 

fraction, and the enthalpy change, 

�̇�𝑐𝑜𝑜𝑙𝑒𝑟,𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = �̇�𝑠𝑡𝑜𝑟𝑎𝑔𝑒𝜆𝑠𝑡𝑜𝑟𝑎𝑔𝑒(ℎ7 − ℎ8). (2-6) 
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At State 8, the scCO2 leaves the cooling tower at an assumed approach temperature of 7°C 

above the ambient air temperature (e.g. 15°C + 7°C = 22°C) [1].  Depending on the required 

injection pressure (State 10), defined by the TOUGH2 reservoir model, the CO2 is either 

expanded in a throttling valve, or compressed by a pump to State 9.  The power required 

to operate the pump is calculated from the product of the scCO2 mass flow rate and its 

enthalpy difference across the pump,   

�̇�𝑝𝑢𝑚𝑝 = �̇�𝑠𝑡𝑜𝑟𝑎𝑔𝑒(ℎ9 − ℎ8). (2-7) 

The pump is modeled using an isentropic efficiency of 90%, consistent with previous 

studies [1,82] . 

The CO2 is then adiabatically injected into the deep reservoir, using four injection wells.  

The CO2 is then geothermally heated in the deep reservoir as it flows buoyantly from the 

deep horizontal injection well to the shallower horizontal production well (State 1).  

During the energy storage mode, the system consumes electrical power available as excess 

power on the grid, with no power being generated. The power consumed is defined as the 

sum of the pump and cooling tower fan power required during the energy storage phase, 

�̇�𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = �̇�𝑝𝑢𝑚𝑝 + �̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑠𝑡𝑜𝑟𝑎𝑔𝑒. (2-8) 

2.2.3.3  CPGES System Performance  
We describe the characteristic behavior of the CPGES system in terms of the net energy 

produced, the system efficiency, and the energy storage ratio. The net energy is the amount 

of energy produced over a complete cycle, defined as,  

𝐸𝑁𝑒𝑡 = 𝐸𝑛𝑒𝑡,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 − 𝐸𝑠𝑡𝑜𝑟𝑎𝑔𝑒, (2-9) 



 

 62 

where Enet,generation is the net electrical energy generated by the system during the power 

generation mode and Econsumption is the electrical energy consumed during the energy storage 

mode.  

The efficiency of the system, system, is defined as the energy output of the system, Eturbine, 

over the sum of all energy input into the system during an entire cycle, including the 

geothermal heat energy, Qreservoir, the pump energy, Epump, and the cooling fan energy 

during both energy storage, Ecooling,storage, and energy generation, Ecooling,generation, i.e.,  

𝜂𝑠𝑦𝑠𝑡𝑒𝑚 =
𝐸𝑡𝑢𝑟𝑏𝑖𝑛𝑒

𝑄𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟+𝐸𝑝𝑢𝑚𝑝+𝐸𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑠𝑡𝑜𝑟𝑎𝑔𝑒+𝐸𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛
. (2-10) 

Next, we quantify the energy storage performance of a CPGES system by calculating its 

energy storage ratio, χ, as  

𝜒 =
𝐸𝑛𝑒𝑡,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝐸𝑠𝑡𝑜𝑟𝑎𝑔𝑒+𝑄 𝑝𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑑
, (2-11) 

where Qpurchased is any additional heating during the power generation mode. As we do not 

consider additional heating during the CPGES operations discussed here, Qpurchased is zero. 

The lack of supplemental heating reduces the system energy storage ratio to the ratio of net 

electrical energy generated, Enet,generation, and consumed, Econsumed. This differs from the 

CAES system, which uses heating from purchased fuel sources. Auxiliary heating of 

geothermally preheated fluids (e.g., water, brine, scCO2), before they enter the turbine in a 

direct geothermal power plant system, similar to Garapati et al. [126] and Liu et al. [110], 

is beyond the scope of this paper.  
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2.2.3.4 Economic Performance 
We demonstrate the economic value of using the CPGES system using historical, localized 

marginal prices (LMP) obtained from Midcontinent Independent System Operator (MISO) 

[127].  The historical LMP values are averaged over one-hour time intervals at each LMP 

node, from 1/1/2015 through 12/31/2015.  From this data, an average LMP profile is 

constructed for a representative day, given in Figure 2-9. 

The LMP value varies throughout the day with electrical demand and typically is larger 

during the daytime hours and lower at night.  In the morning, between 12:00 am and 6:00 

am, the LMP is reduced due to the limited electrical demand; with the daily minimum LMP 

value of $16.81/MWh occurring at 3:00 am.  The peak price occurs at 6:00 pm at 

$29.02/MWh.  The average daytime (6:00 am to 10:00 pm) LMP value is $27.50/MWh 

and the average nighttime LMP is $19.00/MWh.  The CPGES takes advantage of this 

difference in LMP values by producing energy during the 16-hour period of elevated prices 

and consuming energy during the 8-hour period, when the electricity price is the lowest.  

The CPGES system revenue is determined by the product of the instantaneous LMP and 

the amount of energy the system produces or consumes versus time throughout the day.  It 

is also assumed that all power produced is purchased at LMP values. The net daily profit 

of the system is determined by the total system revenue over the 24-hour period. The 

CPGES system is compared to equivalent CPG systems. 

2.3 Results 
The results are presented in two parts.  First, we present how the system performs over the 

first six years of operation. Then we present the results of the diurnal cycle, illustrating 
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how the system performs due to the intermittent production and storage processes. System 

performance is presented in terms of the component power, net system power, energy 

storage ratio, and the reservoir pressures.  All results assume that the system operates each 

day for 16 hours in the energy production mode, followed by 8 hours in the energy storage 

mode.   

2.3.1 System Transients (Daily Average) 
This section details how the system will perform over the first 10 years of operation.  The 

system operation begins directly following the completion of the initial CO2 injection. 

At the end of the charging period, the deep reservoir has an over-pressurization of 10.54 

MPa and 7.08 MPa at the injection and production wells, respectively, while the shallow 

reservoir has an over-pressurization of 4.43 MPa at the injection/production well. 

When the charging period ends and the system operation begins, the pressures at each well 

decrease and approach a steady operating pressure. The time required to achieve an average 

pressure for the deep production well, deep injection well, and shallow well to within 1% 

of the final average pressure (at 10 years) were 2.2, 6.2, and 0.7 years, respectfully. The 

configuration of the shallow reservoir, in addition to the limited CO2 plume, limit the initial 

over pressurization and allow the reservoir to achieve the steady operating pressure before 

the deeper reservoir.  
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Figure 2-4: The resulting reservoir pressures (A) at the injection and production wells 

and the energy production and storage (B).  The resulting variation in daily pressure 

is represented by the envelope thickness, and the average daily reservoir pressure is 

overlaid (white line).  The energy contribution of each component is displayed in 

addition to the resulting energy production and consumption and the net daily system 

energy production. 
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Figure 2-5: The CO2 mass fraction of the produced fluid from the shallow and deep 

reservoir. The configuration of the shallow reservoir eliminates brine near the well, 

producing nearly pure CO2 (i.e. > 99.7% mass ratio), whereas the deep reservoir 

experiences brine up-coning, particularly during the first year. The minimum 

accepted mass fraction of CO2 is 94%, described in the text. 

Figure 2-5 shows the produced mass fraction over time for each reservoir. The shallow 

reservoir configuration does not allow for the entrainment of brine in the produced fluid, 

having a minimum CO2 mass fraction of 99.7%. The net injection of CO2 during each cycle 

maintains the large CO2 concentration near the well, and prevents brine from interacting 

with the produced fluid. The deep reservoir has a minimum CO2 mass fraction of 91.9%, 

which is below the 94% approximation of Welch and Boyle [128] for specialized turbines, 

and may require the water to be separated at the surface upstream of the turbine, similar to 

geothermal systems using a flash cycle [65]. The mass fraction is less than the 94% 

approximation only during the first year of operation, indicating that use of a separator at 

the surface, may only be needed temporarily during the startup of the system.  
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At the beginning of the system operation, power generation and consumption are elevated 

relative to their steady values due to over-pressurization in the reservoirs. During this 

period, the system produces and consumes 41% and 372% more energy per day than at the 

steady operating conditions. The amount of energy produced and consumed decreases over 

time, as the pressure in the deep reservoir decreases. The daily energy production is steady 

after 1.5 years of operation, as the turbine and net daily energy production are within 1% 

of their respective 10 year values. In contrast, the energy consumption requires 7.7 years 

before achieving steady state, resulting from the over-pressurization at the deep reservoir 

injection well.  

At the beginning of the system operation, the pump accounts for 90% of the total energy 

consumed, and is the primary source of energy consumption over the first 43 weeks. The 

pump is continuously run during the storage process for the first 80 weeks of system 

operation. After this point, the pump is used only when required by the system. After 7.5 

years, the pump accounts for only 1% of the total energy consumed during the storage 

phase and after 9 years the pumping is insignificant (i.e. < 0.1%). 
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Figure 2-6: Power system component contribution to the overall energy consumption 

by the system. Initially, the pump is the primary consumptive element due to the 

elevated reservoir pressures. As the reservoir pressures become steady, the cooling 

tower fans (consumption) account for over 90% of the energy consumed. The 

production cooling tower fans account for less than 10% of the energy consumed. 

For elevated reservoir pressures, the energy cost to compress the CO2 is significant, and 

reduces the performance of the system. For our system, the initial large compression 

requirement could be mitigated by allowing the reservoir to rest after the initial CO2 plume 

development; delaying the start of the CPGES system until the injection pressure 

diminishes, due to the dispersion of the CO2 plume. Additionally, brine could be produced 

during the CO2 plume development, using the over-pressurization of the reservoir to 

eliminate the need for downhole pumps [106].   

The system is effective at separating power production from power consumption, although 

some power is consumed during energy production. In the generation mode, the cooling 

towers (production) consume only 4% of the total turbine energy produced, with the 

exception of the first three weeks, during which time they consume more energy due to the 
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elevated shallow reservoir pressure. This energy consumption, accounts for less than 9.8% 

of the total daily energy consumed by the cycle.  

 

Figure 2-7: The energy storage ratio over the first 10 years of operation, compared 

with CAES and PHES. The system has a greater energy storage ratio than CAES and 

PHES, due to the geothermal heating in the deep reservoir. Results greater than one 

indicate that the system produces more electrical energy than it consumes. At 10 years 

the storage ratio is at a steady value of 2.92. 

The decrease in both power production and power consumption over the first 10 years 

results in an increasing energy storage ratio (Figure 2-7).  During the initial startup, the 

system consumes more energy than it produces, resulting in an energy storage ratio less 

than 1. This is caused by the large amount of power consumed by the pump during this 

initial time period.  Over time, the energy storage ratio increases to a steady value of 2.92 

mainly because the amount of power consumed by the pump decreases.  The net electrical 

energy produced is larger than the electrical energy consumed.  This net production of 

energy is a result of the geothermal energy added to the CO2 in the deep reservoir that 

makes this system an intermittent heat engine.  
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2.3.2 Diurnal Cycle (Hourly Averages) 
The system is able to time shift energy production and storage using a diurnal cycle.  The 

results presented here, occur on a single day after 10 years of system operation.  

The alternating generation and storage modes create a cyclical pressure variation, at each 

of the well locations, in the reservoirs due to the alternating mass flow conditions.  The two 

system modes and the mass flow conditions can be seen in Figure 2-8a. The injection of 

CO2 increases the pressure at each injection well, while the production of CO2 decreases 

the pressure at each production well. In the deep reservoir, each well has a resting period, 

where CO2 is neither injected nor produced. The resting phase counters the effects of the 

other phases, creating a cyclical pressure variation. This cycling of the reservoir well 

pressures, directly impacts the power electrical production and consumption of the system 

throughout the day (Figure 2-8).  

In the energy production mode the net power varies as the reservoir pressure changes 

(Figure 2-8). The turbine power output is a function of the pressure difference across the 

turbine, and the turbine inlet pressure is related to the pressure of the fluid at the production 

well in the deep reservoir. Over the course of the 16-hour operation, the turbine power 

decreases slightly from 1.73 MW to 1.68 MW, corresponding with a decrease in pressure 

in the deep production well from 23.47 MPa to 23.04 MPa.  
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Figure 2-8: Reservoir pressure values during system operation for the representative 

diurnal cycle (A) and the net and component power output (B).  The diurnal cycle 

illustrated shows a representative day, occurring 10 years after the system began 

operating. The pressure transients result from the mass flow conditions: (1) injection 

of CO2, (2) production of CO2, and (3) the resting period. 

The power consumed during the production mode is limited to the cooling tower fans, 

which varies based on the pressure in the shallow reservoir, where an increase in pressure 

must be accompanied by an increase in the amount of cooling.  For example, during the 
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16-hour production period, the pressure in the shallow reservoir increases from 13.45 MPa 

to 14.35 MPa, resulting in an increase in power consumption from 25.79 kW to 69.13 kW 

for the cooling tower fans. 

Figure 2-8 shows the net power output decreases from 1.71 MW to 1.61 MW over the 16-

hour production period. This decrease is a combination of decreasing turbine power and an 

increase in parasitic losses from the cooling tower. A single 16-hour production period 

results in 25.99 MW-h of energy.  The turbine produces 26.95 MW-h of energy while the 

cooling towers consume 0.97 MW-h.   

The power consumed in the storage mode is determined by the pressures in the shallow 

and deep reservoirs.  The power required by the cooling tower is determined by the pressure 

in the shallow reservoir, where a decrease in pressure results in an increase in consumed 

power. Over the eight-hour storage mode, the amount of power required to operate the 

cooling tower fans increases from 1.03 MW to 1.14 MW, as the shallow reservoir pressure 

decreases from 14.35 MPa to 13.45 MPa. During the eight-hour energy consumption 

process, the system consumes 8.89 MW-h of electricity. For the given diurnal cycle, power 

is consumed by only the cooling tower fans; the pump does not operate and is replaced by 

an expansion valve.  This occurs when the gravitational compression in the vertical well is 

sufficient to achieve the minimum required injection pressure.   

Over a single cycle, the system uses the available geothermal energy to produce 17.10 

MW-h of net energy with an energy storage ratio of 2.92 and an overall system efficiency 

of 6.45%. The cooling tower rejects 408.89 MW-h of waste heat throughout the cycle, 
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compared to the 25.99 MW-h of electric energy generated by the turbine. The system has 

a low thermal efficiency due to the low resource temperature, which results in a majority 

of the energy extracted from the deep reservoir being rejected through the cooling towers, 

similar to results of Adams et al. [1,82]. The intermittent injection and production of CO2 

from the reservoirs and the resulting pressure transients do not result in major variations in 

the power produced, with the net power decreasing at an average rate of 6.15 kw/h over 

the operation of the generation mode. The power consumed during the storage phase 

increases throughout the mode, at a rate of 13.85 kw/h. These results indicate that the 

system is capable of producing and consuming power consistently from the electrical grid 

for a diurnal cycle, allowing the system to provide stable energy storage for the grid. The 

stability of the power generation and consumption indicate that the system is capable of 

operating as an energy storage system over long periods of time and could operate with 

cycle duration’s on the order of weeks, months, and possibly even seasonally. 

2.3.3 Economics of CPG Energy Storage 
Using the diurnal cycle discussed in Section 2.3.2 , along with the average LMP curve, the 

net daily profit is optimized by varying the time of day during which generation and storage 

modes occur.  For a system with 16-hour production and 8-hour consumption, the 

maximum profit occurs when the production operation begins at 6:00 am and the storage 

operation begins at 10:00 pm, the resulting system revenue is shown in Figure 2-9. 

Using the locational marginal price (LMP), the economic benefit of a CPG energy storage 

system is defined by comparing to the system baseline, that produces the same net energy 

per day as the CPGES system but produces power continuously throughout the day (i.e. 
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the system produces 0.71 MW continuously for 24 hours). The CPGES system has a 

29.41% increase in daily income over the baseline system, illustrating the economic benefit 

of temporal arbitrage for the CPGES system.  

 

Figure 2-9: The average hourly localized marginalized price (LMP) from MISO for 

2015 with the corresponding CPGES system cumulative revenue for the 

representative day shown in Figure 2-8.  The system consumes electricity from 

10:00pm to 6:00am and produces power from 6:00am to 10:00pm. The CPGES 

system was slightly outperformed by an equivalent CPG system, both in terms of net 

energy production and net revenue. 

The CPGES system produced less cumulative daily revenue than an equivalent 

continuously operating CPG power system would, with the same reservoir parameters and 

well configuration in the deep reservoir.  The CPG power system operates with a 

continuous mass flow rate of 133 kg/s, the same daily circulation rate that the CPGES 

system uses. After 10 years of operation, the CPG system produces 0.96 MW of power.  

This results in a 3.97% decrease in profit from the CPG system, indicating that the CPG 



 

 75 

system performs slightly better economically than the CPGES system under the given 

market conditions. 

To determine where the CPGES systems daily revenue outperforms the CPG system, the 

LMP data are simplified into average high and low LMP values, where the average high 

value occurs between 6:00am and 10:00pm. From these conditions the average high-low 

price differential where the CPGES system out performs the CPG system is determined. 

The CPGES system out-performs the CPG power system when the average high LMP is 

55.94% larger than the average low LMP value (Figure 2-10), indicating that the CPGES 

system is able to capitalize on the variation in LMP in these cases. This ratio remains 

constant within the range of expected average low LMP values. The LMP values presented 

in Figure 2-9 result in an average high and low LMP of $27.50 per MW-h and $19.00 per 

MW-h, respectively. This produces an average high LMP which is 47.8% larger than the 

average low LMP, slightly less than the 56.94% required to outperform the CPG system. 

To match the performance of the CPG system in this case, the average high LMP must be 

$29.263 per MW-h. 

The power output of the CPGES system can be directly compared to the power produced 

by a CPG system using a LMP ratio of 1. The CPGES system incurs additional system 

losses when separating the operation of power production and consumption phases.  These 

losses result in a 25.8% decrease in the amount of energy produced by the system. The 

decrease in energy production is a result of the alterations from the CPG system to operate 

as an intermittent system. The main contributions to the decrease in energy output are 
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associated with an elevated turbine back pressure compared to the CPG power system, the 

additional cooling required as a result of the elevated back pressure, and the addition of the 

shallow reservoir. 

 

Figure 2-10:  Difference in income between a CPGES system and a continuously 

operating CPG system under the same conditions versus daily average high and low 

electrical prices. Positive values represent conditions where the CPGES produces a 

greater daily revenue than the CPG system. The CPGES system preforms better in 

markets with larger variations in prices, using temporal price arbitrage.  

2.4 Conclusions 
A CPG system with two geologic reservoirs at different depths can be operated as an energy 

storage system that time shifts the periods of power generation and power consumption. 

Our modeling and simulation of a CPGES system allow for the following conclusions: 

The CPGES system is able to separate power production and consumption periods 

operating as an intermittent Rankine Cycle, allowing the system to be used as a large-scale 

energy storage system. After ten years of operation, the 16-hour production mode of the 

system simulated here produces 26.0 MW-h. Minimal power consumption occurs during 
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the production period, where 3.6% of the gross turbine power is consumed by the cooling 

tower fans. The eight-hour power storage mode consumes 8.89 MW-h, resulting in a daily 

net energy production of 17.1 MW-h.  

A CPGES system can deliver net electrical energy to the grid over a diurnal cycle (i.e. χ > 

1). The system simulated here began to provide net energy after five weeks of operation. 

After ten years of operation, the system provides 17.1 MW-h of energy over a single diurnal 

cycle with an energy storage ratio of 2.92, meaning the system produces more energy to 

the grid than it consumes. The system operates as an intermittent Rankine cycle, which 

produces net electrical power using a geothermal heat source. This process is similar to a 

CAES system that uses an intermittent Brayton cycle to provide power, however, the 

CPGES system uses a geothermal heat source rather than fossil fuels.  

The initial injection of CO2 over-pressurizes the deep reservoir which initially increases 

power consumption and decreases the energy storage ratio of the system. The initial 

injection of CO2 is required to develop a plume and displace the native brine near the 

production well prior to the system operation, and results in a maximum over-

pressurization of 12.18 MPa. Initially, the system operates with an energy storage ratio of 

0.87 due to the additional pumping power required. 

Reservoir management is required to maintain continuous operation of the CPGES system. 

Over time, the usable amount of CO2 in each reservoir decreases due to advection and 

diffusion. Losses in the shallow reservoir are more critical and can be overcome by 

retaining a fraction of the injected CO2. By retaining 5% of the injected CO2, the CO2 
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plume grew in the shallow reservoir and sufficient downhole pressures were maintained. 

This is an effective method to maintain sufficient CO2 in the shallow reservoir; however, 

5% was found to be more than necessary. 

The CPGES system can be economically competitive with an equivalent CPG power system 

in terms of daily revenue. In this study, a CPGES system produces 74.20 % of the daily 

energy of an equivalent continuously operating CPG power system, and has a 3.97% 

decrease in the daily revenue from the CPG systems revenue, using temporal price 

arbitrage. This CPGES system will generate more revenue than the equivalent CPG power 

system when the average daytime (6:00 a.m. to 10:00 p.m.) price is 55.94% larger than the 

average night time price, indicating the benefit of operating the CPGES system in regions 

where large variations in hourly electrical prices occur. 
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Chapter 3: CPGES Diurnal vs. Seasonal Energy Storage 
Published in Stanford Geothermal Workshop and reproduced with permission (Appendix: 

Copyright Reuse Permissions). 
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Synopsis 
Storing large amounts of intermittently-produced solar or wind power for later, when there 

is a lack of sunlight or wind, is one of society’s biggest challenges when attempting to 

decarbonize energy systems. Traditional energy storage technologies tend to suffer from 

relatively low efficiencies, severe environmental concerns, and limited scale both in 

capacity and time.  

Subsurface energy storage can solve the drawbacks of many other energy storage 

approaches, as it can be large scale in capacity and time, environmentally benign, and 

highly efficient. When CO2 is used as the (pressure) energy storage medium in reservoirs 

underneath caprocks at depths of at least ~1 km (to ensure the CO2 is in its supercritical 

state), the energy generated after the energy storage operation can be greater than the 

energy stored. This is possible if reservoir temperatures and CO2 storage durations combine 

to result in more geothermal energy input into the CO2, at depth, than what the CO2 pumps 
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at the surface (and other machinery) consume. Such subsurface energy storage is typically 

also large scale in capacity (due to typical reservoir sizes, potentially enabling storing 

excess power from a substantial portion of the power grid) and in time (even enabling 

seasonal energy storage).  

Here, we present subsurface electricity energy storage with supercritical carbon dioxide 

(CO2) called CO2-Plume Geothermal Energy Storage (CPGES) and discuss the system’s 

performance, as well as its advantages and disadvantages, compared to other energy 

storage options. Our investigated system consists of a deep and a shallow reservoir, where 

excess electricity from the grid is stored by producing CO2 from the shallow reservoir and 

injecting it into the deep reservoir, storing the energy in the form of pressure and heat. 

When energy is needed, the geothermally heated CO2 is produced from the deep reservoir 

and injected into the shallow reservoir, passing through a power generation system along 

the way. Thus, the shallow reservoir takes the place of a storage tank at the surface. The 

shallow reservoir well system is a huff-and-puff system to store the CO2 with as few heat 

and pressure losses as possible, whereas the deep reservoir has an injection and a 

production well, so the CO2 can extract heat as it passes through. 

We find that both the diurnal (daily) and seasonal (6 months) CPGES systems generate 

more electricity to the power grid than they store from it. The diurnal system has a ratio of 

generated electricity to stored electricity (called the Energy Storage Ratio) between 2.93 

and 1.95. Similarly, the seasonal system has an energy storage ratio between 1.55 and 1.05, 
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depending on operational strategy. The energy storage ratio decreases with duration due to 

the pump power needed to overcome the increasing reservoir pressures as CO2 is stored. 

3.1 Introduction  
The development of modern electricity systems that reduce the amount of carbon dioxide 

(CO2) emitted into the atmosphere while producing steady, continuous power is one of 

society’s biggest challenges. To limit the global mean temperature rise to 2°C, the 

Intergovernmental Panel on Climate Change (IPCC) has estimated that an atmospheric 

limit of 250 ppm of CO2 results in a 50% chance of obtaining this temperature goal [5]. 

These regulations were agreed upon by a majority of nations in the Paris Agreement [111], 

allowing for an estimated 1000 GT of CO2 to be emitted after 2011 [4]. This requires the 

immediate reduction, and eventual elimination of CO2 emissions, to avoid exceeding this 

CO2 emission limit. No single technology will provide the necessary reduction and 

elimination of CO2 emissions; however, multiple technologies employed and integrated as 

a whole can provide the necessary reduction in CO2 emissions. To reduce CO2 emissions 

in the electricity sector, which accounts for 25% of the total CO2 emissions, existing power 

plants can be retrofitted with CO2 capture technologies and carbon-neutral power systems 

can replace existing generation [5,10]. 

To decarbonize existing power plants, CO2 emissions can be captured, transported, 

typically via pipelines, to storage sites, and then injected into subsurface reservoirs, in a 

process referred to Carbon Capture and Storage (CCS). CCS reduces the emission of CO2 

into the atmosphere from sources such as fossil fuel power systems, cement factories, 

biofuel refineries, or from other large CO2 point sources by permanently storing the CO2 
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underground in deep saline aquifers or partially depleted oil/gas fields that can store large 

volumes of CO2. The vertical leakage of the captured CO2, which is naturally buoyant at 

the storage conditions, is contained by the overlying low-permeability caprock. In addition 

to structural trapping, CO2 is stored in the reservoir due to capillary forces, dissolution into 

the underlying brine, and eventually the formation of carbonate minerals. Due to the depth 

of the storage formation, which is generally in excess of 800 meters to ensure supercritical 

CO2 and maximize storage volumes, the average reservoir temperatures are greater than 

the temperature of the injected CO2, and can be significantly greater, depending on the 

geothermal gradient, than the surface temperature, thus allowing the injected CO2 to extract 

heat from the reservoir. This heat extraction process has led to the proposal of geothermal 

energy systems which can be combined with CCS, such as CO2-Plume Geothermal (CPG), 

that directly uses the CO2 as the heat extraction fluid, thereby operating as a Carbon 

Capture Utilization and Storage (CCUS) system, discussed in detail below. 

In addition to CCS, renewable energy sources, such as wind and solar, can provide energy 

without fossil fuels, and their associated CO2 emissions; however, these sources are 

variable power systems, capable of producing power only when the given resources are 

available. In 2016, wind had an annual capacity factor of 34.5%, while solar photovoltaic 

had a 25.1% capacity [19], due to the variability of their resources. The intermittent nature 

of these resources can provide challenges integrating these technologies into existing 

electrical grids by creating an excess or deficit in power generation, reducing the efficiency 

of the grid [112,113]. To provide baseload power, energy storage systems can be integrated 
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with the intermittent renewable sources to store excess power when it is generated, 

producing the energy at a later period when there is a demand for power [56,114]. With the 

expanded capacity of wind and solar, additional energy storage capacity is required to 

ensure electrical grid reliability.  However, existing large-scale bulk energy storage 

systems, such as Pumped Hydroelectric and Compressed Air, may not have the ability to 

provide the expanded capacity that is required. Pumped Hydroelectric systems, have 

limited development opportunities resulting from environmental concerns regarding the 

development of the large surface storage reservoirs. Additionally, compressed air does not 

represent a sustainable long-term energy storage solution, as compressed air relies on 

auxiliary surface heating, typically from natural gas, to produce power, emitting CO2 in the 

process. While these energy storage technologies have limitations, geothermal energy is 

widely available and can be accessed by CO2-Plume Geothermal systems, which can be 

used to supplement wind and solar.  

CO2-Plume Geothermal (CPG) systems operate by producing hot CO2, which is 

geothermally heated in natural high-permeability reservoirs, to the surface for power, or 

heat, generation [1,33,34,82,96]. The produced CO2 is then reinjected into the reservoir, in 

a cold dense state, allowing the injected CO2 to extract heat from the reservoir. CPG is 

different than CO2-Enhanced Geothermal Systems (CO2-EGS), which have previously 

been studied [81,87,90,91], as the CPG system uses natural high permeability sedimentary 

basins with a large storage volume, whereas CO2-EGS requires artificially-generated, high-

permeability reservoirs which are generally small and offer limited CO2 storage capacity.  
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Operating a geothermal power system using CO2 has several advantages, beyond the 

synergistic power production from a CCS site, including a low mineral solubility, high 

reservoir mobility (low kinematic viscosity), and a large density variation with 

temperature. A low mineral solubility is advantageous, as the produced fluid will contain 

minimal impurities and pipe scaling will be limited. A low kinematic viscosity increases 

the mobility of the CO2 in the reservoir, allowing the fluid to move through the reservoir 

and extract heat, with reduced pressures losses. The larger variation in the density with 

temperature allows a geothermal system to operate as a thermosiphon, which is naturally 

occurring convective circulation of the CO2 to the surface that reduces or eliminates the 

need for pumps. This is achieved by extracting hot, low-density CO2 from the reservoir, 

cooling it at the surface, and then injecting cold, dense CO2 into the reservoir, utilizing the 

density difference in each vertical well to create a pressure difference, thereby reducing or 

eliminating the need for circulation pumps in the system. 

Here, we demonstrate how a CPG system can be modified to operate as a CO2-Plume 

Geothermal Energy Storage (CPGES) system, storing energy over both diurnal and 

biannual periods, using a multi-reservoir approach, for a small demonstration-size plant, 

operating with CO2-plume sizes consistent with previous work [1,82,83,119]. The CPGES 

system differs from previously proposed CO2 based energy storage systems that include 

the CO2-Bulk Energy Storage System (CO2-BES) and the Compressed CO2 systems. The 

CO2-BES produces and stores energy using a multi-fluid approach using multiple 

concentric circular horizontal wells, where CO2 is used as a cushion gas, displacing brine 
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and increasing the reservoir pressure to produce brine without downhole circulation pumps 

[106]. The compressed CO2 system is similar the proposed CPGES system, using multiple 

reservoirs to time shift generation and consumption, however, the geothermal energy is 

used to pre-heat the fluid, with the majority of the heat added at the surface from a fuel 

source [110]. 

3.2 System Overview 
The CPG system consists of injection and production wells, and a surface plant to convert 

the extracted heat into electrical power at the surface, and a permeable sedimentary 

reservoir that is overlain by a low-permeability caprock [33,34,96]. To produce power, the 

surface plant can directly expand the CO2 in a turbine or operate it as a binary system in 

which the CO2 is used to heat a secondary working fluid to produce power. However, the 

direct CPG system typically produces more power [1], and thus we consider only the direct 

CPG system here. In the direct system, CO2 is extracted from the reservoir and produced 

at the surface in a vertical well. At the surface, CO2 is directly expanded in a turbine, 

generating electrical energy, and is then subsequently cooled using wet cooling towers, 

increasing the density of the CO2 for reinjection into the reservoir. After the cooling 

process, the CO2 may be compressed using a circulation pump and then further compressed 

down the injection well to the reservoir. In the reservoir, the cold, dense CO2 extracts heat 

as the CO2 plume expands and moves away from the injection well. For the direct system, 

a circulation pump is not required to operate, as the system can operate using only a 

thermosiphon; however, a circulation pump increases the net power generation of the 

system [1,82]. 
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The CPG system can be modified to operate as an energy storage system by adding a 

second shallow reservoir to store the CO2 in an intermediate state after the turbine, but 

before the parasitic loads, separating the components that generate and consume power, 

illustrated in Figure 3-1. The CO2-Plume Geothermal Energy Storage (CPGES) system 

operates using two modes: 

1. Power Generation: Hot CO2 is produced from the deep reservoir and brought to 

the surface in the vertical production well, and expanded in the turbine to produce 

power. After the turbine, the CO2 is partially cooled only to the extent necessary to 

be stored in the shallow reservoir. With increased density, the CO2 is injected into 

the shallow reservoir using only the gravitational compression in the vertical well. 

The shallow reservoir stores the CO2 until the end of the generation mode. 

 

2. Energy Storage: CO2 is produced from the shallow reservoir and brought to the 

surface through the same vertical well, it is then cooled using cooling towers, 

compressed using a pump, and injected back into the deep reservoir through the 

vertical injection well. 
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Figure 3-1: The CPGES system operates using two modes: A) Power generation 

where the system produces net power to the electrical grid and B) Energy Storage 

where the system consumes electrical power to cool and compress the CO2. Power is 

produced by extracting CO2 from the shallow reservoir to the surface, expanded in a 

turbine to produce power, partially cooled, and injected into a shallow, storage 

reservoir. To consume power the system extracts CO2 from the shallow reservoir and 

produces it at the surface, where it is cooled and compressed before it is injected back 

into the deeper reservoir where the CO2 is heated, extracting energy from the 

reservoir. The operation of each reservoir in the system is different and requires each 

reservoir to operate with an independent configuration. The shallow reservoir 

operates using a single well, that operates as both the injection and production well. 

The deeper reservoir, the thermal source for the system, operates with two horizontal-

circular wells, allowing heat to be extracted from a significant portion of the reservoir. 

The CO2 plume in each reservoir, with the computational grid overlaid, is displayed 

below the system diagram. The deep reservoir requires a significant CO2 plume for 

operation, where the shallow reservoir operates using limited CO2. 

The CPGES system, like the CPG system, is a Rankine power cycle fueled by geothermal 

heat. As the CPGES system is a power cycle, the system generates more net energy to the 

grid than it consumes from the grid, due to the addition of the geothermal heat from the 

deep reservoir. Similarly, compressed air energy storage systems also generate more power 

to the grid than they consume, but they do this by combusting fossil fuel, emitting CO2. 
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Thus, the CPGES system operates using geothermal energy, producing net power to the 

grid without CO2 emissions. 

3.3 System Modeling 
We simulate the CPGES system using two separate models: the subsurface geologic 

reservoirs and a surface power plant. The subsurface reservoirs are simulated using 

TOUGH2 [120] with the ECO2N [121] equation of state and the surface power plant is 

modeled using Engineering Equation Solver (EES) [122]. We use two storage cycles: a 

diurnal cycle with power generation occurring for 16 hours and energy storage occurring 

for the remaining 8 hours, and a seasonal storage model, with a continuous power 

generation period followed by a continuous energy storage period, each operating for 3 

months. 

Table 3-1: Simulated physical properties for the numerical simulation. 

Simulated Parameter/Value 

General Properties   Deep Reservoir  

Horizontal Permeability 5.0 x 10-14 m2  Mean Reservoir Depth 2.5 km 

Vertical Permeability 2.5 x 10-14 m2  Mean Reservoir Temperature 102.5 °C 

Thermal Conductivity 2.1 W/m/°C  Injection Well Radius 200 m 

Porosity 10%  Production Well Radius 707 m 

NaCl Concentration 20%  Number of grid cells, vertical 42 

Geothermal Gradient 35 °C/km  Number of grid cells, horizontal 117 

Surface Wet Bulb Temperature 15 °C    

Reservoir Thickness 300 m  Shallow Reservoir  

Rock Density 2650 kg/m3  Mean Reservoir Depth 1.5 km 

Rock Specific Heat 1000 J/kg/°C  Mean Reservoir Temperature 67.5 °C 

Simulated Radius 100 km  Well Radius 400 m 

Initial Conditions Hydrostatic equilibrium, pore 

space occupied by brine 
 Number of grid cells, vertical 34 

 Number of grid cells, horizontal 121 

 

3.3.1 Reservoir Modeling 
We numerically simulate each reservoir employing a three-dimensional, axisymmetric 

geometry, illustrated in Figure 3-1. Each model is bounded by an impermeable caprock 

above and bedrock below. To avoid radial boundary effects, the models are simulated out 
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to a radius of 100 km, similar to prior reservoir models [83]. Modeled reservoir properties 

are given in Table 3-1. 

3.3.1.1 Deep Reservoir 
The deep reservoir is the thermal source of the CPGES system, providing the heat that is 

converted to electricity at the surface, shown in Figure 3-1. To extract heat, CO2 is injected 

in a cold, supercritical state at the injection well during the energy storage mode. The 

circular injection well is located at the bottom of the reservoir, just above the base rock 

with a radius of 200 meters from the center of the reservoir. Unlike previous models, a 

horizontal injection well is used instead of a vertical well to increase the CO2 injection 

area, thereby reducing the pressure losses. The increased well length is particularly critical 

for the diurnal cycle simulated here, where the injection mass flow rate is twice as high as 

the produced mass flow rate. The injection well is located at the bottom of the reservoir to 

allow the buoyant CO2 to sweep a majority of the reservoir rock before being removed. As 

the CO2 moves away from the injection well, it extracts heat from the rock, buoyantly rising 

until it is captured beneath the caprock. During the generation mode, CO2 is produced from 

the reservoir through a horizontal-circular production well that is located directly beneath 

the caprock at the top of the reservoir, at a radius of 707 meters from the center of the 

reservoir. The radius of the production well corresponds with previous CPG simulations 

[1,82,83].  

The deep reservoir is initially filled with brine and is primed with CO2 for 2.5 years. The 

injection rate is increased linearly over the first year from zero to 250 kg/s. For the next 

year and one-half, the injection rate remains constant at 250 kg/s. During this priming 
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period, 15.78 Mt of CO2 is injected, with a final CO2 gas saturation more than 30% at the 

production well. This results in a CO2 mass fraction near the production well greater than 

94% when production begins. After the development period, the intermittent operation of 

the generation and storage modes begins.  

3.3.1.2 Shallow Reservoir 
The shallow reservoir is used to store CO2 produced during the generation mode, which is 

different from the deep reservoir, which is used to extract heat from the subsurface.  In the 

shallow reservoir, a single well, which functions for both injection and production of CO2, 

referred to as a “Huff and Puff” method, was selected to minimize the amount of CO2 

required to operate the reservoir and reduce the amount of CO2 that is lost into the reservoir, 

due to advection and diffusion of the CO2 plume. The single circular well is located at the 

top of the reservoir directly beneath the caprock at a radius of 400 meters from the center 

of the reservoir. The placement of the well at the top limits the vertical movement of the 

buoyant CO2, allowing only horizontal expansion of the CO2 plume and CO2 diffusion into 

the brine, thereby retaining the majority of the CO2 plume near the well. 

Similar to the deep reservoir, the shallow reservoir is initially filled with brine and requires 

the CO2 plume to be developed prior to the operation of the CPGES system. CO2 is injected 

over 12 weeks by linearly increasing the injection rate from zero to 100 kg/s over the first 

two weeks and then sustaining this rate for the remaining 10 weeks, resulting in 0.76 Mt 

of CO2. This plume development was needed to limit the amount of brine produced during 

the storage mode. As the CPGES system operates, some of the CO2 plume will disperse 
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into the brine. Thus, the shallow reservoir retains 5% of the injected CO2 from each cycle 

to maintain the plume. 

3.3.2 Surface Modeling 
The surface model includes the vertical wells, turbine, pump, throttling valves, and cooling 

towers. The surface model is numerically coupled with the reservoir model at the injection 

and production wells by the reservoir pressures from the TOUGH2 models. 

The vertical well model has been previously documented [1] and is briefly summarized 

here. The vertical well is numerically integrated over 100-meter elements, solving the 

continuity, energy balance, and momentum equations for CO2, neglecting the kinematic 

effects in the energy equation. Each element is assumed to be adiabatic [129], and pipe 

friction is modeled using the Darcy-Weisbach relation, assuming a surface roughness of 

55 µm [130]. To reduce pressure losses, each horizontal well is connected to the surface 

by four vertical wells. 

At the surface, CO2 is expanded in a turbine to produce power, given as, 

�̇�𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = �̇�𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛(ℎ2 − ℎ3),      (3-1) 

where �̇�𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛, �̇�𝑡𝑢𝑟𝑏𝑖𝑛𝑒, and h are the mass flow rate during the generation mode, the 

power produced by the turbine, and the enthalpy of the fluid, respectively. Enthalpy state 

points are defined in Figure 3-1. The turbine outlet enthalpy, h3, is calculated with an 

isentropic efficiency of 78%, consistent with previous CPG models [1,82]. The turbine 

back pressure is maintained at 7.5 MPa so the produced CO2 remains in a supercritical state 

to prevent multiphase CO2 from entering the vertical well at state point 4. 
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The circulation pump, which is used during the storage mode, consumes power, defined 

as, 

�̇�𝑝𝑢𝑚𝑝 = �̇�𝑠𝑡𝑜𝑟𝑎𝑔𝑒(ℎ9 − ℎ8),       (3-2) 

where �̇�𝑝𝑢𝑚𝑝, �̇�𝑠𝑡𝑜𝑟𝑎𝑔𝑒, and h are the pumping power, the mass flow rate during the storage 

mode, and the enthalpy, respectively. The circulation pump outlet enthalpy, h9, is 

calculated using an isentropic efficiency of 90%. 

The CO2 is cooled at the surface using cooling towers.  

�̇�𝑐𝑜𝑜𝑙𝑒𝑟,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = �̇�𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛(ℎ3 − ℎ4),     (3-3) 

�̇�𝑐𝑜𝑜𝑙𝑒𝑟,𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = �̇�𝑠𝑡𝑜𝑟𝑎𝑔𝑒(ℎ7 − ℎ8),      (3-4) 

where �̇�𝑐𝑜𝑜𝑙𝑒𝑟,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛, �̇�𝑐𝑜𝑜𝑙𝑒𝑟,𝑠𝑡𝑜𝑟𝑎𝑔𝑒, �̇�𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛, �̇�𝑠𝑡𝑜𝑟𝑎𝑔𝑒, and h represent the heat 

transfer rate during the generation and storage modes, the mass flow rate during the 

generation and storage mode, and the enthalpy of the CO2, respectively. The cooling towers 

must consume power to operate the cooling tower fans. We model this parasitic power 

consumption as a fraction of the heat transfer rate in the cooling tower, defined as, 

�̇�𝑐𝑜𝑜𝑙𝑒𝑟,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 𝜆𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛�̇�
𝑐𝑜𝑜𝑙𝑒𝑟,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

,    (3-5) 

�̇�𝑐𝑜𝑜𝑙𝑒𝑟,𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 𝜆𝑠𝑡𝑜𝑟𝑎𝑔𝑒�̇�
𝑐𝑜𝑜𝑙𝑒𝑟,𝑠𝑡𝑜𝑟𝑎𝑔𝑒

,     (3-6) 

Where �̇�𝑐𝑜𝑜𝑙𝑒𝑟 and 𝜆 are the cooling tower power consumption and the cooling tower loss 

fraction, respectively. The cooling tower loss fraction is a function of the cooling tower 

approach temperature and the ambient wet bulb temperature, and is defined in Adams et 

al. (2015) for both cooling and condensing towers.  
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The surface throttling valve, which can replace the cooling tower in the generation mode 

or the pump in the storage mode, is modeled as an isenthalpic process. 

3.3.3 System Performance 
The net power that is produced during the generation mode is defined as the difference 

between the turbine power generated and the generation cooling tower consumption, given 

as, 

�̇�𝑛𝑒𝑡,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = �̇�𝑡𝑢𝑟𝑏𝑖𝑛𝑒 − �̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛,     (3-7) 

where �̇�𝑛𝑒𝑡,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 is the net power that is produced during the generation mode. The net 

energy produced during the generation mode is the integral of the net power generated over 

the duration of the generation mode, defined as, 

𝐸𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = ∫ �̇�𝑛𝑒𝑡,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑑𝑡
𝑡𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

0
,      (3-8) 

where 𝐸𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 and 𝑡𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 are the net energy generated by the system during the 

generation mode and the duration of the generation mode, respectively. 

Similarly, the net power consumed during the storage phase is defined as the sum of the 

power consumed by the cooling towers and the pump, defined as, 

�̇�𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = �̇�𝑝𝑢𝑚𝑝 + �̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑠𝑡𝑜𝑟𝑎𝑔𝑒,       (3-9) 

where �̇�𝑠𝑡𝑜𝑟𝑎𝑔𝑒 is the total power consumed during the storage mode. The net energy 

consumed by the system during the storage phase is found by integrating the total power 

consumed over the duration of the storage mode, given as, 

𝐸𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = ∫ �̇�𝑠𝑡𝑜𝑟𝑎𝑔𝑒𝑑𝑡
𝑡𝑠𝑡𝑜𝑟𝑎𝑔𝑒

0
,       (3-10) 
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where 𝐸𝑠𝑡𝑜𝑟𝑎𝑔𝑒 and 𝑡𝑠𝑡𝑜𝑟𝑎𝑔𝑒 are the net energy consumed during the storage phase and the 

duration of the storage mode, respectively. 

The net energy that is produced by the system is defined as the difference between the 

generated energy during the generation mode and the energy consumed during the storage 

mode, given as, 

𝐸𝑁𝑒𝑡 = 𝐸𝑛𝑒𝑡,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 − 𝐸𝑠𝑡𝑜𝑟𝑎𝑔𝑒,      (3-11) 

where 𝐸𝑁𝑒𝑡 is the net energy that is produced by the system over a complete generation and 

storage cycle. 

We define the energy storage performance of the CPGES system using the energy storage 

ratio as the ratio of the net energy generated during the production mode divided by the net 

power consumed during the storage mode, 

𝜒 =
𝐸𝑛𝑒𝑡,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝐸𝑠𝑡𝑜𝑟𝑎𝑔𝑒+𝑄 𝑝𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑑
,        (3-12) 

where 𝜒 and 𝑄 𝑝𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑑 are the Energy Storage Ratio and the additional surface heating 

during the power generation mode, if used. The CPGES system does not require additional 

surface heating to increase the temperature of the fluid prior to entering the turbine. This 

differs from compressed air energy storage systems, which do require additional heat, 

typically from purchased fossil fuels, to produce power during the generation mode.  

3.4 Results 
We demonstrate how the CPGES system will operate for a diurnal cycle and a biannual 

cycle. The performance of the system is characterized in terms of the reservoir pressures, 
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component power, net system power, and the energy storage ratio, summarized in Table 

3-2. 

The following results occur after ten years of system operation. The diurnal cycle results 

represent values occurring for a single 24-hour period (i.e. year 10.0000 to 10.0027). 

Similarly, the seasonal cycle results represent values occurring for a 6-month period after 

ten years of operation (i.e. year 10.0 to 10.5).  

Table 3-2: Summary of the key performance characteristics of the CPGES system. 

Generation 

Time Storage Time 

Generation 

Mass Flow 

Rate (kg/s) 

Storage Mass 

Flow Rate 

(kg/s) 

Generation 

Average Net 

Power (MW) 

Storage 

Average Net 

Power (MW) 

Energy Storage 

Ratio 

(MW-h/MW-h) 

16 hours 8 hours 200 380 1.63 1.11 2.93 

16 hours 8 hours 300 570 2.29 2.33 1.95 

3 months 3 months 200 190 1.50 0.99 1.55 
3 months 3 months 300 285 1.97 1.87 1.05 

 

Several trends are immediately apparent in these results: the energy storage ratio decreases 

with increased mass flow rate; the average generation and storage power increase with 

mass flow rate, and increasing the overall cycle period (i.e. from one day to six months) 

decreasing the energy storage ratio. However, in all cases, the energy storage ratio of the 

system is still greater than unity. Below, we discuss these results in detail.  

3.4.1 Diurnal Cycle 
The CPGES system can operate on a diurnal cycle, producing and consuming power during 

a 24-hour period. To simulate a diurnal cycle, the system generates power for 16 hours and 

stores power for 8 hours. These time periods correlate with periods where the cost of 

electricity are elevated and reduced [127]. The storage mass flow rate, listed in Table 3-2, 

is selected to retrieve 95% of the CO2 stored in the shallow reservoir back into the deep 

reservoir. This process continuously deposits small amounts of CO2 into the shallow 
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reservoir to maintain high CO2 saturation near the well, making up for CO2 that has diffused 

away into the reservoir. 

Figure 3-2 shows the varying reservoir pressures over a 24 hour period (Figure 3-2A and 

3.2B) and the corresponding power generation and storage (Figure 3-2C and 3.2D). Figure 

3-2A and 3.2C show results for a 200 kg/s generation mass flow rate and Figure 3-2B and 

3.2D show results for a 300 kg/s generation mass flow rate. 

Figure 3-2A shows that the injection of CO2 into each reservoir increases the pressure at 

each injection well downhole, while the production of CO2 from each reservoir decreases 

the pressure at each production well downhole. In the deep reservoir, only one of the wells 

is active during each mode, while the other is stopped. Despite there being no flow in a 

production or injection well at various times, the stopped well downhole pressure will vary, 

based on the activity from the other well. Over a complete cycle, the downhole pressure at 

the deep reservoir varies from 23.01 MPa to 23.57 MPa, and 22.24 MPa to 23.46 MPa for 

the production well, and 26.78 to 28.22 and 26.94 MPa to 28.98 MPa for the injection well, 

while the shallow reservoir varies from 13.34 MPa to 14.35 MPa, and 13.19 MPa to 14.63 

MPa for generation mass flow rates 200 kg/s and 300 kg/s, respectively.  
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Figure 3-2: The transient reservoir pressure (A, B) and power (C, D) performance of 

the CPGES system for a single diurnal cycle after ten years of intermittent operation 

for the 200 kg/s (A, C) and 300 kg/s (B, D) mass flow rate cases. The pressure 

transients result from the mass flow conditions: (1) injection of CO2, (2) production 

of CO2, and (3) the resting period where no CO2 is injected or produced. The power 

production and consumption are directly impacted by the reservoir conditions, 

varying with the reservoir pressures. The system operates in the generation mode for 

the first 16 hours, followed by the energy storage mode for 8 hours. 

Figure 3-2C and 3.2D show that the system produces steady power during the generation 

mode, despite the variation in the reservoir pressures in Figure 3-2A and 3.2B. The net 

power produced varies from 1.71 MW to 1.61 MW for the 200 kg/s generation case (Figure 

3-2C) and 2.57 MW to 2.24 MW for the 300 kg/s generation case (Figure 3-2D). In both 

cases, over 60% of the variation in the net power generated occurred within the first hour 
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of operation, due to the large variation in pressure at each well during this time, thus the 

system generates consistent power for the remaining 15 hours of the generation period. 

Alternatively, the power consumed during the storage period is steady only for the 380 kg/s 

storage case (Figure 3-2C) but continuously increases for the 570 kg/s storage case (Figure 

3-2D). This difference is a result of operating the pump, which is required in the 570 kg/s 

case. For the storage mass flow rate of 380 kg/s, the pump is not required during the storage 

mode, and the power is consumed by the cooling towers, which increase from 1.03 MW to 

1.14 MW over the 8 hours of the storage mode. In the case with the 570 kg/s storage mass 

flow rate, pumping is required and the power stored increases from 1.43 MW to 2.74 MW 

over the duration of the mode, with the cooling towers increasing from 1.43 MW to 1.68 

MW while the pump increases from 0 MW to 1.06 MW. Thus, the majority of the storage 

power increase is caused by the required pumping. 

Normally, the injection temperature of the CO2 is used to control the downhole pressure. 

As the injection temperature decreases, the density increases, and therefore the downhole 

pressure, which is the product of density, gravitational constant, and reservoir depth, also 

increases. However, the injection temperature is limited by the sum of the ambient 

temperature and the approach temperature, thereby limiting this pressure rise that can be 

achieved by gravitational compression. Thus, for this 570 kg/s case (Figure 3-2D), the 

pump is used to increase the injection pressure beyond what can be achieved by 

gravitational compression alone. Over the duration of the storage mode, the downhole 
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injection pressure increases as CO2 is injected, therefore pump power will always rise when 

pumping is required in the storage mode.  

The net energy produced during the generation mode increases from 25.99 MW-h to 36.47 

MW-h when the generation mass flow rate increases from 200 kg/s to 300 kg/s, while the 

amount of energy consumed during the storage mode increases from 8.89 MW-h to 18.85 

MW-h. Despite these differences, both cases have similar net daily energy generation, with 

the 200kg/s and 300 kg/s cases producing 17.1 MW-h and 17.6 MW-h, respectively. The 

resulting energy storage ratios are 2.93 and 1.95 for the 200 kg/s and 300 kg/s generation 

cases, respectively. The system operates with an energy storage ratio greater than one, 

meaning the energy generated by the system was greater than the energy that was stored. 

This occurs because the system operates both as a geothermal electricity plant and as an 

energy storage plant. Thus, the additional power generated is produced from the 

geothermal heat input from the deep reservoir. 

The similar daily generation values of 17.1 MW-h and 17.6 MW-h are due to the 112% 

increase in pumping required from the 200 kg/s to the 300 kg/s generation case, while the 

power generation increases by only 40%. For further increases in mass flow rate, it is 

expected that the power consumed by the pump will increase at a greater rate than the 

power generated, resulting in an “optimal” mass flow rate at the peak of net daily energy 

generation, similar to the CPG system [1]. For this configuration, this maximum net daily 

energy occurs at a mass flow rate between the 200 kg/s and 300 kg/s generation cases.  
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While the net daily energy generation can be maximized, the system may be operated to 

maximize different quantities. For example, the magnitude of energy generated and stored 

will continue to increase with increasing mass flow rates, despite a decreasing net energy 

produced. Thus, if the prices of electricity during storage and generation modes are 

sufficiently extreme, the system may be operated at higher mass flowrates, decreasing 

overall net energy produced, but maximizing revenue. 

3.4.2 Seasonal Cycle 
The period of storage for a CPGES system is not limited to a 24-hour period. CPGES may 

be used to store energy for weeks or months when electricity is expensive and later generate 

when prices decline. Therefore, to illustrate the variable-term energy storage potential of 

the CPGES system, we demonstrate the operation of a system at the long-term extreme, a 

biannual or seasonal cycle. This seasonal system operates using the same parameters and 

configuration as the diurnal cycle; however, we simulate continuous generation for 3-

months followed by continuous storage for 3-months.  

Figure 3-3 shows the variation in reservoir pressures for the 200 kg/s (Figure 3-3A) and 

the 300 kg/s (Figure 3-3B) generation mass flow rates. The instantaneous electric power 

and cumulative energy generated are shown for the 200 kg/s (Figure 3-3C) and 300 kg/s 

(Figure 3-3D) generation mass flow rates. The duty cycle of this seasonal system is 50%, 

unlike the 67% duty cycle of the diurnal system; thus, the storage mass flow rate is only 

95% of the generation flow rate. 

Figure 3-3A and 3.3B show that the variation in the downhole pressure at each well is 

greater than for the diurnal cycle, due to the larger volume of CO2 that is injected or 
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removed from each reservoir. For example, in the 200 kg/s generation mass flow rate case 

(Figure 3-3A), the pressure varies between 21.3 MPa and 25.5 MPa for the deep production 

well, compared to 23.0 MPa and 23.6 MPa in the diurnal cycle. Similarly, in the 300 kg/s 

generation mass flow rate case (Figure 3-3B) the downhole pressure varies between 18.8 

MPa and 26.8 MPa, compared to 22.4 and 23.5 MPa in the diurnal cycle. This large 

variation in pressure causes a corresponding variation in the power generation or 

consumption in each case. 

Figure 3-3C and 3.3D show that the instantaneous power generation decreases over the 

course of the generation period from 1.97 MW to 1.46 MW for a mass flow rate of 200 

kg/s (Figure 3-3C), and 3.21 MW to 0.95 MW for a 300 kg/s mass flow (Figure 3-3D). 

This decrease in power generation occurs as a result of two factors: a decrease in turbine 

power due to the pressure drawdown of the deep reservoir at the production well, and an 

increase in the cooling tower power, due to a downhole pressure rise in the shallow 

reservoir. Over the course of the generation mode, the system generates 3.34 GW-h and 

4.31 GW-h of energy for the 200 kg/s and 300 kg/s generation cases, respectively. When 

considered over 3 months of operation, this system generates on average 1.54 MW and 

1.57 MW for the 200 kg/s and 300 kg/s cycles, respectively, which are lower than the 

diurnal cycle values of 1.63 MW and 2.29 MW. 

The seasonal cycle differs from the diurnal cycle primarily due to the increased pumping 

and cooling tower loads during the storage mode, shown as the negative electric power 

values in Figure 3-3C and 3.3D. The amount of power that the system stores increases from 
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0.33 MW to 1.76 MW between the start and end of the 200 kg/s case, and similarly 

increases from 0.47 MW to 3.53 MW between the start and end of the 300 kg/s case, storing 

2.15 GW-h and 4.09 GW-h over the entire cycle. When considered over the 3 months of 

operation, this amounts to an average of 0.99 MW and 1.87 MW for the 200 kg/s and 300 

kg/s cycles, respectively, which are less than the diurnal cycle average values of 1.11 MW 

and 2.33 MW. However, due to the variation in the generation duty cycle and the associated 

change in storage mass flow rate, the seasonal system operates with higher energy 

consumption per cycle period than the diurnal, even though the instantaneous power 

generation is lower than the diurnal cycle. 

When the total generation energies are divided by the total storage energies, the seasonal 

cycle has energy storage ratios of 1.55 and 1.05, for the 200 kg/s and 300 kg/s cases, 

respectively. These energy storage ratios are significantly lower than the diurnal cycle 

values of 2.93 and 1.95, due to the increase in the storage energy consumption, the decrease 

in the generation energy output, and variation in the duty cycle. For example, by the end 

of the 300 kg/s cycle, the power consumed by the cooling tower exceeded 46% of the total 

turbine power.  

In these seasonal cases, the elevated downhole deep injection well pressure requires larger 

pump power than the diurnal cases. Over the duration of the three-month storage period, 

the pump consumes 1.2 GW-h for the 200 kg/s case and 2.67 GW-h for the 300 kg/s case, 

or 26% and 44%, respectively, of the total energy generated by the turbine. In contrast, the 

pump consumes 0% and 15% of the total power generated by the turbine the diurnal phase. 
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Thus, the pump operation is a key factor that decreases the energy storage ratio in the 

seasonal cycle. 

 

Figure 3-3: The pressure (A, B) and power (C, D) performance of the CPGES system 

for the long-term storage cycle for a single cycle for the 200 kg/s (A, C) and 300 kg/s 

(B, D) mass flow rates. The system is illustrated after 10 years of energy storage 

operation. The pressure transients result from the mass flow conditions: (1) injection 

of CO2, (2) production of CO2, and (3) the resting period where no CO2 is injected or 

produced. The power transients result from the variation in the reservoir pressures 

at each well, which results from the intermittent injection and/or production of CO2 

in the reservoir. 

While the elevated storage-phase power (i.e. cooling tower and pump) accounts for most 

of the decrease in energy storage ratios of the seasonal system, the non-zero cooling tower 

power during the generation phase also contributes to this decrease. The energy storage 
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ratio of the CPGES system can be greater than zero because the components which 

generate the power (i.e. turbine) can be temporally offset from the components which 

consume power (i.e. cooling towers and pumps). When some power consumption is needed 

during the generation mode, as occurs in the 300 kg/s case (Figure 3-3D), this reduces the 

decoupling of generation and consumption components, decreasing the energy storage 

ratio. One option that could be used to reduce the generation phase cooling tower power 

consumption would be a significantly larger well radius in the shallow reservoir. The large 

radius would increase the accessible volume which would decrease the reservoir pressure, 

reduce the required pre-injection cooling, and ultimately increase the energy storage ratio. 

3.5 Implications 
The CPGES system can operate over a range of energy storage cycle durations, as 

demonstrated here in terms of a diurnal and biannual (seasonal) cycles, which illustrate a 

range of cycle durations that are more than sufficient to provide full storage support to 

variable renewable sources, thereby allowing for increased renewable energy penetration 

into the electrical grid. While the pressure transients affect the power generation and 

storage over the course of the cycle, the ultimate limitation of the cycle duration is the size 

of the CO2 plume in the reservoir; and, given the large volume of CO2 that is required to 

mitigate climate change, the operation of the system could be substantially longer than the 

simulated cycle times. This ability to operate over extended cycle durations, is an 

advantage that CPGES has over existing storage systems, such as compressed air, which 

can generate power over only limited periods, typically a few hours, before the system must 

be recharged. 
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The CPGES system operates using only geothermal resources, requiring no additional fuel 

sources at the surface, while providing permanent subsurface storage for CO2. This allows 

the CPGES system to supplement variable renewable sources using renewable energy to 

provide baseload power that is not achieved using existing energy management practices, 

which generally use fossil fuels, typically natural gas, to supplement wind and solar 

sources, which increases the carbon cost of operating these systems to provide baseload 

power. Furthermore, beyond providing renewable energy, the CPGES system has the 

synergistic effect of reducing the environmental impact of nearby CO2 sources by 

permanently capturing CO2 at the surface, thereby reducing the amount of CO2 emitted 

into the atmosphere. 

The amount of power that can be produced can be increased by operating over a larger 

subsurface area, scaling up the power production and consumption, similar to the approach 

applied to the CPG system [118]. 

3.6 Conclusion 
A CPG system can be modified to operate as an energy storage system, CPGES, to 

temporally separate the power generation and power consumption components in a power 

cycle. System modeling of CPGES allows for the following conclusions: 

A second, shallow reservoir can be added to the CPG system to separate power generation 

and energy storage. The second reservoir stores the CO2 in an intermediate state after it is 

expanded in the turbine before the parasitic cooling and pump loads. Later, the CO2 is re-

extracted where it is cooled and compressed, consuming power before it is injected into 
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the deep reservoir. Thus, the shallow reservoir allows the turbine to be separated from the 

consumptive elements of the power cycle, accommodating for intermittent operation. 

The shallow reservoir can operate with a single well that operates as both the production 

and injection well for the system. The shallow reservoir operates as an intermediate storage 

vessel for the CO2 between the generation and storage modes.  The injected CO2 must be 

stored adiabatically and then later recovered for the energy storage process to function. A 

single horizontal circular injection well placed directly beneath the caprock and a 

continuous sequestration of 5% of the CO2 allowed a majority of the injected CO2 to be 

recovered with minimal brine entrainment.  

The energy storage system produces net positive energy to the grid. The system operates 

with an energy storage ratio greater than one for both the diurnal and seasonal cases. The 

diurnal case can operate with an energy storage ratio of 2.93, meaning it produces almost 

three times more power during the generation phase than it stores in the storage phase. The 

system is able to produce significantly more power than it stores due to the geothermal heat 

from the deep reservoir. The seasonal energy storage system simulated here operates with 

an energy storage ratio of 1.55, which is lower than the diurnal cycle value of 2.93, a result 

of the larger pressure oscillations in the reservoir. The minimum calculated energy storage 

ratio was 1.05 for the 300 kg/s seasonal storage case, due to larger than optimal mass 

flowrates in the generation period; however, this system still generated more electric output 

than it stored. 
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The system can operate over a range of cycle durations, providing a robust energy storage 

solution. The system was demonstrated operating on both a diurnal and a biannual cycle, 

while still producing net energy to the grid. Thus, the system is not limited to a given cycle 

length and can operate over several different cycle durations that may be required to 

supplement variable renewable sources and/or maximize profitability. 
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4.1 Introduction 
We model a single-demonstration scale CPGES system in terms of the power and energy 

generated/consumed during each mode and over the course of the entire cycle, and the 

energy storage ratio. We then compare the system to an equivalent CPG plant, operating 

with the same reservoir configuration. 

4.2 Method 
A CO2-Plume Geothermal (CPG) system uses CO2 as a working fluid in a permeable 

sedimentary reservoir [1,33,34,82,83,94–96,119,126]. The CPG system consists of a 

reservoir, vertical injection and production wells, and a surface plant that converts the 

thermal energy to electrical power. Alternative surface configurations produce heat, using 

a heat exchanger and a secondary fluid, however, this is beyond the scope of this paper. A 

detailed overview of the direct CPG cycle is discussed below, in Section 4.2.1 . The CO2-

Plume Geothermal Energy Storage (CPGES) system operates by separating the 

components that produce and consume power of a CPG system (Rankine cycle) and 

operating them at separate times as discussed in Section 2.2. 
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4.2.1 The Direct CPG System 
The direct CPG system is defined in Adams et al. [1,82] and illustrated in Figure 4-1. CO2 

is produced from the reservoir at the production well (State 1) and adiabatically expands 

as the fluid moves vertically to the surface (State 2). At the surface, the CO2 expands in the 

turbine to produce power (State 3). The CO2 is cooled and condensed (State 4) using a 

cooling tower to reject heat to the ambient air temperature, with an approach temperature 

of 7°C [1].  The cooling process increases the density of the fluid, resulting in a subcooled 

liquid at State 4. The CO2 is compressed in a pump at the surface (State 5) prior to the 

gravitational compression in the adiabatic vertical injection wells and is reinjected into the 

reservoir (State 6). In some cases, depending on the reservoir characteristics, a throttling 

valve is used in place of the pump. The CPG system operates in a continuous loop, 

constantly producing power. 

4.2.2 The CPGES System 
The CPGES system operates by separating the components that produce and consume 

power of a CPG system, operating them at separate times. In a CPG system, power is 

produced by extracting hot supercritical CO2 from a subsurface reservoir and expanding 

the fluid in a turbine at the surface. Power is consumed by cooling towers and pumps 

required to cool and compress the CO2 for reinjection into the reservoir. The CPGES 

system is able to separate these components by adding an additional shallow reservoir, after 

the turbine, to store the low-pressure CO2 (Figure 4-1) before the CO2 is cooled and 

compressed. The system operates in two modes:  
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1) Power Generation: Hot CO2 is extracted from the deep reservoir, expanded in the 

turbine to produce power, and injected into the shallow reservoir. Depending on the 

configuration, some cooling may be necessary prior to the injection of CO2 into the 

shallow reservoir, this increases the density of the CO2 which allows the system to 

inject the CO2 using only gravitational compression, without the need for surface 

pumping. 

  

2) Power Consumption: CO2 is produced from the shallow reservoir, cooled and 

compressed on the surface by a cooling tower and pump before the CO2 is injected 

into the deep reservoir.  

The placement of the shallow reservoir before the cooling and pumping process maximizes 

the power output during the power generation mode, by temporally shifting the power 

consumption to the later energy storage mode. In this configuration, the deep reservoir is 

the thermal source of the system and the shallow reservoir is used as a “storage tank” to 

hold the CO2 in an intermediate state between the generation and storage modes.  
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Figure 4-1: The energy production and consumption elements of the CPG system are 

separated with the addition of a shallow reservoir to operate as an energy storage 

system (CPGES) using two separate modes: 1) the power generation mode (RED) and 

2) the energy storage mode (BLUE). The horizontal well configurations for the deep 

(left) and shallow (right) reservoirs are illustrated with the CO2 plume at the 

beginning of the operation of the CPGES system for the two reservoirs with the 

corresponding computational grid overlaid. Beyond the production wells, the radial 

grid spacing increases logarithmically to the computational boundary [83]. 

In the generation mode, the CPGES system operates by producing CO2 from the deep 

reservoir at the production well (State 1). The CO2 adiabatically expands in the vertical 

well to the surface (State 2). At the surface, the CO2 is expanded in the turbine to produce 

electric power. After the turbine (State 3), the CO2 is partially cooled by the cooling towers 
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(State 4) and then injected into the shallow reservoir (State 5) using gravitational 

compression in the vertical well. The gravitational compression process is determined by 

the density of the CO2 at the surface, at the top of the injection well, which is controlled by 

the amount of cooling at the surface. The CO2 is stored in the shallow reservoir until the 

end of the generation mode. 

In the storage mode, CO2 is extracted from the shallow reservoir (State 6) and produced at 

the surface (State 7) using the same vertical well. At the surface, the CO2 is cooled and 

condensed to the minimum achievable temperature by using the cooling towers (State 8), 

rejecting heat to the ambient surface temperature and is then compressed by the pump 

(State 9) before the CO2 is injected into the deep reservoir through the injection well (State 

10). The injected CO2 is geothermally heated by the rock structure as it migrates from the 

injection well to the production well (State 1).  

To demonstrate the operation of the CPGES system we simulate the CPGES system 

operating on a diurnal cycle with a 16-hour generation mode and an 8-hour storage mode. 

This duty cycle was selected to follow the diurnal variation in the locational marginal 

pricing (LMP) for the Midwest Independent Service Operator (MISO) in 2015 [127], 

demonstrating how the system will perform when it is operated using arbitrage as economic 

strategy. 

4.2.3 Numerical Modeling 
The CPG and CPGES systems are simulated using two software packages. The subsurface 

reservoirs are simulated in TOUGH2 [120] with the ECO2N equation of state module 

[121], and the surface power plant and the vertical wells are simulated in Engineering 
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Equation Solver (EES) [122]. EES is a simultaneous equation solver with built-in 

thermodynamic properties, including the properties of CO2 [125].  

Table 4-1: Nomenclature 

Variable Parameter 

h Enthalpy [MJ/kg] 

�̇� Mass Flow Rate [kg/s] 

�̇� Power [MW] 

𝑊 Energy [MW-h] 

�̇� Heat Rejection Rate [MW] 

Q Heat [MW-h] 

ρ Density [kg/m3] 

P Pressure [kPa] 

T Temperature [°C] 

z Thickness [m] 

f Friction factor 

V Velocity [m/s] 

λ Parasitic loss fraction 

g Gravitational Constant [m/s2] 

η Efficiency [Dim] 

𝜒 Energy Storage Ratio 

Z Reservoir depth [m] 

Tgrad 
Geothermal Temperature Gradient 

[°C/km] 

κ Permeability [m2] 

φ Porosity [dim] 

 

In each trial, the storage mode operates using 98% of the mass of CO2 used during the 

generation mode. The remaining 2% is retained in the shallow reservoir to maintain the 

plume. 

To reduce the computation time for each trial, the reservoir simulations are de-coupled 

from the surface model. The de-coupled model operates by first characterizing the 

performance of the subsurface reservoirs at each horizontal well using TOUGH2 (section 

2.3.1 and 2.3.2), and then the resulting subsurface characterization equations are the 
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implemented in the surface power system (section 2.3.3), eliminating the need to directly 

simulate the subsurface reservoirs for each power plant configuration. 

4.2.3.1 Reservoir Model Parameters 
The CPGES system uses two independent reservoirs located at separate depths, with 

different well configurations illustrated in Figure 4-1.  Each reservoir is simulated as a 

three-dimensional axisymmetric cylindrical reservoir, similar to Garapati et al. [83]. The 

reservoir interstitial space are initially filled with brine, 20 wt% NaCl. The initial reservoir 

temperatures are determined as the product of the reservoir depth and the geothermal 

temperature gradient, in addition to the ambient surface temperature, which is taken to be 

15°C [83]. The initial reservoir pressure is modeled as the hydrostatic pressure (10 kPa/km) 

at the given depth. Each reservoir is bounded by low-permeability caprock (above) and 

low-permeability baserock (below), preventing leakage of CO2 into the surrounding 

formations. Heat flux through the reservoir boundaries is modeled using semi-analytic heat 

conduction [120]. 

We vary the following reservoir parameters: 

(i) Permeability: The horizontal permeability ranges from 2.5×10-14 ≤ kx ≤ 10×10-

14 m2, corresponding with an expected range of permeabilities. For example, the 

Mt. Simon Sandstone in the Illinois Basin has documented horizontal 

permeabilities as low as 1×10-12 m2, with an average horizontal permeability of 

2.6×10-14 m2 [41]. Additionally, we limit the lower permeability range to 

decrease convergence issues, particularly at higher mass flow rates utilized in 

the study. 
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(ii) Permeability Anisotropy: The ratio of the horizontal to vertical permeability 

(kx/kz), varies from 2 ≤ kx/kz ≤ 10. Previous CPG reservoir simulations 

considered an anisotropy values of 1 [33,34,94,96],2 [83,119], and 5 [95]. 

(iii) Porosity: We consider porosity values from 10% to 20%, which is consistent 

with values reported from the Illinois basin, where the effective porosity varied 

from 8.72% to 21.8% [41]. 

(iv) Geothermal temperature gradient: The geothermal temperature gradient 

varied from 25 °C/km to 50 °C/km,  similar to the values used in the Adams et 

al. [1] study in which the gradient from 20°C/km to 50°C/km. The surface 

temperature was set at 15°C for the determination of reservoir temperatures 

[1,83]. The average North American continental heat flux is 65 mW-m-2 [16,66] 

leading to an approximate temperature gradient of 28-31 °C/km. 

(v) Mass Flow Rate: The generation mode mass flow rate of CO2 was varied from 

100-900 kg/s, which corresponds to a circulation rate of 5.76 to 51.84 ktonnes 

per day, for a 16-hour production operation. The mass flow rate is constant 

within each trial, and varies only between trials. The storage mode mass flow 

rate varies with the generation mass flow rate to return 98% of the mass of CO2 

produced back into the deep reservoir, with 2% remaining in the shallow 

reservoir to account for CO2 plume losses. 

(vi) Reservoir depth(s): The depth of the deep reservoir varied from 2.5 to 4.5 km, 

while the shallow reservoir depth varied between 1.0 and 1.5 km. The shallow 
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reservoir depths are selected to maintain the supercritical state in the reservoir 

(> 1km) and while only using reservoir depths that are unsuitable for power 

generation (<1.5 km) [1]. 

To characterize the reservoir performance, a design of experiments approach was utilized, 

resulting in 242 trials for the deep reservoir and 241 trials for the shallow reservoir, 

discussed below. The pressures and produced CO2 mass fraction were recorded for each 

trial.  

4.2.3.1.1 Deep Reservoir 
The deep reservoir is the thermal source of the system. The injection well for the deep 

reservoir is a horizontal, axisymmetric, circular well located at a radius of 200 meters from 

the center. We use a horizontal injection well in place of the vertical injection well used in 

previous CPG models [33,34,83,94,96,126] to reduce pressure losses near the well in the 

reservoir, by increasing the injection well length. The injection well is situated just above 

the low-permeability rock at the bottom of the reservoir. The deep reservoir production 

well is a horizontal well, similar to that used by Garapati et al. [83,119], situated directly 

beneath the caprock at a radius of 707 meters, consistent with prior CPG system models 

[1,33,34,82,94,96]. The combination of these well locations maximizes the volume of the 

reservoir rock that is swept by the CO2 plume, and thus the heat extraction volume, as the 

buoyant CO2 rises and expands away from the injection well. The vertical mobility of the 

CO2 is limited by the low-permeability caprock at the top of the reservoir, which prevents 

upward leakage of CO2, trapping the CO2 in the reservoir, which leads to the formation of 

a CO2 rich pocket just beneath the caprock. The horizontal production well is located just 
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beneath the caprock in this CO2 rich region, to increase the volume of CO2 extracted from 

the reservoir, and reduce the production of brine.  

The reservoir is initially filled with brine and CO2 is injected, displacing the native brine. 

This plume is developed by injection of pure CO2 at a rate of 1.58 Mt-yr-1, with no 

production. Development occurs until the production well has a 35% CO2 saturation, or a 

minimum of 5 years injection time to ensure that the CO2 plume is sufficient to begin 

extracting CO2 and operate for extended durations without the need for additional CO2 

injection. Once the plume has developed, normal operation begins. To reduce 

computational time, the intermittent operation is simulated for only a one-week period, 10 

years after normal operation begins. The previous 10 years are simulated as continuous 

injection and production into the reservoir. 

 We use this same reservoir configuration to simulate the CPG system. However, unlike 

the CPGES system, the system operates continuously by simultaneously injecting and 

producing equal amounts of CO2. We simulate this system out to 10 years, to allow for a 

direct comparison to the CPGES system. 

4.2.3.1.2 Shallow Reservoir  
The shallow reservoir has a different operation than the deep reservoir; it functions as the 

storage vessel for the CO2 between the power production and consumption modes. The 

well configuration and operation are separate from the deep reservoir. To facilitate the 

operation of the reservoir for short-term CO2 storage between modes, a single horizontal 

circular well is used as both the injection and production well. This single, bi-directional 
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well is located at the top of the reservoir directly beneath the caprock at a radius of 200 

meters.  

For this system, CO2 is injected into the reservoir during the energy production mode for 

temporary storage in the reservoir. The CO2 is recovered and extracted from the reservoir 

during the energy consumption mode. The single well configuration minimizes CO2 losses 

in the reservoir, due to advection and diffusion, by limiting the CO2-brine interaction to the 

region near the well. The CO2 does not have any vertical mobility in the reservoir, as the 

buoyant effects are minimized through the placement of the well directly beneath the 

caprock on top. 

Prior to the system operation, CO2 is injected into the shallow reservoir to develop a 

plume/pocket of CO2 surrounding the horizontal well. The reservoir is charged with 3.55 

Mt of CO2 over 2.5 years to ensure that the CO2 plume is maintained near the injection 

well throughout the operation of the system, preventing the upconing of brine during the 

storage mode, when CO2 is extracted from the reservoir. 

CO2 is lost from the plume over time, as it diffuses horizontally in a thin layer beneath the 

caprock. To account for these losses, additional makeup CO2 is added to the shallow 

reservoir to maintain the CO2 pocket, ensuring that CO2 is the primary component (i.e. > 

94% mass fraction) of the fluid extracted from the reservoir during the storage mode. The 

additional CO2 is added to the shallow reservoir by retaining 2% of the injected CO2 during 

each cycle, which results in transfer of some of the CO2 from the deep reservoir to the 

shallow reservoir over time.  
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4.2.3.2 Reservoir Characterization  
To model the reservoir performance in the decoupled power plant model, we develop 

characteristic models for the average injection and production well pressures for each mode 

using the individual reservoir simulations, discussed previously.  

To characterize the reservoir, we assume that the system operates using the mean pressure 

loss in the deep reservoir and the maximum pressure loss in the shallow reservoir for each 

simulation. Specifically, we assume that the system operates with the maximum injection 

pressure and the minimum production pressure in the shallow reservoir, and the mean 

injection and production pressures in the deep reservoir, and thus will provide a 

conservative evaluation of the performance of the power system. We use the maximum 

pressure difference in the shallow reservoir to account for the pressure variation in the huff 

and puff design (i.e. (P5-P6)max), as the mean pressure underestimates the huff and puff 

performance. We first determine the mean pressure for the deep production well and 

maximum pressure for the shallow injection well during the generation mode, and the mean 

pressure in the deep injection well and the minimum pressure in the shallow production 

well during the storage mode for each trial.  

We characterize the pressure differences in each reservoir for all the trials using a one-

dimensional radial Darcy equation, with additional terms representative of our parameter 

space, specifically the permeability, permeability anisotropy, depth, geothermal 

temperature gradient, and the mass flow rate, shown in Table 4-2. We exclude the porosity, 

which was found to not significantly impact the pressure difference. To predict the 

magnitude of injection and production pressures, which are required for the surface power 
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model, two pressure differences are required for each reservoir: 1) between the injection 

and production pressure, and 2) between the injection and the hydrostatic reservoir pressure 

(PD and PS for the deep and shallow reservoirs). In each case, additional terms are included 

in the Darcy equation to increase regression accuracy. The resulting regression equations 

are given in Table 4-2. 

Table 4-2 presents the results of the regression analysis, specifically the slope (α) and the 

intercept (β) coefficients. The intercept is non-zero, due to the pressure difference that 

results from the initial CO2 plume development (injection of CO2) and the displacement of 

the brine. This non-zero offset also indicates that CO2 plume is continually expanding, with 

a bulk movement of CO2 away from the injection well.  

Table 4-2: The resulting regression equations for the pressure differences in each 

reservoir.  

 Equation Slope (α) Intercept (β) 

Deep Reservoir 
𝑃10 − 𝑃1 = 𝛼

�̇�

𝜅ℎ𝑇𝑟

𝑙𝑛 (
𝑘ℎ

𝑘𝑣

+ 𝑒 − 1) 10−12

+ 𝛽 

0.213 [
𝑀𝑃𝑎 𝑚 𝐾

𝑇𝑃𝑎 𝑠
] 2.463 [MPa] 

 
𝑃10 − 𝑃𝐷 = 𝛼

�̇�

𝜅ℎ𝑇𝑟

𝑙𝑛 (
𝑘ℎ

𝑘𝑣

+ 𝑒 − 1) 10−12

+ 𝛽 

0.099 [
𝑇𝑃𝑎 𝑚 𝐾

𝑇𝑃𝑎 𝑠
] 1.538  [MPa] 

Shallow Reservoir 
𝑃5 − 𝑃6 = 𝛼

�̇�

𝜅ℎ

ln (
𝑘ℎ

𝑘𝑣

+ 𝑒 − 1) 10−15 + 𝛽 0.221 [
𝑀𝑃𝑎  𝑚

𝑃𝑃𝑎  𝑠
] 0.194 [MPa] 

 
𝑃5 − 𝑃𝑠 = 𝛼

�̇�

𝜅ℎ𝑍𝑠

10−12 + 𝛽 0.122 [
𝑀𝑃𝑎 𝑚2

𝑇𝑃𝑎  𝑠
] 0.325 [MPa] 

CPG Reservoir 
𝑃6 − 𝑃1 = 𝛼

�̇�

𝜅ℎ𝑇𝑟

𝑙𝑛 (
𝑘ℎ

𝑘𝑣

+ 𝑒 − 1) 10−12 + 𝛽 0.510 [
𝑀𝑃𝑎 𝑚

𝑇𝑃𝑎 𝑠
] 2.296 [MPa] 

 
𝑃6 − 𝑃𝐷 = 𝛼

�̇�

𝜅ℎ𝑇𝑟

𝑙𝑛 (
𝑘ℎ

𝑘𝑣

+ 𝑒 − 1) 10−12 + 𝛽 0.084 [
𝑀𝑃𝑎 𝑚 𝐾

𝑇𝑃𝑎 𝑠
] 1.343  [MPa] 
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4.2.3.3 Power Plant Model 
The surface power plant consists of a turbine, cooling towers, a pump, throttling valves, 

and the vertical wells. For the configuration presented in this paper, each horizontal well 

is connected to the surface by four vertical wells to reduce pressure losses. The system 

configuration and the two operational modes are illustrated in Figure 4-1. The CPGES 

system directly expands the produced CO2 in a turbine without a secondary working fluid, 

similar to the CPG system. 

 

Figure 4-2: An example T-s diagram for the CPGES system. States 1-5 are for the 

generation mode, and States 5-10 are for the consumption mode. Heat is added from 

the deep reservoir from state 10 to state 1. The pressure changes in the shallow 

reservoir from state 5 to 6 in an isothermal process as a result of the injection and 

production of CO2. 

The turbine is the only power generator in the system and operates during power generation 

mode in the CPGES system. The power produced from the turbine, �̇�𝑡𝑢𝑟𝑏𝑖𝑛𝑒, is defined as 

the product of the mass flow rate during the generation mode and the enthalpy difference 

between the turbine inlet and outlet, 
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�̇�𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = �̇�(ℎ𝑎 − ℎ𝑏). (4-1) 

where the inlet and outlet enthalpies are ha and hb. The inlet and outlet state point of each 

component for the CPG and CPGES system are detailed in Table 4-3. Consistent with prior 

CPG models, the turbine has an isentropic efficiency of 78% [1,82]. Additionally, we fix 

the turbine back pressure for the CPGES system at 7.5 MPa to maintain supercritical CO2 

at the turbine outlet, whereas the backpressure on the CPG system is set at the saturation 

pressure for the cooling tower outlet temperature, which is 7°C above the ambient 

temperature (i.e. we model a 7°C approach temperature for the cooling towers). While 

setting the backpressure at 7.5 MPa reduces the CPGES power output compared to CPG 

system, it is necessary to keep the fluid in the supercritical state to prevent multi-phase CO2 

in the shallow reservoir injection well. 

The CPG and CPGES systems reject heat to the ambient conditions using the cooling 

towers. The heat rejected from the cooling towers is defined as the product of the mass 

flow rate for the operational mode and the enthalpy difference between the inlet and outlet 

conditions, 

�̇�𝐶𝑜𝑜𝑙𝑖𝑛𝑔 = �̇�(ℎ𝑎 − ℎ𝑏). (4-2) 

The operation of the wet cooling towers, in particular the cooling tower fan, consume 

power. This parasitic power consumption is modeled as a fraction of the total heat rejected 

from the cooling towers, 

�̇�𝑐𝑜𝑜𝑙𝑒𝑟 = 𝜆�̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔 (4-3) 
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where the parasitic cooling fraction, λ, is defined for wet cooling towers in Adams et al. 

[1], and is a function of the ambient temperature, the approach temperature, and the 

temperature difference across the cooling tower. The cooling towers in the CPGES 

consumption mode and for the CPG system operate with an approach temperature of 7°C, 

which was determined to be the optimal condition in prior CPG systems [1].  

To compress the CO2 from the surface to the reservoir pressures, the system relies on 

gravitational compression in the vertical well, which we discuss in terms of modeling 

below. In situations where the gravitational compression is insufficient to increase the 

pressure to the necessary reservoir pressures, pumping is required. The pump is modeled 

as the product of the mass flow rate and the enthalpy difference across the pump, which is 

given as, 

�̇�𝑝𝑢𝑚𝑝 = �̇�(ℎ𝑎 − ℎ𝑏). 
(4-4) 

The pump is assumed to have an isentropic efficiency of 90%, consistent with the CPG 

model of Adams et al. [1]. Pumping is not always required, and for certain configurations 

the pump and/or generation cooling tower can be replaced with throttling valves (Figure 

4-1). Throttling valves are assumed to produce an isenthalpic process. 

4.2.3.3.1 Vertical Well Model 

The vertical well model used in these simulations, is documented in Adams et al. [1,82]. 

Each vertical well is numerically integrated over 100-meter segments, balancing 

computational time and accuracy. Across each segment, the continuity equation, 

momentum and energy balances are applied assuming pure CO2. The vertical wells are 

assumed to be adiabatic, and the change in kinetic energy is neglected in the energy balance 
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[1,82]. Well frictional losses are modeled using the Darcy-Weisbach relation. A well with 

a 0.41 meter diameter is used, as smaller diameter wells have significant pressure losses, 

which reduce the net power generation of the system [1,91]. 

Table 4-3: CPG and CPGES system components with the designated state points. The 

state points are defined in Figure 1. 

Component Schematic 

Component 

Power (W) 

State Points (a-b) 

CPG CPGES 

Turbine 

a

W

b

 

�̇�𝑡𝑢𝑟𝑏𝑖𝑛𝑒 2-3 2-3 

Pump 

W

b

a

 

�̇�𝑝𝑢𝑚𝑝 4-5 8-9 

Cooling Towers 

a b

Q

W
 

�̇�𝑐𝑜𝑜𝑙𝑒𝑟 3-4 3-4 

7-8 

Throttling Valve1 
ba

 
 4-5 3-4 

8-9 

Vertical Wells 

 

 1-2 

5-6 

1-2 

4-5 

6-7 

Reservoir(s) 
 

 5-1 5-6 

10-1 
1Throttling valves are used in place of cooling towers and pumps under certain conditions 

 

4.2.3.3.2 System Performance 
The performance of the system is characterized by the power produced during the 

generation mode, the power consumed during the consumption mode, the system 

efficiency, and the energy storage ratio. 
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During the generation mode net power is generated, �̇�𝑛𝑒𝑡,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛, and is defined as the 

difference between the gross turbine power output and the cooling tower fan requirements 

(generation mode), given as, 

�̇�𝑛𝑒𝑡,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = �̇�𝑡𝑢𝑟𝑏𝑖𝑛𝑒 − �̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛. (4-5) 

Similarly, the net power consumed during the storage mode, �̇�𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛, is defined as 

the sum of the power consumed by the pump and the cooling tower fans. 

�̇�𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = �̇�𝑝𝑢𝑚𝑝 + �̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑠𝑡𝑜𝑟𝑎𝑔𝑒. (4-6) 

The net energy produced during a single diurnal cycle, 𝑊𝑛𝑒𝑡,𝑠𝑦𝑠𝑡𝑒𝑚, is the difference 

between the energy produced during the generation mode and the energy consumed during 

the storage mode, defined as, 

𝑊𝑛𝑒𝑡,𝑠𝑦𝑠𝑡𝑒𝑚 = ∫(�̇�𝑛𝑒𝑡,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 − �̇�𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)𝑑𝑡. (4-7) 

The efficiency of the system is defined as the energy produced from the turbine over the 

sum of the energy entering the system, including the heat from the geothermal reservoir 

over a 24-hour period, given as, 

𝜂𝑠𝑦𝑠𝑡𝑒𝑚 =
𝑊𝑡𝑢𝑟𝑏𝑖𝑛𝑒

𝑄𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟+𝑊𝑝𝑢𝑚𝑝+𝑊𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑠𝑡𝑜𝑟𝑎𝑔𝑒+𝑊𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛
. (4-8) 

The performance of the energy storage system is quantified by the energy storage ratio, χ, 

defined as,  

𝜒 =
𝑊𝑛𝑒𝑡,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝑊𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛+𝑄 𝑝𝑢𝑟𝑐ℎ𝑎𝑠𝑒𝑑
. (4-9) 

Here, Qpurchased is auxiliary heating at the surface from a purchased fuel source. The CPGES 

system does not require auxiliary heating at the surface prior to the turbine, thus Qpurchased 

is zero here; it is included to contrast a CPGES system with systems which require heat 
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addition to operate, such as compressed air energy storage. Reservoir heat addition is 

neglected in this equation, as its marginal cost is very low.  Auxiliary heating of geothermal 

CO2 is discussed in Garapati et al. [126] and Liu et al. [110], and is beyond the scope of 

this paper. 

4.3 Results and Discussion 
We discuss the modeling results in terms of the CPGES system performance in terms of 

the energy storage ratio and energy generation, and compare the net daily energy 

generation of the CPGES system relative to a CPG system.  

Table 4-4: Base Case Parameters 

BASE CASE PARAMETERS 

Horizontal Permeability (kh) 6.25×10-14 m2 
Permeability Anisotropy (kh/kv) 6 
Ambient Web Bulb Temperature (Tambient) 10°C 
Porosity (φ) 0.15 
Deep Reservoir Depth (Dd) 3.5 km 
Shallow Reservoir Depth (Ds) 1.25 km 
Temperature Gradient (Tgradient) 37.5 °C/km 

 

4.3.1 System Performance 
We characterize the performance of the CPGES system in terms of the electricity 

generation and storage using the following parameters: the net power generation, net power 

stored, the energy storage ratio, and the net daily energy generation, which are defined in 

section 4.2.3.3 . In addition, we document the reservoir pressures, to verify the operation 

of the reservoir. As previously mentioned in section 4.2.3.1 , we consider a number of 

reservoir parameters, including the porosity, permeability, permeability anisotropy, 

geothermal temperature gradient, reservoir depths, and the mass flow rate of CO2. In 
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addition to the reservoir parameters, we also consider the ambient wet bulb temperature, 

which we vary between 5°C to 20°C. 

4.3.1.1 Optimized Energy Generation 
For a given plant configuration, the performance of the system varies, depending on the 

mass flow rate, shown in Figure 4-3. Variations in the mass flow rate influence the reservoir 

and well pressure losses, the power produced by the turbine, and the power consumed by 

the cooling tower fans and the pump. Unlike the other plant parameters, which are fixed 

for a given site, the mass flow rate can be controlled by a system operator using pumps and 

valves at the surface  [1]. In the CPG system, the mass flow is varied to optimize the 

instantaneous net power output; however, because the CPGES operates as an energy 

storage system, the instantaneous net power output cannot be maximized, instead, we 

optimize the net daily energy generation. 

 

Figure 4-3 illustrates the relationship between mass flow rate and net energy generation. 

As the mass flow rate increases the net power produced during the generation mode 

increases, as does the net power consumed during the storage mode. At low mass flow 

rates, the pump is not required; however, at larger mass flow rates, frictional losses in the 

reservoir and the pipes increase, and the pump is required (i.e. generation mass flow rates 

greater than 225 kg/s). While the pump consumes additional energy, the system has a net 

benefit from the additional mass flow rate through the turbine, and thus the additional 

power it generates for the given case. However, the rate that the energy consumption 

increases with mass flow rate is greater than the turbine power once the pump is active, 
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and thus the net energy generation reaches a maximum. While the net energy has an 

optimum mass flow rate, the generation mode energy increases beyond the maximized net 

energy flow rate, due to the separation of the components that generate and consume 

power. For instance, at the maximum energy generation flow rate of 250 kg/s the 

generation mode delivers 1.99 MW, while the maximum power generated is 3.55 MW at a 

mass flow rate of 675 kg/s, however, the net energy generation decreases from 17.1 MW-

h to -48.8 MW-h. This indicates that the tradeoff of the increased power generation is a 

decrease in the net energy generation. Therefore, we consider the maximized net energy 

condition as the design point for the CPGES system. 

 

Figure 4-3: Optimization of daily energy generation by varying the mass flow rate. 

The system efficiency and the energy storage ratio are maximized at low mass flow 

rates, independent from the net energy generation. We include results from the fully 

coupled simulations, which are represented by solid markers. 

Maximized net energy generation does not correlate with the maximum energy storage 

ratio or the maximum system efficiency as these parameters are maximized when the 



 

 129 

system operates with the minimum mass flow rate (1 kg/s), as frictional losses in the wells 

and from the reservoir are minimized. For the presented case (Figure 4-3), the energy 

storage ratio and the system efficiency maximum values are 2.80 and 18.20 respectively 

while the net energy generation is 0.095 MW-h per day, whereas, when the energy 

generation is optimized (250 kg/s generation) at 17.1 MW-h per day these values decrease 

to 2.16 and 11.20%. 

For all remaining combinations of system parameters presented, the mass flowrate is not 

considered as an independent variable, as the mass flow rate is used to maximize the net 

daily energy generation. We select the net daily energy generation as the maximized 

condition (as opposed to the energy storage ratio and the system efficiency), as it is the 

only parameter that has a maximum value at a non-zero mass flow rate. We preform the 

optimization of the net power generation in EES 

Additionally, we verified our characterization model with fully coupled system models (i.e. 

where each reservoir is directly simulated and paired with the power model, accounting for 

the pressure transients), specifically at mass flow rates of 200, 250, 300 kg/s, and 600 kg/s 

as illustrated in Figure 4-3. The characterization model slightly underestimates the net 

energy of the fully coupled models, by 10%, 3%, and 16% for the 200 kg/s, 250 kg/s, and 

300 kg/s mass flow rates, respectively. This is expected, as the characterization model 

assumes the system operates at the minimum or maximum pressure at each well for the 

entirety of each of operation, which, as previously discussed, decreasing the power 

generation and increasing the power consumed, and thus decreasing the predicted energy 
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generation. This is verified in our comparison, which resulted in an overestimation of the 

power consumed by 25%, 7%, and 11% for the 200 kg/s, 250 k/s, and 300 kg/s cases 

respectfully. However, while the energy consumption was overestimated, the energy 

generated in the generation mode was also overestimated by 2% for each case. The 

deviation between the fully coupled model and the characterization model is larger for the 

600 kg/s case, with the characterization model overestimating the energy consumption by 

20% and the energy generation by 4%, resulting in a 11.47 MW-h underestimate in the net 

energy, a result of the overestimate of the pumping power at large mass flow rates due to 

the reservoir pressure model. However, given that we have defined the maximum net 

energy generation case as the design point, we do not expect the system to operate with net 

energy consumption, due to the excessive amount of pumping, as demonstrated in the 600 

kg/s. Thus, we verify the characterization model within the expected operation range of the 

system. 

4.3.1.2 System Performance 
We consider the effects of the input parameters on the net daily energy generation and the 

energy storage ratio. We then compare the CPGES system to two CPG modes utilizing 

identical deep reservoirs:  

1) Equivalent Daily CO2 Circulation Rate: The CPG system extracts the same mass of 

CO2 per day, and thus heat, from the deep reservoir, as the CPGES system. For the 

16-hour generation cycle in the CPGES system, the mass flow rate of the CPG 

system is 2/3 of the generation CPGES generation mass flow rate. 
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2) Optimized CPG: The mass flow rate of the CPG system is selected to optimize the 

net power/energy generation. 

4.3.1.2.1 Shallow Reservoir Depth 
The addition of the shallow reservoir to a CPG system allows the system to operate as an 

energy storage system (i.e. a CPGES system), and the depth of the shallow reservoir effects 

the net energy generation, the energy storage ratio, and the amount of cooling that occurs 

during the generation mode. Deeper depths increase the net energy generation and the 

energy storage ratio, but also increase the amount of power consumed during the generation 

mode, shown in Figure 4-4. The system increases the net energy generation by decreasing 

the specific energy consumption over a complete cycle, which is a result of the increased 

cooling load in the generation mode. In the generation mode, the cooling towers are used 

to control the density of the CO2 at the wellhead, and thus the gravitational compression in 

the vertical well; this allows the system to inject CO2 into the shallow reservoir without the 

need for circulation pumps. When the depth of the shallow reservoir increases, the pressure 

difference between surface (7.5 MPa) and the downhole reservoir pressure (i.e. ~ρwgds) 

increases, and thus additional cooling in the generation mode is required to increase the 

gravitational compression (i.e. ~ρCO2gds) to inject the CO2 into the shallow reservoir. The 

increased cooling load in the generation mode distributes the cooling tower parasitic power 

consumption over each mode, decreasing the specific parasitic power consumption, as the 

parasitic loss fraction in the generation mode is lower than the parasitic loss fraction in the 

storage mode due to the elevated approach temperature in the generation mode. 
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Figure 4-4: The parasitic energy consumed during the generation mode, and the 

energy storage ratio as a function of the shallow reservoir depth, for the base case 

conditions.  

The energy storage ratio increases when the CPGES system operates with increased 

parasitic power consumption in the generation mode, illustrated in Figure 4-4. As the depth 

of the shallow reservoir increases, and thus as parasitic power in the generation mode 

increases, the energy consumption during the storage mode decreases, all other factors 

being equal. This decrease in the power consumed during the energy storage mode, 

increases the energy storage ratio, as the energy consumed during the storage mode is in 

the denominator (Equation 10). Thus, as the energy consumed during the storage mode 

decreases, the energy storage ratio will increase. For instance, in the base case when the 

shallow reservoir depth was incresed from 1.0 km to 1.5 km, the energy consumed in the 

generation mode increased from 3.20 MW-h to 7.54 MW-h, resulting in a increase in the 

energy storage ratio from 2.06 to 2.34, shown in Figure 4-4. Therefore as the depth of the 

shallow reservoir, and the energy consumed in the generation mode, increase, the energy 

storage ratio will increase. This indicates that while the energy storage ratio demonstrates 
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the ability of the system to time shift energy, a large energy storage ratio is not ideal for 

the CPGES system, as the CPG system operates with a theoretical infinite energy storage 

ratio due to the concurrent generation and consumption of power during generation. In 

practice, these excessive large energy storage ratios are avoided, due to the limited depth 

of the shallow reservoir, allowing the system to time shift the generation and consumption 

of power. 

4.3.1.2.2 Reservoir and Ambient Temperatures 
The net daily energy generation and the energy storage ratio increase as the temperature 

difference between the deep reservoir (heat source) and the ambient temperature (heat sink) 

increases, shown in Figure 4-8, as the CPGES system operates as an intermittent heat 

engine. The net daily energy increases as the ambient wet bulb temperature (heat engine 

thermal sink) decreases, illustrated in Figure 4-8B. In the CPGES system, a lower ambient 

temperature has two effects: 1) it increases the heat rejected through the cooling towers, 

and thus the amount of power consumed by the cooling towers, and 2) it increases the 

density at the wellhead of the deep injection well (State 8), thereby increasing the 

gravitational compression and reducing the pumping load. For instance, the pumping 

specific enthalpy consumption decreases from 4.53 kJ/kg to 1.75 kJ/kg, while the cooling 

tower specific energy consumption increases from 6.14 kJ/kg to 7.10 kJ/kg, resulting in a 

decrease in the total specific energy consumption by 1.82 kJ/kg as the ambient wet bulb 

temperature decreases from 15°C to 5°C, for the 37.5C/km geothermal temperature 

gradient.  These specific energy consumptions result in a net daily energy generation of 

70.35 MW-h for the 15°C case and 91.32 MW-h for the 5°C case, thus lower ambient 
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temperatures increase the performance of the CPGES system. It is worth noting that we 

treat the ambient temperature as an independent variable, however, in a real system, the 

mean wet bulb temperature will vary with the geographical position and will vary in time 

due to seasonal effects, and thus performance will vary as the system operates over a range 

of ambient temperatures. 

 

Figure 4-5: The net energy generation and energy storage ratios dependence on the 

reservoir and ambient temperatures by varying A) the deep reservoir depth and the 

temperature gradient, and B) the temperature gradient and the ambient temperature. 

The discontinuities in the energy storage ratio occur as the system transitions from 

throttling to cooling in the generation mode, and pumping begins in the storage mode.  

The net daily energy generation increases as the deep reservoir depth and temperature 

gradient, and thus the resource temperature, increase, shown in Figure 4-8A. The lowest 

geothermal temperature gradient (25°C/km) is unable to generate net energy for depths less 

than 3.25 km, and only exceeds the minimum 37.5°C/km case (20.88 MW-h) at depths 

greater than 4.125 km, indicating that low geothermal temperature gradients limit the 

performance of the system. The lowest temperature that produces net daily energy in Figure 

4-8A is 83.8°C, generating 0.13 MW-h, while the largest temperature of 240°C generates 
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434 MW-h. The energy storage ratio also increases as the depth and geothermal 

temperature gradient, and thus the reservoir temperature, increases, particularly for 

temperatures less than 115°C. For temperatures greater than 115°C, the energy storage ratio 

generally does not vary with the deep reservoir depth, but only with the geothermal 

temperature gradient. This indicates that while the system can generate more energy with 

deeper reservoirs, the energy generated and consumed are proportional for given 

geothermal temperature gradient and reservoir temperatures greater than 115°C, shown by 

the nearly constant net energy production fraction in Figure 4-6. The nearly constant net 

energy generation faction indicates that while the energy generated and thermodynamic 

efficiency of the system increase with the resource temperature, the parasitic loss fraction 

of the system is consistent at 40-50% of the gross turbine output. The losses for the CPGES 

system, while large, are similar to parasitic losses in the Soda Lake geothermal facility 

[65], and are larger than the reported parasitic loss fraction of 32% for the CPG system [1] 

due to the additional components in the system. For temperatures less than 115°C, the net 

generation fraction decreases, as the parasitic loss fraction from the cooling tower in the 

storage mode increase; a result of the limited gross turbine energy generated at low resource 

temperatures as a large fraction of the heat extracted from the deep reservoir cannot be 

used to generate power and is rejected to the atmosphere. Additionally, at these low 

temperatures, the system does not require pumping, and operates using only a 

thermosiphon to circulate the fluid between the reservoirs. 
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Figure 4-6: Parasitic energy losses for each component relative to the gross energy 

produced by the turbine. The deep reservoir temperature is varied by varying the 

temperature gradient and the deep reservoir depth. 

4.3.1.2.3 Pressure losses 
In the CPGES system, we consider two pressure losses; the reservoir pressure loss and pipe 

frictional loss, with the reservoir pressure loss typically accounting for over 95% of the 

total pressure loss (at the maximum daily net energy flowrate); with a minimum observed 

loss fraction of 72% in cases with high permeability and deep, hot reservoirs. These 

reservoir pressure loss fractions are larger than those observed in previous CO2 geothermal 

studies; which demonstrated that friction losses in small diameter pipes significantly 

decreased the energy generation potential [1,82,91]. The increased reservoir pressure loss 

fraction for the CPGES system is a result of the addition of the shallow reservoir and the 

intermittent injection and production of CO2, which increases the reservoir pressure loss 

by a factor of 2.21 when compared to the CPG system, shown in Figure 4-7, and the 



 

 137 

reduced pressure losses in the wells due to the selection of a 0.41 meter diameter wellbore 

[1].  

 

Figure 4-7: The CPGES reservoir pressure loss as a function of the CPG reservoir 

pressure loss for the same daily circulation of CO2 for each system. 

The reservoir pressure loss, which is dependent on the reservoir permeability and 

permeability anisotropy, effects the energy generation from the system through the mass 

flow rate, shown in Figure 4-8. The performance of the CPGES system is shown in Figure 

4-8A as a function of the effective permeability, where the effective permeability is a 

combination of the horizontal permeability and the permeability anisotropy (i.e. 𝜅𝑒 =

𝜅ℎ

ln(
𝑘ℎ
𝑘𝑣

+𝑒−1)
). The net energy generation increases with increasing permeability and 

decreasing anisotropy, as expected. In the given reservoir configuration, the permeability 

anisotropy decreases the effective permeability by increasing the horizontal dispersion of 

the CO2 in the reservoir, limiting the vertical mobility of the CO2, which increases the 

pressure difference required for the CO2 to rise across the 200-meter thickness of the 
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reservoir. While the net energy varies with the effective permeability, the effective 

permeability has a limited impact on the energy storage ratio (Figure 4-8B), varying from 

2.25 to 2.50 over the range of permeabilities tested. This indicates that the permeability 

impacts the net energy generated by the system through mass flow rate, effecting the energy 

generation and storage equally, and it does not impact the ability of the system to time shift 

energy generation and consumption. 

 

Figure 4-8: Net daily energy generation and energy storage ratio dependence on: A) 

the horizontal permeability and the permeability anisotropy, C) the deep reservoir 

depth and temperature gradient, D) the temperature gradient and ambient 

temperature. 

4.3.1.2.4 Combined Effect 
Figure 4-9 illustrates how the permeability, the deep reservoir temperature, and the shallow 

reservoir depth impact the net daily energy generation, with the net daily energy increasing 

as the reservoir temperature, permeability, and shallow reservoir depth increase. The 

effects of the shallow reservoir depth and the reservoir permeabilities are more pronounced 

at higher reservoir temperatures.  

 



 

 139 

 

Figure 4-9: Net energy produced as a function of the reservoir temperature for 

varying permeabilities and shallow reservoir depths for a subset of the parameter 

space. Net energy generation increases with the deep reservoir temperature, 

increased reservoir permeability, and shallow reservoir depth. 

4.3.1.3 Generation Mode Energy Consumption 
The operation of the CPGES system as an energy storage system is defined by the capacity 

to decouple the turbine generation from the parasitic cooling and pumping loads. This is 

achieved in the CPGES system with the addition of the shallow reservoir to store the CO2 

after the turbine is used to generate power; however, to inject the CO2 into the shallow 

reservoir the density of the CO2 is increased by cooling (for most cases), requiring power 

consumption during the generation mode, decreasing the net power generation and the 

temporal separation of the generation and consumptive elements. Here, the amount of 

cooling during the generation mode is directly related to the CO2 density change on the 

surface, and thus the cooling will be directly impacted by parameters that vary the density 

of the CO2 after the turbine (State 3), and the density at the top of the shallow injection 
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well (State 4), specifically, the geothermal temperature gradient, the shallow reservoir 

depth and the permeability.  

The amount of cooling required during the generation mode increases as the geothermal 

temperature gradient and the shallow reservoir depth, increase, shown in Figure 4-10A. 

Here, larger temperature gradients decrease the density of the CO2 in the reservoir, and 

thus at the surface at State 3, while increased shallow reservoir depths increase 

gravitational compression in the injection well, and thus the density of the CO2 at the top 

of the injection well at State 4; increasing the amount of cooling in the generation mode.  

 

Figure 4-10: A) The percentage of the power consumption that occurs during the 

generation mode and B) the net power generated during the generation mode. 

Increases in the thermal gradient and shallow reservoir depth increase the amount of 

energy consumed during the generation mode, reducing the effectiveness of the 

system to separate the power consumptive elements from the generation mode. 

While increased shallow reservoir depths and geothermal gradients increase the fraction of 

the total energy that is consumed in the generation mode, they also increase the net power 

that is generated, in Figure 4-10B. This indicates that while these parameters increase the 

power consumption during the generation mode, the turbine generates additional power to 
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counteract this effect. Thus, the system can sustain some parasitic losses in the generation 

mode and operate as an energy storage system. 

4.3.1.4 Reservoir Pressures 
The injection and production pressures for the deep reservoir for the CPGES system are 

shown in Figure 4-11. In the deep reservoir the injection overpressure and the production 

drawdown pressure are equivalent and symmetric about the hydrostatic pressure. Thus, the 

maximum overpressure of the reservoir is half the pressure difference between the injection 

and production well. As previously stated, the CPG and CPGES systems do not artificially 

fracture the reservoir, thus the injection pressure for these systems must be maintained 

below the fracture limit of the rock. 

The CPGES system operates below the estimated fracture pressure in all cases, indicating 

that steady operation of the system does not risk fracturing the reservoir. The fracture 

pressure gradient is estimated to be two times the hydrostatic pressure [131], though this 

may vary based on the specific regional geophysical properties. The maximum calculated 

injection pressure ratio for the steady operation of the system are 1.23 and 1.46 for the deep 

and shallow injection wells, which are 62% and 73% of the calculated fracture limit. The 

deep reservoir operates below the estimated pressure gradient for extending an existing 

fracture estimated by the Hubbert and Willis method [132], which is 1.42 times the 

hydrostatic pressure, however, the shallow reservoir exceeds this limit, indicating that if a 

pre-existing fracture was present in the shallow reservoir, the operation of the CPGES 

system could, under select cases, extend the fracture. In the entire parameter space 

considered, only four shallow reservoir pressure ratios exceeded this limit, most notable 
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the subset of cases containing the combination of the 4.5 km deep reservoir, 1.0 km shallow 

reservoir, 50 °C/km geothermal temperature gradient, and 2.5x10-14 m2 permeability. While 

the steady state operation of the system operates with injection pressures below the fracture 

limit, the initial plume development period, where the overpressure is likely to be 

maximum, is not simulated for each trial. While it is possible that the development of the 

CO2 plume in the reservoir could exceed the fracture limit, the overpressure can be limited 

by employing an operational strategy while developing the reservoir, such as active 

reservoir management, which controls the injection mass flow rate and the production of 

brine from the reservoir [133–136], limiting the reservoir overpressure; however, this is 

beyond the scope of this study. 

 

Figure 4-11: The injection overpressure and production drawdown pressures for the 

shallow and deep reservoirs in the CPGES system for the base case system, with 

varied deep reservoir depths and geothermal temperature gradients. The pressures 

are normalized by the hydrostatic pressure (ambient reservoir pressure). The limit 

for the injection pressure ratio is 2.02 [131].  
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4.3.1.5 Comparison between CPG and CPGES 
We evaluate and compare the net daily energy and net power generation of the CPGES and 

the CPG systems. Traditionally, such a comparison between an energy storage system and 

a power generation system would be of little value as each system provides unique 

characteristics to the energy grid; however, given that the CPGES system is an extension 

of the CPG technology, we choose to compare the systems to demonstrate the trade-off of 

the energy storage operation. 

4.3.1.5.1 Energy Generation 
The CPGES system generates less net daily energy than the CPG system, shown in Figure 

4-12. The CPG system operates continuously throughout the day whereas a CPGES system 

generates electricity for only 16-hours aday. Therefore, for a given parameter set and 

constant daily circulation rate, we’d expect the net energy production of the CPG system 

to be 50% greater than the CPGES system. Figure 4-12 shows that a CPG system produces 

58% (1/0.63) more net electricity than a CPGES system for a constant daily circulation 

rate, as we predicted. However, while this shows the comparison between equivalent 

reservoir heat extraction rates, the CPG system will be independently optimized to produce 

the most power, which on average generates 288% (1/0.35) more net electricity than a 

CPGES system. The decrease in energy generation for CPGES results from the increased 

reservoir pressure losses due to the intermittent injection and production of CO2 and the 

additional shallow reservoir, previously shown in Figure 4-7, as well as the elevated turbine 

backpressure required to maintain the CO2 in a supercritical state during the generation 

mode, which for an ambient temperature of 15°C is ~1.5 MPa larger than the CPG turbine 
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backpressure. This demonstrates the drawback of operating the CPGES system as an 

energy storage system as decreased net energy generation. 

 

Figure 4-12: The A) net daily energy and the B) power generation of a CPGES system 

relative to the CPG system for the two cases: 1) the equivalent CO2 circulation rate 

and 2) the energy maximized CPG system. The CPG system will always generate 

more energy than the CPGES system, as the CPGES system sacrifices net energy 

generation for ancillary energy storage capacity. The CPGES system generates more 

power than the CPG system for the same reservoir heat extraction, however, when 

each system is independently operated, the losses in the CPGES system limit the 

power generation and allow the CPG system to generate more power. 

The advantage of the CPGES system is that it can produce more power than the CPG 

system, given the same reservoir heat extraction rate, during the 16-hour generation mode, 

shown in Figure 4-12B. For the same daily circulation rate, the CPGES system generates 

41% more power than the CPG system, as the CPGES system operates with a 50% larger 

mass flow rate than the CPG system during the generation mode. The increased power 

generation during the generation mode is ideal for the CPGES system, as it allows the 

system to take advantage of price arbitrage, selling power when demanded, and thus price, 

is high, and consuming power when electricity costs are low.  
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In this paper the CPG system is optimized for the net power generation, the CPGES system 

generally operates with lower power generation than the CPG system, generating on 

average 77% of the power of the CPG system. Here, the decreased power generation for 

the CPGES system is a result of the optimization of the net daily energy for the CPGES 

system, which significantly limits the mass flow rate, and thus power generation, due to 

the increased turbine back pressure and the increased reservoir pressure losses. This limits 

the effectiveness of the price arbitrage economic model for the CPGES system, unless the 

system is able generate a revenue during the storage mode by consuming power during 

periods of negative electricity prices [137,138], due to the excess generation of energy, 

typically resulting from the increased penetration of variable wind and solar power 

systems.  

Overall, this indicates that for the given CPGES system, optimizing the system for net 

energy generation, like the CPG power system, does not optimize the performance of the 

CPGES system, as the restricted mass flow rate limits the power generation of the system. 

To increase the power generation of the system, the system can operate at a higher mass 

flow rate, increasing the power generation, but decreasing the net energy generation, as 

previously shown in Figure 4-3. Alternative operating conditions could include a zero-net 

daily energy condition, where the system energy generated during the generation mode is 

equal to the energy consumed in the storage mode, or an optimized power generation in 

the generation mode. However, the economic operation of the system at either of these 

conditions could be challenging, as the system would rely on price arbitrage and negative 
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electricity prices, conditions which are rare in the current energy market, due to the low 

cost of natural gas. Future work may consider these operational conditions, as well as 

shorter duty cycles, which would increase the power generated. 

4.4 Conclusion 
The CPG system can be modified to operate as an energy storage system using two 

geologic reservoirs at different depths. Our modelling of the CPGES system allows for the 

following conclusions: 

Shallow reservoirs, which are not suitable for energy production, can be used to store CO2 

allowing the system to operate as an energy storage system. The shallow reservoir operates 

as a storage tank, where produced CO2 can be temporarily stored before it is further cooled 

and injected back into the deep reservoir. This temporary storage of CO2 allows the 

components which generate power (turbine) to be separated from those that consume 

power (cooling towers, pumps). Thus, the system can ‘store’ electricity from the grid. 

Additionally, the depth of the shallow reservoir affects the performance of the system, with 

deep shallow reservoirs increasing the net daily energy generation and energy storage ratio, 

while also increasing the cooling required in the generation mode. 

The CPGES system is able to operate with an energy storage ratio greater than one, 

generating net positive energy to the grid. The CPGES system functions as an energy 

storage system by operating as an intermittent Rankine cycle, generating net energy due to 

the heat extraction from the deep reservoir. The net energy generated by the system 

increases as the effective permeability and the temperature difference between the deep 

reservoir and the ambient temperature increases. 
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The injection pressures for the operation of the CPGES system is below the calculated 

fracture limit, indicating that the system does not risk fracturing the reservoir. The CPGES 

system operates using the natural permeability of the reservoir, unlike EGS systems which 

need the permeability of the reservoir to be artificially increased, thus the injection pressure 

for the operation of the system must remain below the fracture limit for the reservoir. All 

simulated cases are below the fracture limit, where the maximum injection pressure ratios 

for each reservoir are 1.23 and 1.46 for the deep and shallow reservoirs, which are 62% 

and 73% of the calculated fracture limit. The development of the CO2 plume for each 

system model is not simulated, and it is assumed that the plume development is achieved 

using active reservoir management to ensure that the development injection pressure does 

not exceed the fracture limit. 

The operation of the CPG system as an energy storage system increases the power 

generation relative to the CPG system, at the expense net energy generation, for the same 

daily CO2 circulation rate. On average the CPGES system generates 41% more power than 

the equivalent CPG system due to the increased mass flow rate during the generation mode, 

and the reduced concurrent consumption of power; but, the addition of the second, shallow 

reservoir, the additional vertical wells, and the elevated turbine backpressure decreases the 

net daily energy generation capacity by 37% relative to the CPG system. However, when 

the CPG system is independently optimized, the CPGES system generates 33% less power, 

and 65% less daily net energy. This indicates that the CPGES system should not be 

optimized for the net energy generation, similar to the CPG, but at a mass flow rate that 
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increases the power generation, or should be operated with a shorter duty cycle (i.e. 

generation mode). 
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Chapter 5: CPGES Power and Economics 
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5.1 Introduction 
Geothermal energy is an abundant renewable resource that can provide baseload power. 

The earth’s surface is estimated to contain 540x107 EJ of energy [67], which is available 

for geothermal energy production. In the United States, it is estimated that over 100 GW 

can be developed by 2050 [16]. The current installed geothermal capacity is 3.52 GW, 

concentrated primarily in California and Nevada in regions with high geothermal 

temperature gradients [72]. To achieve 100 GW by 2050, geothermal systems must be 

expanded to a wider geographic region to utilize undeveloped geothermal resources, which 

include shallow, low temperature and deep, high-temperature resources. Enhanced 

Geothermal Systems(EGS) can be utilized to extract heat from deep high temperature and 

low-permeability reservoirs [16,67,139]; however, EGS requires fracturing [67], which can 

be controversial and limits EGS projects [140]. Shallow, low-temperature geothermal 

resources (i.e. <150°C) can be used to produce power using a binary cycle [65]. These low-

temperature resources can also be utilized by CO2-Plume Geothermal (CPG) systems, that 
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use CO2 as the heat extraction fluid as part of a Carbon Capture, Utilization, and Storage 

(CCUS) system [1,33,34,82,83,93,96,119]. 

CO2 was initially proposed as a working fluid in EGS systems by Brown [81]. CO2 has 

three primary advantages over brine: (1) CO2 has a larger density variation with 

temperature, that allows the system to generate a thermosiphon in the wells, reducing or 

eliminating the need for circulation pumps [1,81,90,91,129], (2) CO2 has a lower kinematic 

viscosity, which reduces the pressure losses through the rock in the reservoir, [84,87], and 

(3) CO2 has a lower mineral solubility, that will reduce pipe scaling [81]. CO2 was found 

to be superior to brine for EGS systems in terms of heat extraction and operation using a 

thermosiphon [86,90,91]. However, CO2-EGS has a limited CO2 storage potential, due to 

the limited volume of the fractured reservoir [34,96]. In contrast, a CPG system uses 

sedimentary basin formations that have large CO2 storage potential, and are the target for 

Carbon Capture and Storage (CCS) efforts [10,141]. Previous studies have demonstrated 

the effectiveness of CPG systems at extracting heat and pressure energy from the 

subsurface reservoirs [33,34,83,94,96,119], power production driven by a thermosiphon 

[82], and benefits of using CO2 over brine in sedimentary basins [1].  

CCS can work in synergy with a CPG system by developing the necessary subsurface 

plume. Thus, CPG will benefit from the implementation of CCS, which is a solution to 

mitigate CO2 emissions from existing fossil fuel power plants and limit the effects of global 

climate change  [10,142,143]. The emission of CO2 into the atmosphere, and subsequent 

rise in the atmospheric concentration of CO2 has been correlated with the increase in the 
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mean global temperature by the Intergovernmental Panel on Climate Change (IPCC) [5]. 

The IPCC set a limit for atmospheric CO2 of 450 ppm, which has a 50% chance of limiting 

the mean global temperature rise to 2°C [5], which was agreed upon by a majority of world 

nations in the Paris Agreement [111]. To avoid exceeding this defined limit an estimated 

carbon budget of 1000 Gt of CO2 can be emitted after 2011 [4], which requires a reduction 

and eventual elimination of CO2 emissions. In particular for electricity generation and heat 

production, which accounts for 25% of the total CO2 emitted into the atmosphere [5], 

carbon capture and storage can be implemented on existing fossil fuel plants and clean 

renewable energy sources can be expanded [3,10].  

The electrical power industry has developed energy portfolios which include renewable 

energy sources, and in some cases are required by legislation to expand the utilization of 

renewable energy. In the United States, individual state legislation may set future 

renewable energy generation requirements. For example, California requires public 

utilities to provide 50% of generated electricity to be from renewable sources by 2045 [13], 

and Hawaii requires 100% renewable energy by 2045 [14]. The European Union has 

implemented the Renewable Energy Directive, which establishes that renewables 

contribute 20% of overall energy production, and individual member nations achieving at 

least 10% by 2020 [12]. The implementation of renewable energy sources typically favors 

wind and solar over geothermal as these systems are better known, mature technologies. 

However, wind and solar can produce only variable power, as the nature of the energy 

resource is inherently variable. This can increase the variability of the electrical grid [47]. 
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Energy storage systems can be used in conjunction with variable renewable sources, such 

as wind and solar, to ensure consistent energy production and to maintain grid reliability 

[56,112–114]. Energy storage systems can supplement renewable resources by storing 

excess power when it is produced, and releasing it back to the grid when 

needed[50,58,115,116]. Without energy storage, baseload power plants, operated with 

fossil fuel or nuclear power, are unlikely to be completely replaced by wind and solar. 

However, geothermal energy, in addition to hydroelectric and bio-energy, can be utilized 

to produce baseload renewable power [117]. 

The direct CPG system where CO2 is passed directly through a turbine and produces 

continuous power, can be modified to operate as a geothermal energy storage system, 

intermittently producing and consuming power to/from the electrical grid. This CPG 

Energy Storage (CPGES) configuration adds a second shallower geothermal reservoir that 

acts as a “storage tank” for the CO2, allowing the system to produce and consume power 

from the electrical grid at different times, enabling the CPGES system to operate as an 

intermittent power system (i.e. intermittent Rankine cycle). The CPGES system is different 

from the previously proposed CO2-Bulk Energy Storage (CO2-BES) [106,107] system and 

the Compressed CO2 Energy Storage system [110]. The CO2-BES system uses a single 

reservoir multi-fluid approach, where CO2 is injected into the reservoir as a cushion gas, 

increasing the reservoir pressure and displacing brine, using the reservoir overpressure to 

produce brine. The Compressed CO2 Energy Storage system uses a multi-reservoir 

approach, similar to the proposed CPGES system, however, the system uses geothermal 
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heat to pre-heat the CO2, with the majority of the heat being added at the surface by 

combusting fuel, operating as an intermittent supercritical Brayton cycle, whereas the 

CPGES system described here operates using only geothermal heat using a supercritical 

Rankine cycle. In addition, modeling of the Compressed CO2 system neglects the vertical 

injection/production wells and does not couple the surface power plant model with a sub-

surface model, which are both considered here in the CPGES system model.  

Table 5-1: Nomenclature 

Variable Parameter 

C Cost [$] 

𝐶𝑅𝐹 Capital Recovery Factor  

f Friction factor 

g Gravitational Constant [m/s2] 

η Efficiency [Dim] 

h Enthalpy [MJ/kg] 

λ Parasitic loss fraction 

M Daily Circulation Rate 

[kt/day] 

�̇� Mass Flow Rate [kg/s] 

𝑚𝑓 Mass Fraction 

P Pressure [kPa] 

�̇� Heat Rejection [MW] 

ρ Density [kg/m3] 

T Temperature [°C] 

t Time [h] 

TR Tax Rate [%] 

V Velocity [m/s] 

�̇� Power [MW] 

𝑊 Energy [MW-h] 

y Payback Period [y] 

z Thickness [m] 

 

We model a demonstration scale CPGES system in terms of the power and energy 

generated/consumed during each mode and over the course of an entire 24-hr cycle, 

varying the daily circulation rate and the duty cycle. We then compare the system to an 

equivalent CPG plant, operating with the same deep reservoir configuration. Finally, we 
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combine the CPG and the CPGES systems, operating each one concurrently, demonstrating 

the synergistic effects of the hybrid system. 

5.2 Method 

5.2.1 System Overview 
We consider three independent CO2 geothermal power systems, 1) the CPG system, 2) the 

CPGES system, and 3) the combined CPG+CPGES system, described in detail below. 

5.2.1.1 CPG 
The CPG system is comprised of a permeable sedimentary reservoir with a bounding 

caprock to contain the CO2 within the reservoir, a surface plant to extract energy from the 

CO2 and produce power, and vertical injection and production wells which connect the 

surface plant to the reservoir [33,34,96], shown in Figure 5-1. The direct CPG system 

operates by circulating CO2 from a deep reservoir to the surface to extract energy, shown 

by the red lines in Figure 5-1. To produce power, CO2 is extracted from the deep, hot 

storage reservoir (State 1) and brought to the surface through vertical wells (State 2). On 

the surface, the CO2 is directly expanded in a turbine (State 4) producing electricity. 

Alternatively, a binary system, where the CO2 is used to heat a secondary fluid to produce 

power can be used, however, the direct system has been shown to produce more power [1], 

thus we consider only the direct cycle. After the turbine, the CO2 is cooled using a wet 

cooling tower before it is reinjected into the reservoir (State 5). This increases the density 

of the CO2 for reinjection, as the CPG system makes use of gravitational compression, and 

thus a thermosiphon effect, in the vertical injection well. At the top of the well, a pump can 

be used to augment compression of the CO2 (State 6) to ensure that the required downhole 

pressure is achieved (State 7). This pump is not always required, as the system can operate 
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using only the thermosiphon; however, use of a circulation pump generally increases the 

net power generation from the system [1,82]. 

5.2.1.2 CPGES 
To operate as an energy storage system, the CPG system is augmented with a shallow 

geothermal reservoir, allowing the system to temporally separate the power generation 

elements (i.e. the turbine) from the elements that consume power (i.e. the cooling towers 

and the pump) as shown in Figure 5-1. The CPGES system operates using two modes: 

1) Power Generation: The CO2 is produced from the deep reservoir and brought to 

the surface in the production well and expanded in the high-pressure turbine (HPT) 

to produce power, as in a CPG system (States 1,2,3). After the HPT, the CO2 is 

partially cooled in a cooling tower (State 8), increasing the density of the CO2 only 

enough to utilize gravitational compression in the short vertical well to inject the 

CO2 into the shallow reservoir (State 9). In the shallow reservoir the CO2 is trapped 

and stored until the energy storage mode. During the power generation mode net 

power is generated to the grid from the turbine; however, some parasitic power 

consumption may be required to operate the cooling tower. 

2) Energy Storage: The CO2 stored in the shallow reservoir is recovered (State 10) 

and transported back to the surface in the short vertical well (State 11). It is then 

passed through the cooling towers, pump, and the vertical injection well (States 5, 

6, 7) where it is cooled and compressed, similar to a CPG system. The throttling 

valve (State 11 to 4) is not required to operate the CPGES system; however, it is 
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required when the CPGES system is combined with the CPG system (CPG + 

CPGES system, discussed in detail below). 

In the CPGES system described here, the shallow reservoir is utilized as a temporary 

storage vessel for CO2, not for geothermal heat extraction, allowing the system to produce 

power with minimal power consumption during the production mode. A shallow reservoir 

is the ideal storage solution for a CPGES system, preferable to surface pressure vessel 

storage due to the high pressures of the CO2, and the large capacity required. A surface 

storage solution would require significant cooling after the turbine. This would consume 

more power to operate the cooling tower fans and thus, reducing the ability to effectively 

time shift the energy consumption of the system. Additionally, the produced CO2 may also 

include some brine, which can be produced from the reservoir as a liquid or in solution 

with the CO2. When combined with the CO2 it can form carbonic acid which can 

compromise the integrity of a surface storage vessel. The use of the shallow geothermal 

reservoir allows the system to avoid these issues as the injection of CO2 into a shallow 

reservoir requires minimal cooling during the power production mode and the reservoir 

most likely contains some brine anyway. In this configuration, some cooling, and thus 

power consumption, is required to increase the density of the CO2 prior to injection into 

the shallow reservoir; however, this cooling is ideally only a fraction of the overall cooling, 

with the majority occurring during the storage mode. The minimal cooling allows the 

system to use gravitational compression in the short vertical injection well to inject CO2 
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into the shallow reservoir, without the need for pumping during the power production 

mode. 

5.2.1.3 CPG+CPGES 
In the previous descriptions, the CPG and CPGES systems were considered to be 

independent operations, with the system either being operated for net power generation 

(CPG) or energy storage (CPGES). In this mode, we combine them where the CPG system 

operates continuously and the CPGES system provides flexible energy generation or 

storage simultaneously.  

To operate the combined CPG + CPGES systems, we add a low-pressure turbine (LPT) to 

the CPG line after the high-pressure turbine (HPT), and a throttling valve for the fluid 

extracted from the shallow reservoir shown in Figure 5-1. The low-pressure turbine is 

added to the CPG system to expand the CO2 further as the back pressure from the high-

pressure turbine is above the CO2 saturation pressure at the given cooling tower outlet 

temperature (i.e. the sum of the ambient wet bulb temperature and the approach 

temperature) as the CPGES system requires a larger back pressure to account for the 

pressure losses in the shallow reservoir.  

During the CPGES power production mode, the CPGES mass flow is diverted after the 

high pressure turbine to one of the cooling towers and sent to the shallow reservoir for 

storage (States 3, 8, 9), while the CPG mass flow is further expanded in the low-pressure 

turbine, to produce more power, before it is cooled, compressed, and re-injected back into 

the deep reservoir (States 3, 4, 5, 6, 7). In this mode, both systems extract CO2 from the 
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deep reservoir using the same production wells and both systems produce power using the 

high-pressure turbine (States 1, 2, 3). 

During the CPGES recharge mode, CO2 is extracted from the shallow reservoir and mixed 

with the CO2 leaving the low-pressure turbine. The surface pressure of the CO2 produced 

from the shallow reservoir (State 11) is typically larger than the CPG low-pressure turbine 

backpressure; thus, the CPGES system has an added throttling valve which allows the 

pressure of each system to equilibrate prior to mixing. Similar to the generation mode, both 

systems operate using the same cooling tower, pump or throttling valve, and deep injection 

well in the recharge mode (States 4, 5, 6, 7). 

 

Figure 5-1: Overview of the CPG (red), CPGES generation (green) and storage (blue), 

and the combined CPG+CPGES (red + green + blue) system with the defined state 

points. The CPGES system operates in two modes: 1) Energy Generation: where CO2 

is produced from the deep reservoir (State 1), brought to the surface (state 2), 

expanded in a trubine (State 3), partually cooled (State 8), and the injected into the 

shallow reservoir (State 9), and 2) Energy Storage: where the CO2 is extracted from 

the shallow reservoir (State 10) and produced to the surface (State 11), cooled (State 

5) and compressed (State 6) before it is injected into into the deep reservoir (State 7); 

whereas the CPG systm operates continously (States 1-7). A detailed cycle analysis 

for each system is provided in the main text. Both the shallow (top) and deep (bottom) 

reservoir configurations are displayed with the initial CO2 plume with the mesh grid 

overay. 



 

 159 

5.2.2 System Modeling 
We simulate the CPG, CPGES, and CPG+CPGES systems using two separate models: the 

subsurface reservoir model, and the surface power plant model. We model the subsurface 

reservoir using the TOUGH2 [120] with the ECO2N [121] equation of state module and 

model the surface power plant (including the vertical wells) using Engineering Equation 

Solver (EES) [122].  

Table 5-2: Reservoir physical properties for the numerical simulation. 

Simulated Parameter/Value 

General Properties   Deep Reservoir  

Horizontal Permeability 5.0 x 10-14 m2  Mean Reservoir Depth 2.5 km 

Vertical Permeability 5.0 x 10-14 m2  Initial Reservoir Temperature 102.5 °C 
Thermal Conductivity 2.1 W/m/°C  Injection Well Radius 200 m 

Porosity 10%  Production Well Radius 707 m 

NaCl Concentration 20%  Number of grid cells, vertical 42 
Geothermal Gradient 35 °C/km  Number of grid cells, horizontal 117 

Reservoir Thickness 300 m    

Rock Density 2650 kg/m3  Shallow Reservoir  

Rock Specific Heat 1000 J/kg/°C  Mean Reservoir Depth 1.5 km 

Simulated Radius 100 km  Initial Reservoir Temperature 67.5 °C 
Initial Conditions Hydrostatic equilibrium, pore space 

occupied by brine 

 Well Radius 400 m 

 Number of grid cells, vertical 34 

Boundary Condition 
Top/Bottom 

No fluid flow, semi-analytic heat 
transfer  

 
Number of grid cells, horizontal 121 

Boundary Condition Lateral No fluid or heat transfer    

  

5.2.2.1 Reservoir Modeling 
We numerically simulate the CO2 plume development and circulation in the reservoirs. 

Each reservoir is modeled using a three-dimensional, axisymmetric geometry using the 

reservoir parameters given in Table 5-2, illustrated in Figure 5-1. Each reservoir is 

simulated out to 100 km, consistent with previous models [83], to limit boundary effects 

on the pressure and the plume development. We apply a no fluid flow boundary condition 

on the top and bottom boundaries to simulate the bounding effects of the caprock above 

and the bedrock below, with the conductive heat flux across the boundary modeled using 

a semi-analytic solution [120].  
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5.2.2.1.1 Deep Reservoir 
The deep reservoir is the primary reservoir for the system, with both the CPG and CPGES 

systems circulating CO2 to extract heat. The deep reservoir operates with two horizontal 

wells, an injection well and a production well, shown in Figure 5-1. The injection well is 

located at the bottom of the reservoir, at a radius of 200 meters, unlike previous CPG 

simulations, which use a single vertical injection well [1,82,83,119,126]. We use the 

horizontal well for this configuration to reduce the over pressurization in the reservoir due 

to the injection of CO2, as the horizontal well is longer, and for the same mass flow rate 

the mass flux will be lower, creating smaller pressure changes, reducing the pressure build 

up compared to the vertical injection well. The injection well is placed at the base of the 

reservoir to increase the area swept by the CO2 plume in the reservoir, as the CO2 is 

naturally buoyant at reservoir conditions, and thus will buoyantly rise to the top of the 

reservoir, extracting heat from the entire thickness of the reservoir. At the top of the 

reservoir, a layer of CO2 is formed, as the CO2 is contained beneath the caprock. The 

production well is located in this CO2 rich layer, just beneath the caprock at a radius of 707 

meters, consistent with previous CPG simulations [1,33,82,83,119], limiting the upconing 

of brine during the extraction of CO2 from the reservoir.  

The CO2 plume that is used to circulate CO2 in the deep reservoir is developed for 2.5 years 

prior to the operation of the system. The CO2 plume is developed in the brine filled 

reservoir by injecting 15.78 Mt of CO2 into the reservoir during the priming period, a 

volume which is sufficient enough to ensure the CO2 breakthrough at the production well. 

At the end of the priming period, the CO2 mass fraction at the production well is over 30%, 
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which results in a CO2 mass fraction over 94% in the fluid extracted from the reservoir 

during the operation of the system, which is the approximated limit for specialized turbines 

[128].  

5.2.2.1.2 Shallow Reservoir 
The shallow reservoir is added to the CPGES system to separate the elements that generate 

and consume power. In this system, the shallow reservoir is used as a storage tank, storing 

the CO2 that was produced during the generation mode. To function as a storage tank, 

injecting and then recovering the CO2, the reservoir operates with a single horizontal well, 

which functions as an injection and production well. The use of a single well in the system 

limits the CO2 plume losses, due to advection and diffusion, allowing most of the injected 

CO2 to be recovered, during the storage mode, when CO2 is extracted from the reservoir. 

The single well is located beneath the caprock, thereby limiting buoyant advection effects, 

at a radius of 400 meters. Similar to the deep horizontal injection well, the radius of the 

horizontal well in the shallow reservoir was selected to reduce the pressure transients in 

the shallow reservoir, due to the injection and production of CO2. 

Before the operation of the CPGES system, a CO2 plume in the shallow reservoir is 

developed by injecting 0.67 Mt of CO2 over 12 weeks. Unlike the deep reservoir, the 

plume in the shallow reservoir is not designed to facilitate the circulation of CO2. But 

rather, displace the native brine from the horizontal well, forming a pocket of CO2 around 

the well, allowing the reservoir to operate with a smaller CO2 plume than the deep 

reservoir. This pocket of CO2 has two main effects, first it displaces the brine, which has 

a larger kinematic viscosity than CO2, which limits the variation in pressure due to the 
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injection and production of CO2 during the storage operation, and secondly, the CO2 

pocket limits the amount of brine that is extracted from the reservoir during the storage 

mode.  

While the reservoir is designed to operate with minimal CO2 loses, diffusion and 

advection of the CO2 in the reservoir occur, reducing the plume size over time. To 

account for these losses, the system supplements the CO2 plume by retaining 98% of the 

injected CO2 each cycle, transferring the CO2 from the deep reservoir to the shallow 

reservoir. 

5.2.2.2 Power System Modeling 
The thermodynamic power system is comprised of the turbine, cooling towers, pump, 

throttling valve, and the vertical wells. The state points for the CPG, CPGES, CPG+CPGES 

systems are defined in Figure 5-1 and the main surface plant parameters are given in Table 

5-3. 

Table 5-3: Parameters used for the surface power plant simulations. 

Parameter/Value  

Surface Wet Bulb Temperature 15 °C 

Vertical Well Inner Diameter 0.41 m 

Deep Reservoir Vertical Production Wells 4 

Deep Reservoir Vertical Injection Wells 1 

Shallow Reservoir Vertical Wells 2 

Turbine Backpressure 7.5 MPa 

Turbine Isentropic Efficiency 78% 

Pump Isentropic Efficiency 90% 

Cooling Tower Approach Temperature a 7°C 
a when the temperature of the produced CO2 is less than 22°C the approach 

temperature is reduced i.e. 𝑇𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ = 𝑇4 − 15  

 

We numerically simulate the vertical wells using the well model of Adams et al. [1], using 

a steady state finite volume approximation, with the vertical wells subdivided into 100-
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meter elements. We numerically integrate across each element (i.e. from state i to state 

i+1), starting with the reservoir state, which is determined from the subsurface reservoir 

model, to the surface. Across each element, we solve the continuity, energy balance, and 

momentum equations, given as, 

ℎ𝑖 + 𝑔𝑧𝑖 = ℎ𝑖+1 + 𝑔𝑧𝑖+1 (5-1) 

𝑃𝑖 + 𝜌𝑖𝑔𝑧𝑖 = 𝑃𝑖+1 + 𝜌𝑖+1𝑔𝑧𝑖+1 − ∆𝑃𝑙𝑜𝑠𝑠 (5-2) 

�̇� = 𝜌𝑖𝐴𝑉𝑖 = 𝜌𝑖+1𝐴𝑉𝑖+1 . (5-3) 

We assume that that well is adiabatic, and neglect the kinematic effects as the energy 

change is insignificant in the overall energy balance [1,129]. We model the frictional pipe 

losses using the Darcy-Weisbach relation, given as, 

∆𝑃𝑙𝑜𝑠𝑠 = 𝑓
𝐿𝑝𝑖𝑝𝑒

𝐷
𝜌

𝑉2

2
 . (5-4) 

Where the friction factor is determined from the moody chart [144] using a surface 

roughness (ε) of 55 µm, based on bare Cr13 oil piping [124]. We model each well using a 

0.41m diameter well, to limit the pressure losses in the well, which can be significant and 

reduce the performance the system when small diameter wells are used [1,91]. In the 

system configuration presented here, the CPG system operates with 5 vertical wells, four 

production wells and one injection well into the deep reservoir, similar to previous studies 

[1], while the CPGES system operates with seven vertical wells, the five CPG vertical wells 

in addition to two vertical injection/production wells into the shallow reservoir. 

The CPG, CPGES, and CPG+CPGES systems produce power by directly expanding CO2 

in the turbine, modeled as, 
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�̇�𝐶𝑃𝐺,𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = �̇�𝐶𝑃𝐺(ℎ2 − ℎ4), (5-5) 

�̇�𝐶𝑃𝐺𝐸𝑆,𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = �̇�𝐶𝑃𝐺𝐸𝑆,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛(ℎ2 − ℎ3). (5-6) 

  

The turbine operates with an isentropic efficiency of 78%, which is consistent with 

previous CPG models [1,82]. We set the turbine backpressure for the CPGES system at 7.5 

MPa (State 3), to account for additional pressure losses in the shallow reservoir and to 

maintain the CO2 supercritical during the generation mode, preventing multiphase flow in 

the vertical injection well (State 8). The CPG system operates with a turbine backpressure 

of 5.4 MPa, the saturation pressure for the minimum CO2 temperature, 22°C, which is the 

sum of the ambient wet bulb and the approach temperatures.  

The cooling towers consume parasitic power to operate the fans which reject heat from the 

CO2 to the surrounding atmosphere. We model the parasitic power consumption for the 

cooling towers as a fraction of the total heat rejection, given as, 

 

�̇�𝐶𝑃𝐺,𝑐𝑜𝑜𝑙𝑒𝑟 = 𝜆𝐶𝑃𝐺�̇�𝐶𝑃𝐺,. (5-7) 

�̇�𝐶𝑃𝐺𝐸𝑆,𝑐𝑜𝑜𝑙𝑒𝑟,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑛 = 𝜆𝐶𝑃𝐺𝐸𝑆,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛�̇�𝑐𝑜𝑜𝑙𝑒𝑟,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛, (5-8) 

�̇�𝐶𝑃𝐺𝐸𝑆,𝑐𝑜𝑜𝑙𝑒𝑟,𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 𝜆𝐶𝑃𝐺𝐸𝑆,𝑠𝑡𝑜𝑟𝑎𝑔𝑒�̇�𝑐𝑜𝑜𝑙𝑒𝑟,𝑠𝑡𝑜𝑟𝑎𝑔𝑒 , (5-9) 

where, 𝜆 is the parasitic loss fraction, which is a function of the cooling tower approach 

temperature and the ambient wet bulb temperature, as defined in Adams et. al [1]. For each 

case, the heat rejection rate is defined as, 

�̇�𝐶𝑃𝐺,𝑐𝑜𝑜𝑙𝑒𝑟 = �̇�𝐶𝑃𝐺(ℎ4 − ℎ5), (5-10) 
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�̇�𝐶𝑃𝐺𝐸𝑆,𝑐𝑜𝑜𝑙𝑒𝑟,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = �̇�𝐶𝑃𝐺𝐸𝑆,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛(ℎ3 − ℎ8), (5-11) 

�̇�𝐶𝑃𝐺𝐸𝑆,𝑐𝑜𝑜𝑙𝑒𝑟,𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = �̇�𝐶𝑃𝐺𝐸𝑆,𝑠𝑡𝑜𝑟𝑎𝑔𝑒(ℎ4 − ℎ5). (5-12) 

 

The pump consumes power, given as, 

�̇�𝐶𝑃𝐺,𝑝𝑢𝑚𝑝 = �̇�𝐶𝑃𝐺(ℎ5 − ℎ6), (5-13) 

 

�̇�𝐶𝑃𝐺𝐸𝑆,𝑝𝑢𝑚𝑝 = �̇�𝐶𝑃𝐺𝐸𝑆(ℎ5 − ℎ6), 

(5-14) 

 

The pump operates with an isentropic efficiency of 90%, consistent with previous CPG 

models [1]. In some instances, the pump can be replaced by a throttling valve, depending 

on the reservoir pressure, and the gravitational compression in the vertical well. 

Additionally, the CPG+CPGES system operates with a throttling valve in the storage 

process, to equilibrate the pressure at the surface before the cooling towers. In each case, 

the throttling is modeled as an isenthalpic process. 

5.2.2.3 System Performance 
We define the net power generation as the sum of the power from each specific component. 

For the CPG system, the net power is given as, 

�̇�𝐶𝑃𝐺,𝑛𝑒𝑡 = �̇�𝐶𝑃𝐺,𝑡𝑢𝑟𝑏𝑖𝑛𝑒 + �̇�𝐶𝑃𝐺,𝑐𝑜𝑜𝑙𝑖𝑛𝑔 + �̇�𝐶𝑃𝐺,𝑝𝑢𝑚𝑝, (5-15) 

whereas the net power generation for the CPGES system is the sum of each component 

during the generation mode, given as, 

�̇�𝐶𝑃𝐺𝐸𝑆,𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = �̇�𝐶𝑃𝐺𝐸𝑆,𝑡𝑢𝑟𝑏𝑖𝑛𝑒 + �̇�𝐶𝑃𝐺𝐸𝑆,𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛. (5-16) 

Similarly, the net power that is consumed by the CPGES system during the storage mode 

is given as, 



 

 166 

�̇�𝐶𝑃𝐺𝐸𝑆,𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = �̇�𝐶𝑃𝐺𝐸𝐸𝑆,𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑠𝑡𝑜𝑟𝑎𝑔𝑒 + �̇�𝐶𝑃𝐺𝐸𝑆,𝑝𝑢𝑚𝑝. (5-17) 

The energy that the system generates or consumes is given as the integral of the power over 

the length of the operation, given as, 

𝑊𝐶𝑃𝐺,𝑛𝑒𝑡 = ∫ �̇�𝐶𝑃𝐺,𝑛𝑒𝑡𝑑𝑡
24h

0
, (5-18) 

𝑊𝐶𝑃𝐺𝐸𝑆,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = ∫ �̇�𝐶𝑃𝐺𝐸𝑆,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑑𝑡
𝑡𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

0
, (5-19) 

𝑊𝐶𝑃𝐺𝐸𝑆,𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = ∫ �̇�𝐶𝑃𝐺𝐸𝑆,𝑠𝑡𝑜𝑟𝑎𝑔𝑒𝑑𝑡
24ℎ

𝑡𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛
, (5-20) 

𝑊𝐶𝑃𝐺𝐸𝑆,𝑛𝑒𝑡 = 𝑊𝐶𝑃𝐺𝐸𝑆,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑊𝐶𝑃𝐺𝐸𝑆,𝑠𝑡𝑜𝑟𝑎𝑔𝑒 , (5-21) 

 

The CPG system operates continuously for 24 hours but the CPGES system generates 

energy only during the generation mode, and then consumes energy during the storage 

mode; the length of each mode is determined by the CPGES duty cycle. We define the 

duty cycles of the CPGES system as the length of the generation mode divided by the 

total cycle length, which is set at 24 hours for the diurnal cycle, given as, 

𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒 =  
𝑡𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

24
. (5-22) 

To illustrate the effect of the duty cycle on the operation of the system, we selected 4 

generation times; 16 hours, 12 hours, 8 hours, and 4 hours which we refer to as the 16-8, 

12-12, 8-16, and 4-20 cycles, given in Table 5-4. 

For the combined CPG+CPGES system, the power, and thus energy, that the system 

generates and consumes is the sum of the CPG and CPGES components. The utilization of 

the CPG and CPGES elements in the CPG+CPGES system is determined by the fraction 

of the total generation mode mass flow rate, or the mass flow rates of CO2 extracted from 

the deep reservoir that is used for each, defined as, 
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𝑚𝑓𝐶𝑃𝐺 =
�̇�𝐶𝑃𝐺

�̇�𝐶𝑃𝐺+�̇�𝐶𝑃𝐺𝐸𝑆,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛
, (5-23) 

𝑚𝑓𝐶𝑃𝐺𝐸𝑆 =
�̇�𝐶𝑃𝐺𝐸𝑆,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

�̇�𝐶𝑃𝐺+�̇�𝐶𝑃𝐺𝐸𝑆,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛
. (5-24) 

 

where the daily circulation rate for each element is defined as, 

𝑀𝐶𝑃𝐺 = ∫ �̇�𝐶𝑃𝐺𝑑𝑡
24ℎ

0
, (5-25) 

𝑀𝐶𝑃𝐺𝐸𝑆 = ∫ �̇�𝐶𝑃𝐺𝐸𝑆,𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑑𝑡
𝑡𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

0
. (5-26) 

To illustrate the performance of the CPG+CPGES system, we select a total of five CPGES 

mass fractions (mfCPGES); 0%, 25%, 50%, 75%, and 100%, where the bounding cases (i.e. 

the 0% and 100% cases) are the operation of the CPG and CPGES systems in isolation.  

Table 5-4: Duty cycles 

Duty Cycle Cycle Parameter Cycle Characteristics 

16-8 
16-hour generation mode  

8-hour storage mode 

Peaking power consumption with extended power 

generation 

12-12 
12-hour generation mode 

12-hour storage mode 

Balanced power generation and consumption 

8-16 
8-hour generation mode  

16-hour storage mode 

Moderate peaking power generation with extended 

power consumption 

4-20 
4-hour generation  

20-hour storage mode 

Full peaking power generation with extended 

power consumption 
 

5.2.2.4 Cost Modeling 
We estimate the costs of the CPG, CPGES, and CPG+CPGES system using an economic 

model compiled from the Geothermal Energy Technology Evaluation Model (GETEM) 

[145] and the U.S. EPA Carbon Sequestration Technology Cost Analysis [146] to estimate 

the system costs. All cost estimates are provided in United States dollars. 

We estimate the total turbine cost, which comprises the turbine and generator, using the 

GETEM model [145], adjusting for inflation; where total turbine cost scales with the power 

generated by the turbine, given as, 
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𝐶𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = 12788 (1000 �̇�𝑡𝑢𝑟𝑏𝑖𝑛𝑒)
0.6

. (5-27) 

 

We estimate the equipment costs by summing the costs of the three primary pieces of power 

equipment; the turbine-generator, pump, and cooling towers. 

The cooling tower costs are estimated using the Baltimore Aircoil Company FXV closed 

loop cooling towers and the PC2 closed loop condensing towers [147], scaling with the 

heat rate rejected through the cooling tower, the temperature difference for the closed loop 

fluid (TTC, range), and the approach temperature, modeled as,  

𝐶𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑡𝑜𝑤𝑒𝑟 = (𝐶𝑐𝑜𝑜𝑙𝑖𝑛𝑔 + 𝐶𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑖𝑛𝑔)(3) (
�̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔+�̇�𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑖𝑛𝑔

1000
)

−0.2

, (5-28) 

𝐶𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = ((0.0141 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 − 0.745) 𝑇𝑇𝐶,𝑟𝑎𝑛𝑔𝑒 +  
(1470−34.4 �̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔)

𝑇𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ
) �̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔, (5-29) 

𝐶𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑖𝑛𝑔 = (
(1010−18.5 �̇�𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑖𝑛𝑔)

𝑇𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ
) �̇�𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑖𝑛𝑔. (5-30) 

 

We estimate the circulation pump cost using the GETEM correlation [145], which scales 

the pump cost with power, given as, 

𝐶𝑝𝑢𝑚𝑝 = 3604 (1000 �̇�𝑝𝑢𝑚𝑝)
0.767

. (5-31) 

 

The total estimated equipment cost is the sum of the three primary components, the turbine-

generator, pump, and cooling tower, given as, 

𝐶𝐸𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 = 𝐶𝑡𝑢𝑟𝑏𝑖𝑛𝑒 + 𝐶𝑝𝑢𝑚𝑝 + 𝐶𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑡𝑜𝑤𝑒𝑟 . (5-32) 
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The total surface plant cost, or Engineering Procurement and Construction Cost (EPCC), 

which includes the costs of construction, materials, labor, secondary components, and other 

additional costs, scales with the total equipment costs, given as, 

𝐶𝐸𝑃𝐶𝐶 = 𝐶𝐸𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡(1 + 𝑥𝑀𝐶𝐶 + 𝑥𝐿𝐶𝐶 + 𝑥𝐶𝑀𝐶 + 𝑥𝑆𝑇 + 𝑥𝐹)(1 + 𝑥𝐼), (5-33) 

 

where the component cost fractions are given in Table 5-5. 

In addition to the surface power plant, we consider the costs of surface piping,  the vertical 

well costs, and the reservoir development costs, which are obtained from U.S. EPA Carbon 

Sequestration Technology Cost Analysis [146]. For the given configuration, the surface 

piping costs $2.05M, and the vertical wells cost $10.72M for each 2.5km deep injection 

well, $10.37M for each 2.5 km deep production well, and $6.38M for each 1.5 km deep 

well, assuming a 100% well drilling success rate. The reservoir development cost for a 

single deep reservoir is estimated to be $2.47M, while the cost for the two-level CPGES 

system is $4.71M. 

The total project capital cost (TPCC) is the sum of the EPCC, vertical well, surface pipe, 

and reservoir costs, with an added contingency cost. The total project capital cost 

includes a project and process contingency which account for unexpected costs, and 

variation in the system performance, modeled as, 

𝐶𝑇𝑃𝐶𝐶 = (𝑥𝑃𝑐2 + 1) ((𝑥𝑝𝑐1 + 1)(𝐶𝐸𝑃𝐶𝐶 + 𝐶𝑝𝑖𝑝𝑒𝑠 + 𝐶𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟)) + 𝐶𝑤𝑒𝑙𝑙𝑠. (5-34) 

 

Here, the well cost is not included in the contingency, as the quoted well cost includes the 

well contingency costs. 
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Table 5-5: Economic model parameters 

Parameter Cost Fraction  

𝑥𝑀𝐶𝐶  (0.39) Material Capital Cost  

𝑥𝐿𝐶𝐶  (0.81) Labor Construction Cost 

𝑥𝐶𝑀𝐶  (0.25) Construction Material Cost  

𝑥𝑆𝑇  (0.05) Sales Tax 

𝑥𝐹  (0.05) Freight 

𝑥𝐼  (0.12) Indirect  

𝑥𝑝𝑐1 (0.10) Process Contingency 

𝑥𝑝𝑐2 (0.15) Project Contingency 

𝑥𝑑 (0.05) Discount Rate 
 

We calculate the specific capital costs (SCC) of the system by dividing the TPCC by the 

power generation capacity of the system, given as, 

𝑆𝐶𝐶𝐶𝑃𝐺 =  𝑇𝑃𝐶𝐶
�̇�𝐶𝑃𝐺,𝑛𝑒𝑡

⁄ , (5-35) 

𝑆𝐶𝐶𝐶𝑃𝐺𝐸𝑆 =  𝑇𝑃𝐶𝐶
�̇�𝐶𝑃𝐺𝐸𝑆,𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

⁄ . (5-36) 

For the CPG+CPGES system we use the same definition as the CPGES system, using the 

installed power capacity for the generation mode (maximum power generation) to define 

the specific capital cost. 

CO2 Tax Credits 

The development of the greenfield CPG and CPGES systems requires captured CO2 to be 

injected into the subsurface reservoirs to develop the CO2 plume. Currently in the United 

States, the injection and geologic storage of CO2 is eligible to receive a tax credit based on 

the mass of CO2 stored, with the more resent revision to the tax code increasing the tax 

credit for sequestered CO2 each year, from the current $20 per ton to $50 per ton in 2026 

[148]. Based on these tax credits, the CPGES system, that requires 16.45 Mt of CO2, would 

receive $329M to $822M, or approximately 1.6 to 3.9 times the total project capital cost 
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for our most expensive CPGES system. While the CPGES operator, the direct injector of 

the CO2 into the subsurface, would directly receive these benefits, it is highly likely that 

these benefits would be transferred to the CO2 source to provide incentive and offset the 

cost of capturing the CO2, which can range from $21.5 per ton from natural gas to $83 for 

coal [149,150]. Therefore, in our economic model, we assume that the benefit from the 

CO2 tax credit is used to offset the cost of the carbon capture. 

5.3 Results and Discussion 
We demonstrate how the CPG, CPGES, and CPG+CPGES systems will operate for the 

given reservoir configuration. Each system is characterized in terms of the net daily energy 

generation, average power generation and consumption (for energy storage 

configurations), and the specific capital cost, summarized in Table 5-6 for the CPG and 

CPGES system, and Table 5-7 for the CPG+CPGES system. The reported results for all 

cases are after 10 years of continuous operation, to avoid any initial transients due to the 

overpressure of the reservoir caused by the injection of CO2 for the plume development. 

Some cases resulted in inoperable conditions and are not reported, notably at elevated CO2 

circulation rates, where the CO2 extracted from the shallow reservoir is below the minimum 

temperature (i.e. the ambient wet bulb temperature plus the cooling tower approach 

temperature) due to the pressure variation in the shallow reservoir, and therefore could not 

be cooled by the system. 

Several trends are immediately apparent in the data: the power generation in the CPGES 

system increases with increasing mass flow rate and decreasing duty cycle, the capital costs 

increase with increasing mass flow rates and decreasing duty cycles, and the CPGES 
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system can generate more power than the CPG system, but the CPG system generates more 

daily net energy and has a lower capital cost.  

5.3.1 CPG Results 
The amount of power, and thus energy, generated by the CPG system varies with the mass 

flow rate, shown in Figure 5-2. As the mass flow rate increases the turbine produces more 

power; however, the pressure losses within the reservoir and surface piping also increase, 

decreasing the pressure differential across the turbine, and increasing the amount of 

pumping required. This counteracts the turbine output gains resulting in a maximum net 

power, and thus energy, condition at a specific mass flow rate. As the CPG system is 

designed to generate and sell electricity continuously, we define the maximum net power 

condition as the design point for the CPG system, similar to Adams et al. [1]. For the system 

parameters considered here, the optimal mass flow rate is 450 kg/s (or 38.88 kt/day) 

resulting in 60.1 MW-h of energy generation (2.5 MW of continuous power production).  

 

Figure 5-2: The daily energy generation and consumption for major system elements 

and the specific capital costs for the CPG system. 
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Table 5-6: Summary of the key power, energy, and economic performance 

parameters for the CPG and CPGES cases. 

Configuration/Duty Cycle 

Mass Flow 

Rate 
(kt/day) 

Net Energy 
(MW-h/day) 

Average 

Power 

Generated 
(MW) 

Average 

Power Stored 
(MW) 

Specific Capital 
Cost ($/kWe) 

Capital 
Cost (M$) 

CPG 8.64 23.01 0.96 - 72,342 69.36 

 12.96 32.87 1.37 - 53,937 73.88 

 17.28 41.23 1.72 - 45,489 78.14 

 21.60 48.15 2.01 - 40,994 82.25 

 25.92 53.58 2.23 - 38,640 86.26 

 30.24 57.53 2.40 - 37,627 90.20 

 34.56 59.69 2.49 - 37,845 94.12 

 38.88 60.10 2.50 - 39,142 98.02 

 43.20 58.79 2.45 - 41,611 101.92 

 51.84 51.02 2.13 - 51,616 109.72 

16-8 5.76 7.13 0.80 -0.71 10,7124 85.92 

 8.64 10.20 1.19 -1.10 77,298 92.02 

 11.52 13.39 1.57 -1.45 61,620 96.70 

 14.40 15.57 1.94 -1.91 52,385 101.46 

 17.28 14.28 2.30 -2.79 46,778 107.37 

 20.16 10.46 2.64 -3.94 42,664 112.67 

 23.04 4.21 2.97 -5.35 39,761 118.02 

 28.80 -18.77 3.48 -9.19 37,020 128.53 

 34.56 -51.38 3.88 -14.02 38243 147.78 

 40.32 -119.37 4.18 -23.06 49239 205.07 

12-12 5.76 7.27 1.06 -0.46 77,984 83.00 

 8.64 10.28 1.58 -0.71 55,879 87.98 

 11.52 13.45 2.07 -0.94 44,241 91.58 

 14.40 16.55 2.55 -1.16 37,216 94.75 

 17.28 19.55 3.01 -1.37 32,492 97.59 

 20.16 20.24 3.44 -1.75 29,402 101.10 

 23.04 18.43 3.85 -2.30 27,171 104.36 

 28.80 6.76 4.38 -3.78 25,221 110.19 

 34.56 -14.24 4.71 -5.81 24,645 115.31 

 40.32 -36.18 4.85 -7.77 25319 121.88 

 46.08 -86.61 4.79 -11.84 29959 141.64 

8-16 5.76 7.07 1.58 -0.35 52,254 82.67 

 8.64 10.18 2.33 -0.52 37,219 86.60 

 11.52 13.33 3.04 -0.68 29,482 89.51 

 14.40 16.33 3.71 -0.83 24,839 92.05 

 17.28 19.24 4.34 -0.96 21,762 94.13 

 20.16 21.62 4.91 -1.10 19,650 96.19 

 23.04 20.99 5.41 -1.38 18,242 98.29 

 28.80 9.41 5.72 -2.24 17,889 101.48 

 34.56 -12.25 5.46 -3.43 20,463 110.04 

4-20 5.76 6.77 3.08 -0.28 27,323 84.06 

 8.64 9.91 4.45 -0.39 19,902 88.23 

 11.52 12.78 5.65 -0.49 16,539 93.07 

 14.40 15.44 6.66 -0.55 14,852 98.31 

 17.28 16.95 7.43 -0.63 14,119 104.10 

 20.16 13.86 7.90 -0.87 14,173 110.77 

 23.04 3.55 7.90 -1.37 15132 117.82 
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The economic performance of the system is demonstrated by the specific capital cost 

shown by Figure 5-2. The economic design point is indicated by the minimum specific 

capital cost. For the CPG system, the minimum specific capital cost condition occurs at a 

mass flow rate of 30.24 kt/day (350 kg/s) which is below the maximized energy condition 

(38.88 kt/day or 450 kg/s), indicating that the economic optimization produces less net 

power (and thus energy) than an energy-optimized system. For this case, the minimum 

specific capital cost mass flow rate yields 57.53 MW-h/day (2.40 MW), which is 96% of 

the optimized energy condition. This indicates that the benefit of the final 4% of the 

generation potential is outweighed by the additional component costs. Thus, the CPG 

system has at least two optimal mass flow rates, 1) for maximum net power generation, 

and 2) for minimum specific capital cost which has not been considered previously [1,82]. 

The minimum specific capital cost of the CPG system is $37,600 per kW, which is larger 

than current renewable energy sources. For example, wind and solar have specific capital 

cost’s ranging from 1,100-10,000 $/kW [151]. However, this system represents a single 

CPG system operating using a low temperature (102°C) thermal source, which limits the 

power generation, compared with deeper, hotter reservoirs [1]. Additionally, the CPG 

system can be scaled, reducing the equipment costs, particularly the vertical well costs, 

while increasing the power generation [118]. 

5.3.2 CPGES Results 
We operate the CPGES system for four duty cycles, specifically 16-8, 12-12, 8-16, and 4-

20 (energy production hours-energy storage hours), varying the mass flow rate for each. 

We evaluate the performance of the system in terms of the net daily energy generation, the 
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energy and power dispatched during the generation mode, the energy and power consumed 

during the storage mode, and the capital cost.  

 

Figure 5-3: The power and cumulative energy generation profiles for the CPGES 

system with a daily circulation rate of 20.16 kt/day for the four duty cycles: A) 16-8, 

B) 12-12, C) 8-16, and D) 4-20. Positive net power indicates power delivered to the 

electrical grid and negative power indicates power consumption (storage). During the 

generation mode the cooling tower fans have parasitic power consumption, thus the 

net power generated during the generation mode is less than the gross turbine power. 

The cumulative energy generation profiles (blue lines) illustrate that the system is 

able to generate net energy per cycle while also functioning as an energy storage 

system. 
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Electricity Generation and Storage 

The CPGES system can operate over a range of duty cycles, allowing the system to provide 

flexible support to the electrical grid, ranging from steady baseload power and short-burst 

storage for longer duty cycles to peaking power with a long steady recharge period for 

shorter duty cycles as shown in Figure 5-3. The selected duty cycles cover a range of 

possible operational configurations, with the 16-8 cycle demonstrating burst energy 

storage, the 12-12 cycle providing a balanced generation-storage operation, the 8-16 cycle 

providing moderate peaking power, and the 4-20 cycle operating as a full peaking power 

system. 

Figure 5-3 shows the power profiles and cumulative energy generation for single diurnal 

cycles at a daily circulation rate of 20.16 kt/day for each, illustrating how the system 

operates as an energy storage system, with the system producing net power during the 

generation mode, and consuming power during the storage mode. The net power that is 

dispatched to the grid during the generation mode increases as the duty cycle decreases, a 

result of the shorter generation mode, with the 16-8 cycle generating 2.64 MW while the 

4-20 system generates on average 7.90 MW, allowing the system to operate as a peaking 

power generation system. However, while the net power generation increases, so too does 

the power consumed by the cooling tower during the generation mode, decreasing the 

generation potential, shown in Figure 5-3D where the parasitic power in the generation 

mode is 20% of the turbine power, whereas other cases operate with less than 6%; a result 

of the pressure transients in the reservoirs, and the resulting over pressurization in the 
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shallow reservoir. Conversely, as the duty cycle decreases, the amount of power consumed 

in the storage mode decreases, with both the pump and cooling towers consuming less 

power, decreasing from 3.94 MW to 0.87 MW as the duty cycle decreases from 16-8 to 4-

20, as the pressure losses in the injection well and the overpressure in the deep reservoir 

are reduced. The net effect of the variation in power generation and consumption with the 

duty cycle is that the net energy generated is maximized for the 8-16 duty cycle, shown by 

the cumulative energy generation profile (blue line in Figure 5-3), and discussed in detail 

below.  

The performance of the CPGES system varies with the daily circulation mass flow rate and 

the duty cycle as shown in Figure 5-4. The CPGES system can generate positive net energy 

(per cycle) to the grid while operating as an energy storage system due to the addition of 

the geothermal heat, which is extracted from the deep reservoir. Without this heat, the net 

energy generated would decrease, and the system will consume net energy during each 

cycle. It is possible for the CPGES system that the net daily energy generation is less than 

zero, even with the addition of the geothermal heat, with a sufficiently large mass flow 

rate, as shown in Figure 5-4E. The daily net energy production of the CPGES system 

behaves similar to the CPG system, having a mass flow rate that maximizes net energy; 

however, the daily net energy generation for the CPGES system is significantly lower than 

the CPG system. The reduced energy output from the CPGES system is a result of the 

pressure losses from the additional components in the energy storage system, mainly the 

shallow reservoir and the additional vertical wells, and the elevated turbine backpressure 
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required to accommodate these additional pressure losses, which thereby reduces the 

generation potential of the system.  

Figure 5-4E also shows that the largest daily net energy that the CPGES system can 

generate for the cycles simulated here is 21.62 MW-h/day, which occurs for the 8-16 duty 

cycle at a CO2 circulation rate of 20.16 kt/day. This energy generation is significantly larger 

than the 16-8 and the 4-20 duty cycles which generate a maximum 15.57 and 16.95 MW-

h/day respectively, and slightly larger than the balanced duty cycle (12-12) which generates 

20.24 MW-h/day. This indicates that an optimal duty cycle for net energy generation is 

near the moderate peaking power case. The 8-16 duty cycle is the optimal daily net energy 

generation case, outperforming the balanced 12-12 cycle, due to the configuration of the 

CPGES system. The use of a single injection well into the deep reservoir causes increased 

pressure losses that increase the pumping required, particularly at elevated storage mode 

mass flow rates, that occur at elevated daily circulation rates and duty cycles, shown in 

Figure 5-4B,D. The effects of frictional pipe pressure losses on the daily net energy 

generation are prominent in the 16-8 case, that produces the most energy during the 

generation mode, but operates with the lowest daily net energy production, due to the 

elevated energy consumption in the storage mode. While the 8-16 cycle produces the 

largest daily net energy for the CPGES system, 21.62 MW-h, the CPG system produces 

60.10 MW-h over the course of an entire day, demonstrating that while the CPGES system 

can generate net energy to the grid, the better configuration for net energy generation is the 

CPG system.  
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Figure 5-4: The performance of the CPGES relative to the CPG for A) the power 

generation, B) the power consumption during the storage mode, C) the energy 

generated during the generation mode, D) the energy consumed during the storage 

mode, E) the net daily energy generated, and F) the total project capital cost. 
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While the CPGES system generates less daily net energy than an equivalent CPG system, 

the amount of energy the CPGES system produces during the generation mode is slightly 

below the net daily output for the CPG system shown in Figure 5-4C. This illustrates the 

advantage of the CPGES system of time shifting the energy generation and allows the 

system to generate the same amount of energy as the CPG system. This energy generation, 

however, occurs during shorter generation modes, thus the CPGES system generates more 

power than the CPG system as shown in Figure 5-4A. For example, the 8-16 duty cycle 

with a circulation rate of 20.16 kt/day generates 4.91 MW of power, or 39.28 MW-h of 

energy, during the 8-hour generation mode and 21.62 MW-h of daily net energy, while the 

CPG system generates 2.01 MW of power, producing 45.84 MW-h of energy over the 

course of the day. The CPGES system produces more power than the CPG system due to 

the time shifting of the power consumptive elements to the storage mode, and the increased 

mass flow rate during the generation mode, for a given daily circulation rate. Figure 5-4A 

further demonstrates that shorter generation modes increase the power generation, with the 

4-20 system generating the most power. However, while the CPGES system can generate 

more net power, it does so at the cost of daily net energy generation, shown in Figure 5-4E. 

This indicates that the benefit of the CPGES system is large non-continuous power/energy 

generation (peaking power/energy generation), but at the expense of net energy generation. 

The trade-off of operating as a peaking power generation system is that during the storage 

(recharge) mode the system consumes additional energy, shown in Figure 5-4D. 
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The length of the duty cycle alters the amount of energy that is generated and consumed 

during each mode as shown in Figure 5-4C-D. The larger duty cycles (i.e. longer generation 

times) generate the most energy per cycle, particularly at elevated daily circulation mass 

flow rates, and shorter generation modes produce less energy, resulting from the additional 

cooling required during the generation mode and the increased variability in the reservoir 

pressure at the injection and/or production wells. For example, the 16-8 system generates 

42.24 MW-h of energy during the generation mode, while the 4-20 system produces 31.60 

MW-h and the power consumed by the cooling tower fan during the generation mode 

increased from 2.03 MW-h to 4.63 MW-h for a daily circulation mass flow rate of 20.16 

kt/day. This indicates that while the fan power increases during the generation mode as the 

duty cycle decreases, thereby reducing the generation capacity of the system, it accounts 

for only 25% of the variation in the energy generation. The remaining 75% is a result of 

the variability in the reservoir pressures, particularly near the deep production well, and 

thus the pressure differential across the turbine, a result in the variation in the generation 

and storage mass flow rates between duty cycles, for a fixed daily circulation rate. For 

example, at a daily circulation rate of 20.16 kt/day, the 16-8, 12-12, 8-16, and the 4-20 duty 

cycles operate with generation mass flow rates of 350 kg/s, 466.67kg/s, 700 kg/s, and 1400 

kg/s, shown in Figure 5-7, while the storage modes operate with 686 kg/s, 457.33kg/s, 343 

kg/s, and 274.4 kg/s, respectively. The increase in the generation mass flow rate from 350 

kg/s to 1400 kg/s results in a 1.15 MPa reduction in the average pressure at the deep 

production well, and a 0.71 MPa increase in the pressure in the shallow injection well, 
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which accounts for 75% of the generation energy difference between the 16-8 and the 4-

20 duty cycles. 

System Costs 

The total plant capital cost for the CPGES system is shown in Figure 5-4F versus mass 

flow rate. The capital cost for the CPGES system is greater than the CPG system due to the 

addition of the shallow reservoir, which incurs additional reservoir development costs, and 

includes the additional vertical injection/production well costs, resulting in the offset of 

$15.0M between the CPGES and CPG cases. Additionally, the capital cost of the CPGES 

system increases with increasing duty cycles, driven by the differences in the equipment 

size (i.e. turbine, cooling tower, and pump), which vary with the power generated or 

consumed by each component. The equipment cost breakdown, shown in Figure 5-5A, 

indicates that the cost of the cooling towers is significantly larger than the other equipment 

costs and has a larger variability between the different duty cycles, indicating that the 

system cost is sensitive to the cooling tower size. The impact of this is observed in Figure 

5-4F with the 16-8 cycle, that has the largest heat rejection rate and thus the largest cooling 

towers. This has the largest capital cost, while the 8-16 system, with the lowest heat 

rejection rate has the lowest capital cost. It is worth noting that the 8-16 system has lower 

cooling tower costs than the 4-20 cycle, as the 4-20 cycle requires significant cooling 

during the generation mode, and results in the cooling towers being sized for the generation 

mode. 
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Figure 5-5: A) The cost breakdown of the primary surface equipment (turbine, 

cooling tower, and pump) and B) the specific capital costs for the CPG and CPGES 

systems. 

While the cooling towers are the largest surface equipment cost, the largest expenditures 

for each system result from the drilling and placement of the vertical wells, shown in Figure 

5-6. The CPGES system operates with a total of seven vertical wells, four deep production 

wells, two shallow injection/production wells, and a single deep injection well, costing an 

estimated $65M, or approximately half to two thirds the total capital cost. This indicates 

that the primary expense for CPGES is accessing the resource, at a fixed cost for the given 

configuration.  

The specific capital cost for each duty cycle is shown in Figure 5-5B. Each duty cycle in 

CPGES system, like the CPG system, has an economic design point given demonstrated 

by the minimum specific capital cost. The economic design point changes for each duty 

cycle, as the power generation and system costs vary. For the CPGES system, the minimum 

economic condition occurs at the daily circulation rates which is equal to or greater than 
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the optimized daily energy generation conditions, shown in Figure 5-7. This differs from 

the CPG system, where the minimum specific capital cost occurs at a lower daily 

circulation rate, because the CPGES system can generate more power at mass flow rates 

above the maximum energy generation condition, indicating that the economic point varies 

with the power generation, and not the daily net energy. As a result, the economic condition 

occurs at or between the maximum power and maximum energy conditions, shown in 

Figure 5-7. 

 

Figure 5-6: The cost breakdown for each of the select CPGES configurations, 

described in the main text, in addition to a flexible system that can operate over the 

entire range of duty cycles and daily circulation mass flow rates. For each case, the 

vertical well costs dominate the total capital costs. The pump cost is nearly negligible 

for most systems, with the surface equipment cost being dominated by the cooling 

towers. The flexible system and the case numbers are defined in the main text. 
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Cost of Flexible Energy Storage 

In the presented cost estimates, we assume that the CPGES system is designed to operate 

at a specific duty cycle, in reality, the grid demands may require the system to be flexible 

and operate over a range of duty cycles. For this study, we define a flexible system using 

the same parameter space (Table 5-6), specifically between the 16-8 and the 4-20 duty 

cycles. We estimate the total capital cost of this system using the maximum turbine, pump, 

and cooling tower costs for the simulated CPGES configurations, propagating these 

through the cost model, resulting in a total project capital cost of $210.2M. This costs 114% 

more than the maximized power generation CPG system given in Figure 5-6; indicating 

that the cost of the flexible energy dispatch is approximately $112.2M. Including larger 

duty cycles significantly increases the cost, as the cost of including 16-8 duty cycle, the 

most expensive single duty cycle at $205.1M, due to the large cooling towers and pump, 

in the flexible energy system is $64.5, or 57.8% of the cost. While this cost of flexible 

energy dispatch may seem expensive, the adaptability of the system as an ancillary grid 

asset could offset these additional costs, particularly in grids with high penetration of 

variable wind and solar assists. 

CPGES Design Points: Determining Power at Different Flowrates 

While the CPGES system can operate over a range of daily circulation mass flow rates, we 

consider four primary operational configurations for each duty cycle as possible design 

points. This contrasts with the CPG system that has only two design point, the maximum 
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power (and thus daily energy generation) and the minimized specific capital cost. The 

CPGES system can be designed for the following four conditions:  

1) Case1: Optimized Daily Net Energy Generation: The system is designed to 

generate the largest net energy to the grid over a complete cycle, similar to the 

design point for the CPG system, maximizing the energy that can be generated and 

sold to the grid. 

2) Case 2: Optimized Power Generation: The system is designed to generate the 

most power during the generation mode, operating as a peaking power plant, which 

can dispatch peaking power when required. 

3) Case 3: Zero Daily Net Energy: The system is designed with the net energy 

generated during the generation mode being equal to the net consumed during the 

storage mode, similar to an ideal battery, generating no net energy, only time-

shifting power.  

4) Case 4: Minimum Specific Cost: The system is designed to operate at the 

economic point where the cost of the power generation is a minimum.  
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Figure 5-7: Component and net energy generation and consumption and component 

contribution for the CPGES system for the A) 16-8 case, B)  12-12 case, C)  8-16 case, 

and D)  4-20 case. The daily CO2 circulation is marked for each of the following cases; 

1) optimized daily net energy generation, 2) the optimized power generation, 3) zero 

daily net energy, and 4) the minimum specific capital cost. 

The power generation and net daily energy generation for each configuration, as well as 

the power/energy maximized CPG system is shown in Figure 5-8. All the CPGES 

configurations, except the 16-8 maximum daily energy generation case, generate more 

power than the maximum power CPG configuration. The increased power capacity of the 

CPGES system is a critical criterion for the development of the system, as the increased 
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power generation demonstrates that the peaking power generation capabilities of the 

CPGES system cannot be replicated by a load following CPG system; and in highly 

variable energy markets, where the cost of electricity varies significantly throughout the 

day, the CPGES could be better equipped to use price arbitrage as an economic strategy. 

The exception to this is 16-8 maximum daily energy generation case, where the CPG 

system can generate more power than the CPGES system, as the extended 16-hour 

generation mode coupled with the additional system losses in the CPGES system limit the 

power generation in this configuration. For this case, the decrease in power generation for 

the CPGES system implies that the load following CPG system is preferred over the 

CPGES system; however, the CPGES system can still be economically viable under select 

conditions, namely, if the system consumes power while the price of electricity is negative, 

thereby generating a revenue during the storage mode. However, in the current market, 

periods of negative electricity prices are infrequent and would be unlikely to support this 

economic operation of the 16-8 CPGES system, as the limited penetration of variable wind 

and solar power currently limit periods of excess energy generation [137,138].  
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Figure 5-8: The performance of the CPGES system for the defined operating cases 

relative to the CPG design point (maximized power/energy generation) in terms of A) 

power generation, and B) daily net energy generation. 

The selection of the design point for the system will depend on how the grid values the 

services that the energy storage system provides, and how the CPGES system is classified 

in the energy market. If the CPGES system is considered a generation asset and the market 

values the bulk daily energy generation, the system can be designed to operate at the 

optimized daily net energy condition, allowing the system to generate the largest amount 

of energy, and thus revenue, while providing energy storage. Alternatively, if the system 

is considered an auxiliary asset, such as a peaking power plant, where the availability to 

dispatch power is desired, the system can be compensated for the decrease in the daily net 

energy by the ability to produce increased power, as demonstrated by the optimized power 

generation, the zero-daily net energy, and the minimum specific cost cases. The optimized 

power generation, zero daily net energy, and economic configurations can be considered 

peaking power generation systems, as these configurations produce more power than the 
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maximized daily net energy generation cases and the maximized CPG system; with the 

selection of the operational case depending on the value of the daily net energy generation. 

For example, the optimized power generation cases for 16-8 and 12-12 cycles generate 

4.18 MW and 4.79 MW of power, but operate with a negative daily net energy generation, 

specifically, -119.4 MW-h and -86.61 MW-h respectively, meaning the system consumes 

more energy than it generates, as shown in Figure 5-8. Alternatively, the daily zero-net 

energy cases have zero net generation while the economic condition generates -18.77 MW-

h and -14.24MW-h daily net energy for the 16-8 and 12-12 cycles; however, the net power 

that is generated decreases by 1.12 MW and 0.36 MW and 0.70 MW and 0.14 MW from 

the optimized power generation configuration for the zero-net energy and economic 

configurations, respectfully. In these cases, the selection of the design point will depend on 

the services that the grid values. For the 8-16 cycles, the optimized power generation 

configuration and economic configuration occur at the same point, operating with a 

positive net power generation, 9.41 MW-h, while generating the most power, indicating 

that this configuration is preferred over the daily zero-net energy configuration in terms of 

both power and energy. 

Currently, energy markets have little value of ancillary services, favoring net energy 

generation over flexible services. However, with the continued growth of variable 

renewable energy sources, particularly wind and solar, displacing baseload fossil fuel 

plants, the value of ancillary services is expected to increase. For example, in the United 

States, the Federal Energy Regulatory Commission (FERC) recently granted energy 
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storage system a pathway to participation in the capacity, energy, and ancillary services 

markets [152]. 

5.3.2.1 CPG+CPGES  
We combine the CPG and CPGES elements and operate them concurrently, allowing the 

system to benefit from the continuous net energy generation from the CPG element and the 

peaking power generation from the CPGES element. We assume that the CPGES element 

operates on an 8-16 duty cycle, as this resulted in the largest energy generation for the 

CPGES operation, while providing peaking power generation. To quantify the performance 

of this combined system, we operate it over a range of daily CO2 circulation rates and vary 

the operation from completely CPG to completely CPGES, by varying the daily mass 

fraction of CO2 through each. Specifically, we consider 100% CPG, 75% CPG + 25% 

CPGES, 50% CPG + 50% CPGES, 25% CPG + 75% CPGES, and the 100% CPGES. We 

discuss the performance of each system in terms of the daily net energy generation, the 

generation mode energy delivered, the storage mode energy, the power generated and 

consumed, and the specific capital cost, summarized in Table 5-7. The results for the 100% 

CPG and 100% 8-16 CPGES systems are given in Table 5-6. 
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Table 5-7: The mass flow rates and the net power, energy, and economic results for 

the combined CPG+CPGES system. 
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P

G
 +

2
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90.0 30.0 8.64 1.17 0.75 21.41 9.35 12.06 72646 84.93 

135.0 45.0 12.96 1.68 1.13 31.50 13.41 18.09 53236 89.23 

180.0 60.0 17.28 2.13 1.48 40.77 17.08 23.69 43730 93.35 

225.0 75.0 21.60 2.54 1.70 47.44 20.32 27.13 38453 97.66 

270.0 90.0 25.92 2.89 1.85 52.70 23.11 29.59 35227 101.76 

315.0 105.0 30.24 3.17 1.94 56.46 25.36 31.10 33329 105.65 

360.0 120.0 34.56 3.39 1.95 58.34 27.10 31.24 32364 109.61 

405.0 135.0 38.88 3.53 1.88 58.32 28.25 30.07 32159 113.55 

450.0 150.0 43.20 3.61 1.72 56.42 28.86 27.56 32582 117.53 

540.0 180.0 51.84 3.56 1.16 47.06 28.44 18.62 35304 125.50 

5
0
%

 C
P

G
 +

5
0
 %

 C
P

G
E

S
 

75.0 75.0 8.64 1.45 0.53 20.04 11.63 8.41 58963 85.70 

112.5 112.5 12.96 2.10 0.81 29.73 16.78 12.95 42895 89.97 

150.0 150.0 17.28 2.71 1.00 37.73 21.70 16.03 34855 94.57 

187.5 187.5 21.60 3.26 1.11 43.90 26.09 17.81 30265 98.71 

225.0 225.0 25.92 3.77 1.13 48.25 30.15 18.11 27320 102.96 

262.5 262.5 30.24 4.22 1.08 51.09 33.73 17.36 25388 107.03 

300.0 300.0 34.56 4.61 0.94 52.00 36.85 15.15 24124 111.13 

337.5 337.5 38.88 4.93 0.71 50.86 39.48 11.38 23367 115.33 

375.0 375.0 43.20 5.17 0.40 47.85 41.38 6.46 23060 119.29 

450.0 450.0 51.84 5.42 -0.53 34.99 43.38 -8.40 23500 127.44 

2
5
%
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G
 +

7
5
 %
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P

G
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50.0 150.0 8.64 1.90 0.19 18.21 15.17 3.05 45538 86.34 

75.0 225.0 12.96 2.77 0.26 26.39 22.15 4.23 32918 91.15 

100.0 300.0 17.28 3.60 0.19 31.94 28.85 3.08 26666 96.18 

125.0 375.0 21.60 4.37 0.07 36.20 35.01 1.20 22980 100.56 

150.0 450.0 25.92 5.09 -0.13 38.75 40.74 -1.98 20582 104.81 

175.0 525.0 30.24 5.76 -0.43 39.29 46.10 -6.81 18946 109.17 

200.0 600.0 34.56 6.35 -0.80 38.15 50.85 -12.70 17808 113.20 

225.0 675.0 38.88 6.87 -1.27 34.83 55.06 -20.23 17028 117.19 

250.0 750.0 43.20 7.33 -1.84 29.35 58.69 -29.34 16512 121.14 

300.0 900.0 51.84 7.96 -3.30 11.23 63.80 -52.57 16155 128.83 

 

The net power profile for the CPG+CPGES system varies between the 100% CPG and the 

100% CPGES cases for a complete diurnal cycle as shown in Figure 5-9 for a fixed daily 

CO2 circulation rate of 20.60 kt/day. The increased operation of the CPG element reduces 

the amount of power the system can time shift, reducing the amount of power that is 
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delivered during the generation mode and the power consumed during the recharge mode. 

For example, for a daily CO2 circulation rate of 34.56 kt/day, the power delivered in the 

generation mode decreases from 6.35 MW to 4.61 MW for the 25% CPG+75% CPGES 

and 50% CPG+50% CPGES cases, respectively, while the power consumed by the system 

decreases from 0.80 MW to -0.94 MW, indicating the system generates power during the 

recharge mode. The reduced power consumption in the recharge mode is a result of the 

decreased power consumption from the CPGES element in addition to the supplemental 

energy generated by the turbine in the CPG system, which operates continuously through 

the entire cycle. This effect increases when the CPG portion increases, and with sufficient 

CPG operation, the CPG+CPGES system does not consume power during the recharge 

mode, operating as a peaking power plant in place of an energy storage system, as the 

system does not consume power. For the daily CO2 circulation rate of 20.60 kt/day, power 

is only consumed in the recharge mode for the CPGES and 25% CPG +75% CPGES cases, 

thus the 50% CPG + 50% CPGES and the 75% CPG + 25% CPGES cases operate as a 

peaking power plant. While we only simulate the CPG+CPGES system for the 8-16 cycle, 

it is expected that similar results would be observed for other duty cycles. 
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Figure 5-9: The net power generated and consumed over a complete diurnal cycle for 

the CPG+CPGES system, including the CPG and 8-16 CPGES systems alone for a 

daily CO2 circulation rate of 20.60 kt/day. 

The CPG+CPGES system combines net energy generation from the CPG system with 

peaking power generation from the CPGES system, as shown in Figure 5-10. The addition 

of the CPG element to the CPGES system increases the daily net energy that the system 

generates, shown in Figure 5-10B. For example, the maximum daily net energy generation 

for the CPGES system is 21.62 MW-h, while the 25% CPG + 75% CPGES generates 39.29 

MW-h, an 82% increase. While the addition of the CPG element increases the daily net 

energy, it decreases the net power the system can generate, shown in Figure 5-10A. This 

indicates that the addition of the CPG element increases the net energy generated by the 

system but decreases the peaking power capacity. For example, changing from the 100% 

CPGES system to 25% CPG + 75% CPGES decreases the net power generated by 14%, 
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while the daily net energy generated increases by 73% for daily CO2 circulation rates less 

than 30 kt/day.  

The addition of the CPG element to the CPGES system increases the power generation 

capacity at larger mass flow rates, shown in Figure 5-10C for the 25% CPG + 75% CPGES 

configuration. The CPGES system provides the most power during the generation mode 

for daily CO2 circulation rates below 30 kt/day. However, due to the large mass flow rates 

during peaking power generation, the overpressure in the shallow reservoir increases 

requiring more cooling, and thus power consumption, during the generation mode, 

reducing the net power dispatched to the grid. For circulation rates above 30 kt/day, the 

25% CPG + 75% CPGES can generate more power, as the operation of the CPG element 

reduces the overpressure in the shallow reservoir due to the injection of CO2, by circulating 

some of the CO2 back into the deep reservoir, distributing the injection overpressure 

between multiple injection wells in multiple reservoirs. Consequently, this allows the 

CPG+CPGES system to operate with larger daily CO2 circulation rates, and thus increased 

power and energy performance over the CPGES system, before the reservoir pressures 

become detrimental to the system performance. This allows the CPG+CPGES system to 

overcome some of the limitations of the CPGES system. 
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Figure 5-10: The performance of the CPG+CPGES system compared to the CPG and 

the 8-16 CPGES systems alone in terms of A) the power produced during the 

generation and recharge modes, B) the daily net energy generation, C) the total and 

specific capital costs.  

Figure 5-10C shows the capital costs of the CPG, CPGES, and the combined CPG+CPGES 

systems. The capital costs for all the CPG+CPGES systems are similar to the capital cost 

for the 8-16 CPGES system, indicating that the operation of the CPG+CPGES system is 

preferential to the CPGES system alone, due to the increased energy generation, while 

maintaining the capacity for peaking power. The costs for the CPG+CPGES system are 

offset from the CPG system by a constant value, namely, the cost for the shallow reservoir 
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and the additional vertical wells. The cost of a flexible CPG+CPGES system that can vary 

between 100% CPG and 100% CPGES (for the 8-16 duty cycle) with a maximum daily 

CO2 circulation rate of 51.84 kt/day, has a capital cost of $130.1M, which is only 1% larger 

than for the 25% CPG + 75% CPGES case at the given flow rate, indicating that designing 

for this point would allow the system to operate between the CPG and CPGES limits. 

Additionally, the cost of the CPG+CPGES system is 18% greater than the maximum cost 

of the 8-16 CPGES system, as the component cost for the CPG+CPGES system increases 

by $1.30M, $0.95M, and $3.53M for the turbine, pump, and the cooling towers, 

respectively; a result of the increased daily circulation rates, and thus heat extraction, in 

the CPG+CPGES system. 

5.4 Conclusions 
We demonstrate how a CPG system can be modified to operate as an energy storage system 

(CPGES), circulating CO2 between two geothermal reservoirs. We model the CPGES and 

CPG systems using comparable reservoirs and surface plant configurations. The results of 

our simulations allow us to make the following conclusions: 

The CPGES system is a flexible energy storage system that can operate over a range of 

duty cycles, allowing the system to function as a peaking power generation or peaking 

power consumption system, depending on the grid requirements. The operation of the 

CPGES system is controlled by the duty cycle, with 4hr-20hr cycle operating as a peak 

generation system, generating up to 7.90MW in the generation mode, while the 16hr-8hr 

cycle demonstrates peak power consumption and storage, consuming up to 9.19 MW in 

the storage mode while only generating 3.48MW in the generation mode. While the system 



 

 198 

can operate over the given range of duty cycles, the 8hr-16hr duty cycle is ideal as it has 

the largest energy generation of all the duty cycles considered and the lowest capital cost. 

One benefit of the CPGES system is its increased power generation capacity over an 

equivalent CPG system, however, this also results in reduced daily net energy generation. 

The CPGES system can generate 5.72 MW and 7.90 MW of power during the generation 

mode for the 8-16 and the 4-20 duty cycles, respectively, significantly more than the 2.50 

MW maximum of the CPG system. However, the maximum daily energy production for 

these cycles is 21.62 MW-h and 16.95 MW-h, which is lower than the 60.10 MW-h 

generated by the CPG system. This indicates that the CPGES system time shifts 

power/energy at the expense of daily net energy generation. 

The CPGES system has a larger capital cost than an equivalent CPG system, due to the 

increased size of the surface equipment and the additional vertical wells to the shallow 

reservoir. The injection and production wells are the most expensive component of CPG 

and CPGES systems, costing $52.2M and $64.9M, respectively. This demonstrates that for 

the majority of the cases considered the primary factor in the cost difference between the 

CPGES and CPG systems is the addition of the second shallow reservoir. 

The flexible power system costs 119% more than the cheapest CPGES system, and 114% 

more than the power maximized CPG system. The most expensive CPGES system 

considered is the flexible power configuration, which costs $210.2M, $112.2M more than 

the maximized CPG system. Here, the difference in the total project capital costs is due to 

the second reservoir and the additional wells which cost $15.0M, and the larger power 
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generation equipment which costs $39.73M, $18.65M of which is due to the large cooling 

towers and pumps required for the 16-8 duty cycle.  

A CPG system can be combined and operated concurrently with a CPGES system to 

increase the power produced and daily net energy generation. The maximum power 

generated by the CPG+CPGES is 7.96 MW, 39% larger than the maximum power 

generated by the 16-8 CPGES system alone. The 25% CPG + 75% CPGES system 

generates more power than the 8-16 CPGES system at daily CO2 circulation rates greater 

than 30 kt/day as the CPG+CPGES system reduces the overpressure in the shallow 

reservoir, the limiting factor in the 8-16 CPGES system, by circulating some of the CO2 

back to the deep reservoir. Additionally, the increased operation of the CPG element 

increases the daily net energy generated, with the 25% CPG + 75% CPGES system 

generating a maximum daily net energy of 39.29 MW-h, which is 82% more than the 

maximum daily net energy generated by the 16-8 CPGES system. This demonstrates that 

CPG+CPGES combines the peaking power generation of the CPGES system with the daily 

net energy generation of the CPG system and is preferable to the CPGES system alone. 
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Chapter 6: Increased Power Generation due to Co-production of 
Water in the Production Well 

 

The Increase in Power Generation due to Water Precipitation in CO2 
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Synopsis  
In Carbon Dioxide (CO2) Plume Geothermal (CPG) systems, the CO2 that enters the 

production well is saturated with H2O from the geothermal reservoir. However, models 

thus far have only considered pure CO2 in the production well and power generation 

equipment. The solubility of H2O in CO2 decreases as the CO2 rises in the production well, 

causing H2O precipitation from the CO2 phase. We simulate wellhead pressures, 

temperatures, free-phase liquid water fractions and CPG power output for four different 

wellbore CO2-H2O solubility models: pure CO2, two proposed wet CO2 methods, and an 

existing T2Well CO2 wellbore simulator. We show that wet CO2 increases the power 

output by 15% to 25%, when exothermic water precipitation is considered. 

6.1 Introduction 
The emission of carbon dioxide (CO2) into the atmosphere has been strongly correlated 

with the global rise of the Earth’s mean (atmospheric) surface temperature, for example by 

the Intergovernmental Panel on Climate Change (IPCC), with the generation of electricity 
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and heat, using fossil fuels, contributing 25% of the total CO2 emitted [5]. Clean renewable 

energy sources, such as wind, solar, bio-energy, and geothermal energy, have been 

developed and used to generate power with no or limited CO2 emissions, thereby reducing 

the overall emission of CO2 for electricity generation; however, of these sources, only 

geothermal and bio-energy systems are capable of providing continuous baseload power 

[117]. To further reduce the emission of CO2 into the atmosphere, existing power plants 

can be augmented to capture produced CO2 and store the captured CO2 underground in 

geologic formations in a process that is referred to as carbon capture and (geologic) storage 

(CCS) [10,153,154]. CCS can permanently store captured CO2 underground in saline 

reservoirs or (partially) depleted oil or gas reservoirs, which are overlain by a low- to 

virtually zero-permeability caprock, preventing the upwards leakage of CO2 [10]. 

The CO2 captured in a geologic formation can be used as a heat extraction fluid for 

geothermal systems, utilizing captured CO2 instead of merely storing it, constituting a form 

of carbon capture utilization and storage (CCUS). Importantly, in this type of CCUS, after 

the CO2 is produced from the geothermal reservoir and expanded in a turbine to generate 

electricity, the CO2 is reinjected into the reservoir, so that all of the CO2 is permanently 

stored underground. CO2 was initially proposed as a geologic heat extraction fluid for 

Enhanced Geothermal Systems (EGS) by Brown [81], with subsequent studies illustrating 

in principle the effectiveness of CO2-EGS [84,87,90,91]. Supercritical CO2 (sCO2) has 

several advantages over brine, including a significantly lower kinematic viscosity, i.e., 

greater fluid mobility, allowing much higher heat advection rates within reservoirs, 
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everything else being equal [1,81,82]. Furthermore, the density of sCO2 has a much larger 

temperature dependence than brine, which, together with the high mobility of sCO2, can 

generate a vigorously convecting thermosiphon that may reduce or even eliminate the need 

for operating fluid circulation pumps, as the density difference between the injection and 

production wells drives the CO2 circulation [1,81,82,90,91]. Furthermore, CO2, and even 

CO2 dissolved in water, forming weak carbonic acid, has a low mineral solubility, even in 

carbonate reservoirs [155–157], limiting the leaching and transport of (dissolved) minerals 

from the rock, likely reducing subsequent scaling in pipes and turbomachinery [81], which 

is a significant challenge in brine based geothermal systems [158–161].  

Another concept, CO2 Plume Geothermal (CPG) utilizes CO2 as a working fluid in 

naturally porous permeable sedimentary basins [33,93,96]. CPG differs from (CO2-based) 

EGS [81,84,87], with the latter, per definition, requiring hydraulic stimulation (i.e. 

hydraulic fracturing or shearing) of a low-permeability formation to increase permeability 

[162], potentially causing significant socio-political resistance [79]. In contrast, CPG 

systems utilize naturally permeable reservoirs that do not require hydraulic stimulation. 

Additionally, naturally permeable reservoirs are typically quite large, enabling the storage 

of large amounts of CO2, compared to artificially generated, fracture-based EGS reservoirs, 

which tend to be small in overall size and have small total porosities [34,96]. 

Prior research on CPG systems has focused on reservoir modeling and surface plant power 

production, using dry or pure CO2. In analogy to previous CO2-EGS models [84,87],these 

studies have employed a so-called inverted 5-spot well pattern within a 1 km2 area 
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[1,33,82,96]. System modeling demonstrated that the CPG system produced more power 

than a brine-based geothermal system [1], generated a strong thermosiphon [82], and that 

the CPG system’s power output is more dispatchable (i.e. capable of transmitting energy 

to the grid when it is needed to meet electricity demands) than  variable renewable energy 

sources, specifically wind and solar [2].  

Table 6-1: Nomenclature 

Variables: V Bulk Velocity [m/s] 

A Cross-sectional Area [m2] �̇� Electric Power [kWe] 

D Diameter [m] x 
Mole Fraction in the H2O 

Rich Phase [dim] 

E Energy [kJ] Xi Mole Fraction [dim] 

�̇� Energy Rate [kW] y 
Mole fraction in the CO2 

Rich Phase [dim] 

f Darcy Friction Factor [dim] z Elevation [m] 

g Gravitational Constant [m/s2] η Efficiency [Dim] 

h Specific Enthalpy [kJ/kg] ρ Density [kg/m3] 

hm 
Molar Specific Enthalpy 

[kJ/mol] 
φ Mass Fraction [dim] 

L Length [m] Subscripts  

�̇� Mass Flow rate [kg/s] i Well segment iteration 

M Molar Mass [g/mol] CO2, Solution 
CO2 solution component of 

flow 

ni Moles of component [dim] H2O,v Water dissolved in CO2 

P Pressure [kPa] H2O,L Free, liquid water 

T Temperature [C] Total 
Total component in any 

state 

 

More recent reservoir models have used a radially axisymmetric system, using a vertical 

injection well at the center and a circular horizontal production well located at the top of 

the reservoir just under the caprock [83,119]. These radial models include multi-fluid 



 

 204 

(CO2-brine) algorithms that also simulate the displacement of brine by the CO2 [83,119]. 

However, power production models continue to use dry CO2 in the well and surface plant. 

Most prior research on CPG assumes that the subsurface working fluid that is extracted 

from the geothermal reservoir to be pure, dry CO2, which is unlikely. A reservoir will 

initially be filled with water or, more likely, brine and, as CO2 is injected into the reservoir, 

it will displace some but not all brine. Furthermore, a small amount of water will dissolve 

into the CO2, while some CO2 will dissolve into the water phase, forming (weak) carbonic 

acid near the interface to the CO2 plume. We refer to the CO2 that contains some dissolved 

water (H2O) as “wet” CO2. 

The mutual solubility of CO2-H2O generally increases with pressure and temperature [163]. 

As a result, the maximum solubility during the CPG power production cycle is in the deep, 

geothermal reservoir. As the solution moves up the production well, both the pressure and 

the temperature decrease, reducing the solubility of H2O in CO2. As the CO2 is likely 

saturated with H2O when it enters the production well, some of the dissolved H2O will 

come out of solution during the upwards movement, and associated pressure, temperature, 

and H2O solubility reduction, resulting in free-phase (liquid) H2O. This free-phase H2O is 

then co-produced to the surface, along with the CO2 phase. The co-produced H2O may 

need to be separated from the CO2 stream, as it can cause erosion of the turbine [164] and 

as re-injection of free-phase liquid H2O can decrease the effective permeability of the 

reservoir near the injection well [83].  
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Consequently, the primary objective of this study is to determine the temperature, pressure, 

and mass fraction of liquid H2O that may be produced at the wellhead, and its effect on the 

power production of CPG systems. To do so, we compare three different methods for 

calculating wellhead water content and compare them against the TOUGH2 [120] well 

simulator, T2Well [165].  Then, for each of these cases, we model the change in power 

production for a CPG system. 

6.2 Methods 
The wellhead temperature, pressure, and water mass fraction are calculated using three 

different wellbore models. The models differ in their approximation of the CO2 component 

density, ρCO2,Solution, in the following ways: 

(1) Dry CO2 Only: The fluid in the well is assumed to be pure CO2, where the CO2 

density, ρCO2,Solution, is obtained from Span and Wagner [125]. 

(2) CO2 Solution Proxy: The fluid in the well is assumed to be a mixture of water-

saturated CO2 and liquid H2O, where the CO2 density, ρCO2,Solution, is assumed to be 

that of pure, dry CO2 and obtained from Span and Wagner [125] and the free liquid 

H2O density is obtained from steam tables [166].  

(3) Solution Density Approximation: The fluid in the well is assumed to be a mixture 

of water-saturated CO2 and liquid H2O, where the CO2 density, ρCO2,Solution, is found 

for the CO2-H2O solution from Spycher et al. [163,167] and the free liquid H2O 

density is obtained from steam tables [166]. 
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Each of these methods uses the mass-weighted average, shown in Equation 6.1, to calculate 

the bulk density of the fluid along the length of the well.  

𝜌
𝑏𝑢𝑙𝑘

=  𝜌
𝐶𝑂2,𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛

 𝜑
𝐶𝑂2,𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛

+ 𝜌
𝐻2𝑂𝐿

 𝜑
𝐻2𝑂𝐿

 (6-1) 

 

The nomenclature for the equations is provided in Table 6-1. In all cases, the liquid H2O 

density, ρH2OL, is obtained from the state temperature and pressure using the steam tables. 

The wellbore fluid contains two components: CO2 and free liquid H2O, whose mass 

fractions sum to one (𝜑𝐶𝑂2,𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 + 𝜑𝐻2𝑂𝐿 = 1). In the dry CO2 case, pure CO2 is 

assumed, and thus there is no water in the well, reducing the bulk density, ρbulk, to the 

density of pure CO2.  

The difference between CO2 Solution Proxy and the Solution Density Approximation 

models is the way the density of the CO2 component of the mixture (ρCO2_Solution in Equation 

6-1) is calculated. The CO2 Solution Proxy approximates the density of the CO2 component 

as that of pure CO2, while the Solution Density Approximation method obtains the density 

from a CO2-H2O solution model from Spycher et al. [163,167]. We did not use the Solution 

Density Approximation method outright to estimate the CO2 solution density because the 

solution model from Spycher [163,167] has not been verified over the entire temperature 

and pressure range experienced in the well. 

We employ an iterative procedure to calculate the well fluid properties as a function of the 

height above the reservoir. This procedure is based on a prior approach developed for dry 

CO2 [1,82]. The well is divided into 100m vertical elements.  Across each element, the exit 
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state (i+1) is calculated from the inlet state (i), where equations for the energy (Equation 

6-2), momentum (Equation 6-3), and mass balance (Equation 6-4) are applied, i.e.  

ℎ𝑖 + 𝑔𝑧𝑖 = ℎ𝑖+1 + 𝑔𝑧𝑖+1 (6-2) 

𝑃𝑖 + 𝜌
𝑖
𝑔𝑧𝑖 = 𝑃𝑖+1 + 𝜌

𝑖+1
𝑔𝑧𝑖+1 − ∆𝑃𝑙𝑜𝑠𝑠 (6-3) 

�̇� = 𝜌
𝑖
𝐴𝑉𝑖 = 𝜌

𝑖+1
𝐴𝑉𝑖+1 . (6-4) 

The model assumes no heat transfer between the well and the surrounding rock and the 

kinetic energy is small and neglected [1,82,129]. The frictional pressure losses are 

determined from the Darcy-Weisbach relation, 

∆𝑃𝑙𝑜𝑠𝑠 = 𝑓
𝐿𝑝𝑖𝑝𝑒

𝐷
𝜌

𝑉2

2
 . (6-5) 

The friction factor is given by the Moody Chart [144] using bare Cr13 oil piping which has 

a surface roughness (ε) of 55 µm [124]. The dynamic fluid viscosity is assumed to be 

dominated by the viscosity of dry CO2 and is modeled as the viscosity of dry CO2 in all 

three models. 

The well is numerically integrated from the downhole, reservoir state to the wellhead at the 

surface. We assume that the downhole reservoir pressure is modeled as the hydrostatic 

pressure and the downhole fluid temperature is the reservoir temperature, which is the 

product of the geothermal temperature gradient and reservoir depth added to the surface 

temperature of 15 °C. The numerical integration is performed using Engineering Equation 

Solver (EES) [122]. 

For the multi-fluid system, the energy balance (Equation 6-2) and continuity equation 

(Equation 6-4) are separately solved for each of the three components of this solution: CO2, 
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H2O in solution, and free H2O. Each component is assumed to be in thermodynamic 

equilibrium within each element and is described in more detail in Section 2.1.  

6.2.1 CO2-H2O Solution (Wet CO2) 
When CO2 is injected into a brine reservoir, the mutual solubility of CO2-H2O has two 

effects: 1) CO2 dissolves into the native brine and 2) H2O dissolves and vaporizes into the 

CO2 rich plume. The mutual solubility of the CO2-H2O system is defined by the phase and 

chemical equilibria Equations 6-6 and 6-7. These are the transition of aqueous phase CO2 

to gaseous phase (Equation 6-6), and the vaporization of water (Equation 6-7) [163,167–

169], i.e. 

𝐶𝑂2(𝑔)
⇌ 𝐶𝑂2(𝑎𝑞)

 (6-6) 

𝐻2𝑂
(𝑙)

⇌ 𝐻2𝑂
(𝑔)

 

 

(6-7) 

The solution properties of CO2-H2O mixtures for the pressures and temperatures 

encountered in geological CO2 sequestration, and thus CPG systems, are defined by 

Spycher et al. [163]. This model was extended to include the mutual solubility of CO2-H2O 

and CO2-H2O-NaCl systems in Spycher et al. [163,167]. These CO2-H2O models cover the 

temperature range from 12-300 °C and pressure from 1-600 bar.  

The CO2 Solution Proxy and the Solution Density Approximation methods use Spycher et 

al. [163,167] to determine the solubility limit of H2O in CO2 solution (yH2O,MAX). The 

Solution Density Approximation method further uses Spycher et al. [163,167] to determine 

the CO2-H2O solution density, ρCO2,Solution.  
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The CO2-H2O solution assumes that no NaCl is present. The presence of NaCl will decrease 

the amount of H2O in solution, thus, the cases with no NaCl constitute an upper bound for 

the maximum H2O content possible under typical geothermal reservoir pressure and 

temperature conditions. 

6.2.1.1 CO2-H2O Solution Energy Balance 
The dissolved H2O is assumed to be saturated vapor at the pressure and temperature of the 

mixture, thus H2O precipitation as free liquid will transfer a substantial amount of energy 

to the CO2 as it condenses. The assumption that dissolved water in CO2 may be treated as 

vapor is further justified in Section 2.1.3. This energy transfer has not been considered in 

previous wellbore models such as T2Well. Thus, we consider it here. 

Equation 6-7 indicates that the H2O will undergo a phase change when the H2O leaves the 

saturated CO2 [168]. When H2O precipitates out of solution, the latent energy is released 

to the surrounding mixture. This is not the enthalpy of dissolution, which is an enthalpy 

change that occurs when two substances mix. We neglect the enthalpy of dissolution in our 

model and instead only employ the enthalpy of vaporization/condensation.  

The CO2 is assumed to be fully saturated with H2O when the reservoir fluid enters the 

production well, with no free-phase H2O or NaCl components present.  Free-phase H2O 

later develops as the fluid ascends within the well and the solubility of H2O in CO2 

decreases and H2O is forced out of solution, due to the decrease in temperature and 

pressure. The free H2O phase is modeled as liquid H2O at the given pressure and 

temperature. The energy, momentum, and continuity balances are repeated three times, for 
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each of the three components: (1) CO2, (2) the H2O dissolved in the CO2, and (3) free-

phase H2O present around the CO2 

In Equations 6-8 to 6-11, the energy balance from Equation 6-2 is calculated separately for 

each component of the fluid: the CO2 (CO2,i), H2O in solution (H2Ov,i), and free liquid H2O 

(H2OL,i). The H2O in solution (H2Ov,i) is assumed to be a saturated vapor at the bulk 

temperature. While the mass and energy of each water component across a vertical element 

can change (i.e. dissolved H2O vapor becomes free phase liquid, increasing the mass of 

liquid water and reducing the mass of dissolved vapor), the overall energy of the fluid must 

remain constant (Equation 6-8), 

0 = Δ�̇�𝐶𝑂2 + Δ�̇�𝐻2𝑂𝑠 + Δ�̇�𝐻2𝑂𝐿  (6-8) 

Δ�̇�𝐶𝑂2 = �̇� 𝐶𝑂2 𝑖+1(ℎ𝐶𝑂2 𝑖+1 + 𝑔𝑧𝑖+1) − �̇�𝐶𝑂2 𝑖(ℎ 𝐶𝑂2 + 𝑔𝑧𝑖) (6-9) 

Δ�̇�𝐻2𝑂𝑠 = �̇�𝐻2𝑂𝑠 𝑖+1 (ℎ𝐻2𝑂𝑣 𝑖+1 + 𝑔𝑧𝑖+1) − �̇�𝐻2𝑂,𝑠 𝑖(ℎ𝐻2𝑂𝑣 𝑖 + 𝑔𝑧𝑖) (6-10) 

Δ�̇�𝐻2𝑂𝐿 = �̇�𝐻2𝑂𝐿 𝑖+1(ℎ𝐻2𝑂𝐿 𝑖+1 + 𝑔𝑧𝑖+1) − �̇�𝐻2𝑂𝐿 𝑖(ℎ𝐻2𝑂𝐿  𝑖 + 𝑔𝑧𝑖). (6-11) 

6.2.1.2 CO2-H2O Solution Mass Balance 
The total mass flow rate is the sum of the mass flow rates for CO2, H2O in solution, and 

liquid H2O (Equation 6-12). The total flow rate must be constant across segments (Equation 

6-13). 

�̇�𝑇𝑜𝑡𝑎𝑙,𝑖 = �̇�𝐶𝑂2,𝑖 + �̇�𝐻2𝑂,𝑣,𝑖 + �̇�𝐻2𝑂,𝐿,𝑖 (6-12) 

�̇�𝑇𝑜𝑡𝑎𝑙,𝑖 = �̇�𝑇𝑜𝑡𝑎𝑙,𝑖+1 = 𝜌
𝑏𝑢𝑙𝑘,𝑖

 𝐴𝑝𝑖𝑝𝑒𝑉𝑏𝑢𝑙𝑘,𝑖 (6-13) 

 

Additionally, the mass flow rates of CO2 and H2O must be conserved between vertical well 

segments (Equations 6-14 and 6-15). For example, a decrease of H2O solubility in CO2 
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across one well element results in an increase of free water and decrease of water in solution 

in the next segment; however, the total mass of water is conserved (Equation 6-15).  

�̇�𝐶𝑂2,𝑖+1 = �̇�𝐶𝑂2,𝑖 
(6-14) 

�̇�𝐻2𝑂,𝑇𝑜𝑡𝑎𝑙 = �̇�𝐻2𝑂,𝑣,𝑖 + �̇�𝐻2𝑂,𝐿,𝑖 = �̇�𝐻2𝑂,𝑣,𝑖+1 + �̇�𝐻2𝑂,𝐿,𝑖+1 (6-15) 

Lastly, as the CO2 is assumed to be fully saturated with H2O in each element, the mass 

flowrate of CO2, and its dissolved water vapor, are determined using the solubility limit 

from Spycher et al. [163,167], converted from molar to mass units, in Equation 6-16. 

𝑦
𝐻2𝑂,𝑀𝐴𝑋,𝑖

=

𝑚𝐻2𝑂,𝑣,𝑖

𝑀𝐻2𝑂

𝑚𝐶𝑂2,𝑖

𝑀𝐶𝑂2
+

𝑚𝐻2𝑂,𝑣,𝑖

𝑀𝐻2𝑂

 (6-16) 

6.2.1.3 Enthalpy Model Validation 
A fundamental assumption of our model is that water is dissolved as vapor into CO2 and 

therefore will release energy as it precipitates out as liquid water (Equation 6-7). An 

alternative modeling assumption would be that the water exists as liquid both in and out of 

solution and therefore little energy change would occur when the solubility changes. As 

our vapor-water assumption is the primary driver for our results, we now validate this 

enthalpy modeling assumption with existing data. 

Validation of our model over our entire simulated range (25 to 50 MPa at 65 to 265°C) is 

not possible as limited published enthalpy of mixture values exist for CO2-H2O systems. 

However, Chen et al. [168] published experimentally determined enthalpy of mixture 

values for the CO2-H2O system from 225 to 325°C at 10.4 to 15 MPa which we compare 

our results against. Chen et al. [168] reported the change in enthalpy in terms of the specific 
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enthalpy of mixing, Δhmix [kJ mol-1], which is defined as the change in energy of a fixed 

number of moles of the mixture from its pure substances, divided by the total moles, 

∆ℎ𝑚𝑖𝑥 =
𝐸𝑚𝑖𝑥𝑡𝑢𝑟𝑒−𝐸𝑝𝑢𝑟𝑒

𝑛𝐶𝑂2+𝑛𝐻2𝑂
. 

 

(6-17) 

Here the total energy of the pure substances is 

𝐸𝑝𝑢𝑟𝑒 = 𝑛𝐶𝑂2ℎ𝑚,𝐶𝑂2 + 𝑛𝐻2𝑂ℎ𝑚,𝐻2𝑂,𝐿. 

 

(6-18) 

Our model makes the assumption that the total energy of the mixture is the sum of CO2, 

liquid water, and dissolved water vapor energies (Equations 6-8 to 6-12), 

𝐸𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = 𝑛𝐶𝑂2ℎ𝑚,𝐶𝑂2 + 𝑛𝐻2𝑂,𝑣ℎ𝑚,𝐻2𝑂,𝑣 + 𝑛𝐻2𝑂,𝐿ℎ𝑚,𝐻2𝑂,𝐿. 

 

(6-19) 

We assume that the mole fraction of aqueous CO2 is negligible (i.e. xCO2 < 2%) over the 

range of temperatures and pressures examined and that CO2 has the same energy regardless 

of whether it is a solute or solvent (i.e. gaseous or aqueous). The number of moles of H2O 

is the sum of moles in its different phases, 

𝑛𝐻2𝑂 = 𝑛𝐻2𝑂,𝐿 + 𝑛𝐻2𝑂,𝑣. 

 

(6-20) 

Combing Equations 6-17 to 6-20 and eliminating terms, we get 

𝛥ℎ𝑚𝑖𝑥 =
𝑛𝐻2𝑂,𝑣

𝑛𝐻2𝑂+𝑛𝐶𝑂2

(ℎ𝐻2𝑂,𝑣 − ℎ𝐻2𝑂,𝑙). 

 

(6-21) 

For the CO2-rich phase, the solubility of H2O in the CO2, yH2O, is the moles of dissolved 

water, assumed here to be vapor, divided by the total moles of CO2 and H2O, 
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𝑦
𝐻2𝑂

=
𝑛𝐻2𝑂,𝑣

𝑛𝐶𝑂2+𝑛𝐻2𝑂,𝑣

. 

 

(6-22) 

The total mole fraction of CO2 in the mixture, XCO2, is 

𝑋𝐶𝑂2 =
𝑛𝐶𝑂2

𝑛𝐶𝑂2+𝑛𝐻2𝑂

. 

 

(6-23) 

Combining Equations 6-20 to 6-22 and assuming that CO2 dissolution into H2O is 

negligible (xCO2 ≈ 0) yields  

𝛥ℎ𝑚𝑖𝑥 = 𝑋𝐶𝑂2  
𝑦𝐻2𝑂

1−𝑦𝐻2𝑂

(ℎ𝐻2𝑂𝑣 − ℎ𝐻2𝑂,𝐿). 

 

(6-24) 

A mixture of CO2 and H2O has two regions, one “CO2 limited,” where there is excess water 

and any CO2 is fully saturated with H2O (Region I), and one “H2O limited,” where there is 

excess CO2 and the CO2 contains H2O at concentrations below its solubility limit (Region 

II). Figure 6-1A shows these two regions with data from Chen et al. [34] for a pressure of 

12.4 MPa and a temperature of 250 °C. For a given pressure and temperature, the solubility 

limit of H2O in the CO2-rich phase, yH2O, MAX, may be found using the solubility solution 

of Spycher et al. [163,167,169]. For the example of Figure 6-1A, the solubility limit is 

yH2O,MAX = 0.3866. 

At a CO2 mole fraction of XCO2 = 0, the system is pure water. As the CO2 fraction increases 

through Region I, added CO2 is immediately saturated with water, vaporizing water in the 

process, thus increasing the enthalpy of mixing. Once the full saturation point is reached at 

XCO2 = 1 – yH2O,MAX, all of the H2O has been dissolved into the added CO2 and there is no 
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excess water. This occurs at XCO2 = 0.6134 in Figure 6-1A. As the CO2 fraction is increased 

into Region II, there is insufficient H2O present to fully saturate the CO2. Consequently, 

the fraction of H2O in the CO2, yH2O, decreases below the saturation point, so that the 

amount of vaporized water decreases, decreasing the enthalpy of mixing.  

Equations 6-25 and 6-26 show the enthalpy of mixing relations modified from Equation 6-

23 for Regions I and II. In Region I, the CO2 is always fully saturated with H2O (yH2O = 

yH2O,MAX). In Region II, the H2O in CO2 is below the saturation limit. As we assume there 

is no CO2 dissolved in H2O (xCO2 ≈ 0) and all the water enters the CO2 solution, the CO2 

mole fraction is equal to one less the mole fraction of H2O in CO2 (XCO2 = 1 – yH2O). Thus, 

Equation 6-23 further reduces to Equation 6-26 for Region II. 

𝛥ℎ𝑚𝑖𝑥 = 𝑋𝐶𝑂2  
𝑦

𝐻2𝑂,𝑀𝐴𝑋

1 − 𝑦
𝐻2𝑂,𝑀𝐴𝑋

(ℎ𝐻2𝑂,𝑣 − ℎ𝐻2𝑂,𝐿) 

 

(Region I) (6-25) 

𝛥ℎ𝑚𝑖𝑥 = (1 − 𝑋𝐶𝑂2) (ℎ𝐻2𝑂,𝑣 − ℎ𝐻2𝑂𝐿) 

 

(Region II) (6-26) 

For a given pressure and temperature, the specific enthalpies of water, both liquid and 

vapor, are constant. In Region I, where XCO2 ≤ 1-yH2O,MAX, the CO2 is fully saturated with 

water and therefore yH2O is also constant and equal to yH2O,MAX (Equation 6-25). Thus, the 

mixture enthalpy, Δhmix, increases linearly with the CO2 mole fraction, XCO2, in Region I. 

This relationship is shown in Figure 6-1A, where the slope of the line, 19.48 kJ mol-1, is a 

result of the combination of the solubility limit (yH2O,MAX = 0.3866) and the H2O enthalpy 

difference, 30.9 kJ mol-1 (Equation 6-25), evaluated at a temperature of 250°C and a 
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pressure of 12.4 MPa. In this region, our model (Equation 6-25) strongly agrees with the 

experimental data from Chen et al. [168]. 

 

Figure 6-1: The correlation of our modelled enthalpy of mixing with the experimental 

data (Chen et al. [168])  for A) a single pressure and temperature of 12.4 MPa and 

250°C and B) the agreement between the modelled enthalpy of mixing and the 

calorimetric data. Modelled results show strong agreement with published values in 

the fully saturated region (Region I), however, the model overestimates the enthalpy 

of mixing in the sub-saturated region (Region II) due to modelling assumptions.  

In Region II, the mole fraction of water is insufficient to fully saturate the CO2, and yH2O 

decreases below the saturation limit, yH2O,MAX. This relationship between the CO2 fraction 

and the enthalpy of mixing is given by Equation 6-26, where the line slope is the negative 

difference of H2O enthalpies (-30.9 kJ mol-1). While the model fits the data quite well in 

Region I, it over estimates the enthalpy of mixing in Region II as not all the water enters 

the solution and some water remains as a liquid, which is not accounted for in our model. 

However, in the wellbore model used in this paper, we assume that the CO2 is always fully 

saturated with H2O, and therefore we are chiefly concerned with the data fit in Region I. 

Regardless, the enthalpy of mixing, Δhmix, is fully explained by the multi-region model 

described here. 
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Figure 6-1B further shows the correlation between our enthalpy of mixing values (Equation 

6-25) and those of Chen et al. [168] for all their Region I data (i.e. all temperatures and 

pressures). A correlation of R2 = 1 and a slope of 1 would indicate a perfect agreement 

between the models. The resulting slope and coefficient of determination (R2) are 0.9678 

and 0.989, respectively, indicating that our model (Equations 6-16 to 6-23) accounts for 

98.9% of the variation in the experimental enthalpy of mixing values, but underestimates 

the experimental enthalpy of mixing of Chen et al. [168] by ~3%. The variation in the 

experimental values and the model is accounted for in the uncertainty of the model, which 

has a mean uncertainty of 11%, which results from propagating the 5% uncertainty in the 

soluble H2O mole fraction (yH2O) reported in Spycher et al. [167] through Equation 6-25, 

indicated by the error bars in Figure 6-1B. Additionally, the 3% experimental variation 

reported in  Chen et al. [168] are also indicated with horizontal error bars in Figure 6-1B.   

We have shown that the enthalpy of mixing may be approximated by heat of vaporization 

of water for a CO2-H2O solution and validated this assumption using available data from 

Chen et al. [168]. Therefore, the assumption that dissolved water in CO2 may be modeled 

as saturated vapor is justified (Equation 6-10). 

6.2.2 TOUGH2 Simulator Model 
Our results are compared with those produced by TOUGH2 T2Well, which is a standard 

tool for wellbore flow simulation [165,170]. T2Well [165] uses the TOUGH2 [120] 

framework with the TOUGH2-ECO2N [121] equation of state module. The T2Well-

ECO2N module incorporates the thermodynamic properties of the CO2-H2O-NaCl system, 

but the ECO2N module is limited to the temperature range of 12 to 110 °C, which is a 
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subset of the parameter space investigated here. Thus, the T2Well simulator results can 

only be compared to our results, where it is also valid.  

The T2Well simulator differs from our model in three ways.  First, it uses a transient drift-

flux model (DFM) to simulate the flowrates and pressure losses of the two-phase flow of 

CO2-H2O mixtures [170]. The DFM uses empirical coefficients to separate the flow into 

liquid and gaseous phases with separate flow velocities for each phase. In contrast, our 

model assumes a single, homogenous flow with a single bulk density and velocity. As the 

fraction of liquid water is small for the cases considered here, the inclusion of the DFM 

modeling is not expected to produce appreciable differences from our bulk flow models. 

Second, unlike our approach, the ECO2N module does not include the change in fluid 

enthalpy as the water precipitates out of solution to free liquid water. Instead, the ECO2N 

module assumes that the CO2 with H2O in solution has the thermodynamic properties of 

dry CO2. Third, the T2Well simulator numerically integrates using 10-meter elements 

along the axis of the well, whereas we use 100-meter elements. This difference is negligible 

because previous studies have found that 100 meter segments have less than 1% 

discretization error from much smaller values [82].  

Thus, the T2Well simulator differs primarily from our simulations of water-saturated CO2 

in that it neglects the enthalpy of vaporization of the water vapor as it precipitates out of 

solution in the wellbore. Therefore, we expect the results of the T2Well model to agree 

only with our simulations for the dry CO2 cases.  
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6.2.3 Power Plant Sensitivity Model 
The surface power plant model determines the change in power produced from a direct 

CO2-Plume Geothermal (CPG) system that uses water-saturated “wet” CO2 instead of the 

pure “dry” CO2 that we used within the power plant in our previous work [1,82]. Wet CO2 

will affect the power plant components due the change in two principal system parameters: 

1) the temperature and pressure of the fluid at the wellhead and 2) the mass flowrate of 

CO2 that passes through the turbine. In this power model, we assume that any produced 

liquid water will be separated from the wet CO2 before the turbine, thereby reducing its 

mass flowrate (Figure 6-2). The energy required to remove the water is neglected. The 

water separator is assumed to be isobaric and isothermal.  

 

Figure 6-2: A potential schematic of the land-surface component of a CO2-Plume 

Geothermal (CPG) power plant that includes liquid water separation at the surface, 

where ṁTotal is the total mass flow rate of the produced fluid and ṁCO2 and ṁH2O are 

the mass flow rates of the CO2 and liquid water, respectively. All other parameters 

are defined in the main text and in Table 6-1.  

To estimate the effect of wet CO2 on power production, the turbine power (�̇�𝑡𝑢𝑟𝑏𝑖𝑛𝑒) is 

numerically simulated using Engineering Equation Solver (EES) for each of the well 
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models (Dry CO2 Only, CO2 Solution Proxy, Solution Density Approximation, and T2Well) 

that were presented in Section 6.2 .0. Consistent with our earlier work, we assume a 78% 

isentropic turbine efficiency ( = 0.78) [1].  

The power produced by the turbine is the product of the mass flow rate and the difference 

between the enthalpy of the fluid at the turbine inlet and exit (Equation 6-28). The flow 

through the turbine is assumed to be pure CO2. 

In the dry CO2 case, the mass flow rate through the turbine is equal to the mass flow rate 

in the well and there is no need for a separator. When free liquid water is separated from 

the produced fluid, the mass flow rate through the turbine is reduced by the fraction of 

water that is removed from the produced fluid (φH2O),  

The turbine inlet enthalpy is found using the wellhead pressure and temperature, which 

changes when wet CO2 is used. Thus, the fraction of turbine power change due to the wet 

CO2, relative to the turbine power when using dry CO2, is 

The turbine inlet enthalpy (hin) is calculated from the temperature and pressure at the 

wellhead. The exit enthalpy (hout) is calculated using the isentropic turbine efficiency. The 

isentropic outlet enthalpy (hout,isentropic) is the enthalpy at the state defined by the inlet 

𝜂 =
(ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡)

(ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡,𝑖𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐)
 (6-27) 

�̇�𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = �̇�𝑡𝑢𝑟𝑏𝑖𝑛𝑒(ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡) (6-28) 

�̇�𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = �̇�𝑡𝑜𝑡𝑎𝑙(1 − 𝜑
𝐻2𝑂

). (6-29) 

Δ�̇�

�̇�
= (1 − 𝜑

𝐻2𝑂
)  

(ℎ𝑖𝑛,𝑤𝑒𝑡−ℎ𝑜𝑢𝑡)

(ℎ𝑖𝑛,𝑑𝑟𝑦−ℎ𝑜𝑢𝑡)
− 1. (6-30) 
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entropy and an exit pressure equal to the saturation pressure of CO2 at a temperature of 

22°C (6.03 MPa), similar to Adams et al. [1]. 

6.3 Application and Results 
The results are described in three parts: a single comparison case, a parametric study, and 

a power sensitivity analysis. A single case is used first to illustrate the differences between 

each of the well models. Then, the impact of well water content is found for a range of 

reservoir depths from 2.5 km to 5.0 km and for geothermal temperature gradients from 20 

°C/km to 50 °C/km. Lastly, we employ a power sensitivity analysis to estimate the change 

in surface plant power generated due to water in the well. 

6.3.1 Single Case Comparison 
The comparison was conducted using values from the base case described in Adams et al. 

[1], where the total mass flow rate is 100 kg/s, the  well depth to the reservoir is 2.5 km, 

and the assumed, typical geothermal temperature gradient is 35 °C/km. Thus, the downhole 

temperature is 102.5 °C and the pressure is 25 MPa. We assume a standard inner well 

diameter of 0.41 meters. 
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Figure 6-3: The difference in fluid pressure between each multi-fluid model and the 

dry CO2 model for a 2.5km deep well with a geothermal temperature gradient of 

35°C/km. A positive pressure change indicates the model predicts a greater well 

pressure than the dry CO2 model. 

Figure 6-3 shows the difference in pressure along the well between the Dry CO2 Only 

model and the three wet CO2-H2O models (CO2 Solution Proxy, Solution Density 

Approximation, & T2Well). All three wet CO2 models predict higher wellhead pressures 

than the dry CO2 model. The difference between the T2Well-ECO2N module and the dry 

CO2 model is at most 0.06 MPa at the surface. Conversely, the CO2 Solution Proxy and the 

Solution Density Approximation methods predict considerably higher surface pressures 

than the T2Well model, 0.36 MPa and 0.48 MPa, respectively.    

The primary reason for the difference in pressure between the models is the fluid density 

that is used in each model. The pressure difference across each vertical element is 

determined primarily from the elevation change (∆𝑃 = 𝜌𝑔∆𝑧), as pressure losses 

(Equation 6-5) account for only ~1% of the pressure change. Therefore, as wet CO2 tends 
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to have higher fluid temperatures, the bulk density of the CO2 decreases, resulting in higher 

wellhead pressures relative to dry CO2.  

 

Figure 6-4: The temperature difference between each multi-fluid model and dry CO2 

as a function of depth.  The wet CO2 models predict elevated temperature over the 

dry CO2 models, due to the thermodynamic effects of the H2O in the well. The CO2 

solution proxy and the solution density approximation predict higher temperatures 

than T2Well and the dry CO2 models, due to the inclusion of H2O precipitation. 

In the CO2 Solution Proxy method, the density of the fluid is always less than the density 

of dry CO2 throughout the well. In contrast, both the Solution Density Approximation 

method and T2Well occasionally result in higher fluid densities, because the densities are 

calculated from the CO2-H2O equation of state in these cases. Thus, the higher fluid density 

compared to dry CO2, at the base of the production well, results in a negative pressure 

difference initially. However, the density becomes lower than that of dry CO2 at depths 

less than ~2 km, so that the fluid pressure correspondingly increases. 

Figure 6-4 shows the difference in temperature between the wet CO2 models and dry CO2. 

A positive “difference in temperature” indicates that the temperature in the well is greater 
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than using dry CO2. All methods estimate wellhead temperatures that are higher than the 

estimated dry CO2 model. Both the CO2 Solution Proxy and the Solution Density 

Approximation methods estimate substantially larger increases (~6°C) in wellhead 

temperature compared to T2Well (~1°C).  

The higher temperatures of the CO2 Solution Proxy and the Solution Density 

Approximation methods are due to the enthalpy change of the precipitating H2O. The 

precipitation of H2O is due to the assumption that water is dissolved in CO2 as vapor, thus 

reductions in solubility cause the condensation of water as it leaves the solution, which is 

an exothermic process, thereby increasing the fluid temperature. This increase in 

temperature causes the CO2 to expand, reducing the CO2 density. Over the length of the 

well, this effect increases the pressure of the fluid at the top of the well (Figure 6-3).   

 

Figure 6-5: The mass ratio of free liquid H2O increases with diminishing depth as the 

fluid pressure and temperature decrease. Differences between T2Well and the other 

models are the result of thermodynamic assumptions.  The mass ratio is defined as 

ṁH2OL/ṁTotal.  
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Figure 6-5 shows the percentage of free liquid water over the length of the well. At bottom-

hole conditions, the CO2 is assumed to be saturated with H2O, with no free-phase H2O. As 

the fluid ascends, the pressure and temperature decrease, which decreases the solubility of 

H2O in CO2, so that H2O precipitates out of solution, forming free-phase water.  

The three methods all have similar fractions of free water at the surface. However, unlike 

T2Well, the results from the CO2 Solution Proxy and the Solution Density Approximation 

models have smaller and similar percentages of free H2O because of the inclusion of 

enthalpy changes due to water precipitation. These two methods have elevated surface 

temperatures and pressures (Figure 6-3 and 6.4), which results in higher H2O solubility and 

thus more H2O remaining in solution.  

6.3.2 Parameter Space 
We estimate the wellhead temperature, pressure, and free H2O phase mass fraction for 

combinations of three reservoir depths (2.5 km, 3.5 km, and 5 km) and three geothermal 

temperature gradients (20 °C/km, 35 °C/km, and 50 °C/km). The mass flow rate of water-

saturated CO2 at the production well inlet is assumed to be constant at 100 kg/s. The mean 

annual surface air temperature is set at 15°C and the well inner diameter is specified as 

0.41 m. Table 6-2 shows the mass fraction of H2O entering the production well from the 

reservoir and the free-phase liquid H2O at the production well head. Table 6-3 presents the 

fluid pressures and temperatures at the production well inlet and at the wellhead.  
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Table 6-2: The mass fraction of water in solution with the CO2 entering the 

production well and the fraction of free-phase liquid water at the wellhead. 

Depth 

(km) 

Temperature 

Gradient 

(°C/km) 

Reservoir H2O Mass Ratio (%) 
 Wellhead Liquid H2O Mass Ratio 

(%) 

CO2 

Solution 

Proxy 

Solution 

Density 

Approximation T2Well 

 CO2 

Solution 

Proxy 

Solution 

Density 

Approximation T2Well 

2.5 20 0.42 0.42 0.42  0.28 0.28 0.31 

2.5 35 0.93 0.93 0.9  0.63 0.63 0.65 

2.5 50 2.09 2.09 -  1.04 1.08 - 

3.5 20 0.69 0.69 0.69  0.49 0.47 0.52 

3.5 35 2.15 2.15 -  1.31 1.36 - 

3.5 50 5.63 5.63 -  1.93 2.02 - 

5.0 20 1.44 1.44 -  1.03 1.03 - 

5.0 35 5.97 5.97 -  2.57 2.71 - 

5.0 50 19.01 19.01 -  3.72 3.98 - 

 

Table 6-2 shows that the solubility of H2O in CO2 increases as the temperature and pressure 

of the fluid and reservoir increase. Therefore, the solubility of H2O in CO2 in the reservoir 

ranges from 0.42% in a 2.5 km deep reservoir and a geothermal temperature gradient of 20 

°C/km (resulting in a reservoir temperature of 65 oC) to 19.01% in a 5.0 km deep reservoir 

and a geothermal gradient of 50 °C/km (giving a reservoir temperature of 265 oC) for the 

cases considered here.  

The water fraction that enters the well in the CO2 Solution Proxy and the Solution Density 

Approximation models are equivalent as both use the same solubility model. The T2Well 

model has the same constraint, however, the fraction of free-phase H2O for the 2.5 km deep 

reservoir, 35 °C/km geothermal gradient case differs (0.93 versus 0.90) because T2Well 

only uses the low temperature solubility model (i.e., Spycher et al. [163]) for temperatures 

<100°C, whereas the CO2 Solution Proxy and the Solution Density Approximation both use 

the appropriate high-temperature model for temperatures >100°C. 
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The fraction of liquid water produced at the wellhead varies between 0.28% and 3.98% for 

the bounding cases of a 2.5 km deep reservoir and a geothermal gradient of 20 °C/km and 

a 5.0 km deep reservoir and a geothermal gradient of 50 °C/km, respectively (Table 6-3). 

However, all but one case has wellhead liquid water fractions less than 3% (the 5.0 km 

deep and 265°C hot reservoir). In all cases, liquid H2O is produced at the wellhead and the 

CO2 is still fully saturated with H2O. 

Table 6-3: Temperature and pressure in the reservoir at the production well inlet and 

at the well head for each model. 
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2.5 20 25 65.0 7.62 7.85 8.25 7.72  31.4 32.7 34.1 31.2 

2.5 35 25 102.5 12.28 12.64 12.75 
12.3

4 
 61.4 66.8 67.3 62.8 

2.5 50 25 140.0 15.29 15.61 15.17 -  100.7 113.9 112.7 - 

3.5 20 35 85.0 10.68 11.11 11.6 10.8  43.2 46.7 48.1 44.3 

3.5 35 35 137.5 16.9 17.62 16.92 -  89.1 104 102.3 - 

3.5 50 35 190.0 20.77 21.31 20.27 -  144.1 170.6 169.3 - 

5.0 20 50 115.0 15.43 16.46 16.52 -  62.1 72.1 72.2 - 

5.0 35 50 190.0 23.97 25.2 23.39 -  132.5 165.9 164.2 - 

5.0 50 50 265.0 29.09 29.86 25.99 -  211.1 257.4 256 - 

 

Table 6-3 shows that the temperature of wet CO2, produced at the wellhead is almost 

always higher than assuming dry CO2. In only the T2Well 2.5 km deep reservoir, with a 

geothermal gradient of 20 °C/km, case is the temperature of produced, wet CO2 lower than 

that of dry CO2 and this is due to T2Well neglecting the increase in enthalpy due to H2O 

precipitation. The temperature increase of wellhead wet CO2 is larger for higher downhole 

temperatures and pressures. This is due to the larger water solubility in CO2, entering the 



 

 227 

well in the deep and hot reservoir cases, resulting in greater water precipitation in the 

wellbore and thus greater wellhead temperature increases, compared to dry CO2.  

The Solution Density Approximation model wellhead fluid pressures are often lower than 

those using dry CO2. In contrast, the CO2 Solution Proxy and T2Well fluid pressures tend 

to be higher than dry CO2 wellhead pressures. This contrast is due to the generally larger 

fluid densities at a given temperature and pressure of the Solution Density Approximation 

than those of the CO2 Solution Proxy. Increases in fluid density result in larger fluid 

pressure changes due to elevation changes (∆𝑃 = 𝜌𝑔∆𝑧) in the well, which results in a 

lower wellhead fluid pressure. This effect of fluid density on wellhead pressure is 

prominent in the 5 km deep reservoir and 50 °C/km geothermal gradient case, where the 

CO2 Solution Proxy has a fluid density of 480.6 kg/m3 and the Solution Density 

Approximation model yields a fluid density of 620 kg/m3, which results in wellhead fluid 

pressures of 29.86 MPa and 25.99 MPa, respectively.  

The wellhead fluid pressure for the CO2 Solution Proxy is always greater than that of dry 

CO2. The CO2 Solution Proxy assumes that the CO2 density is equivalent to that of dry 

CO2. This results in a bulk fluid density (Equation 6-1) that is always equal to, or less than, 

the corresponding dry CO2 density as a result of the temperature increase from the 

precipitation of H2O. Thus, the CO2 Solution Proxy model always predicts a larger 

wellhead fluid pressure than that using dry CO2.  

The mass fraction of H2O in solution, given by Spycher et al. [163], has an uncertainty of 

5%. When this error is propagated through our wellbore model, the resulting uncertainty 
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in pressure and temperature at the surface is less than 0.5%, and the uncertainty in the 

produced free-phase water at the surface is 5%, directly relating to the 5% uncertainty from 

Spycher et al. [163]. Furthermore, the uncertainty in the power produced by the turbine 

(Section 3.3) is less than 1.1% for all cases. 

6.3.3 Power Sensitivity to Produced Water 
The produced water fraction affects the power production of a direct CPG plant in two 

important ways. First, the produced free-phase water may need to be separated before any 

turbomachinery, depending on how much liquid water the turbine can handle along with 

the CO2. It should be noted, however, that the presence of liquid water, together with 

supercritical CO2, does not present as significant a challenge as liquid water in steam 

turbines, as the difference between liquid water and supercritical CO2 density is, with a 

factor of approximately 2, much smaller than that between liquid water and steam (a factor 

of approximately 1000). Recent discussions with turbine manufacturers suggest that 

significantly larger mass fractions of liquid water in supercritical CO2 than the ~6% 

reported by Garapati et al. [83] may be acceptable. Nonetheless, as water may still be 

removed from the produced fluid via gravitational separation, we investigate the 

consequences, including the reduced mass flowrate through the turbine. Second, the wet 

CO2 alters the fluid state at the wellhead, while the turbine outlet pressure remains fixed, 

which affects the enthalpy difference across the turbine (Equation 6-28). Consequently, the 

turbine power output changes, as it is given by the product of the mass flowrate and the 

enthalpy drop across the turbine. We thus investigate in this section the change in power 
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generation due to the production of wet CO2 and compare it to the case where dry CO2 is 

produced from the reservoir, as is commonly assumed. 

Table 6-4 shows the change in the power output from dry to wet CO2 for the CO2 Solution 

Proxy, the Solution Density Approximation, and T2Well simulations assuming liquid water 

is removed prior to the turbine. The produced water fraction values from Table 6-2 are used 

in Equations 6-27 to 6-30 to determine the power change.  

 Table 6-4: Turbine power output for each well model. 

Depth 

(km) 

Temperature 
Gradient 

(°C/km) 

Turbine Power (KWe)   ΔW/Wdry (%) 

Dry 

CO2 

CO2 
Solution 

Proxy 

Solution 
Density 

Approximation T2Well   

CO2 
Solution 

Proxy 

Solution 
Density 

Approximation T2Well 

2.5 20 226 270 319 225  19.48 41.21 -0.62 
2.5 35 1344 1538 1557 1388  14.43 15.85 3.27 

2.5 50 2798 3192 3115 -  14.08 11.33 - 

3.5 20 665 781 840 697  17.55 26.44 4.91 
3.5 35 2448 2985 2895 -  21.94 18.26 - 

3.5 50 4608 5397 5235 -  17.12 13.61 - 

5.0 20 1435 1791 1796 -  24.81 25.16 - 
5.0 35 4381 5557 5351 -  26.84 22.14 - 

5.0 50 7629 8905 8306 -  16.73 8.87 - 

Table 6-4 shows that wet CO2, with liquid water removal, generates 14% to 41% more 

turbine power in a CPG system than dry CO2, because, as described before, the exothermic 

precipitation of water from solution in CO2 generates heat, and thus increases wellhead 

pressure, that later increases power generation, even if the water is removed.  This effect 

more than outweighs the reduction in power generation due to decreased fluid mass flow 

rates that result from removal of the liquid water before the turbine inlet. Additionally, we 

assume that the liquid water is removed using gravitational separation which incurs no 

power consumption or pressures losses. Thus, the difference in power generation tends to 

increase with reservoir depth and geologic temperature gradients, where increased 

reservoir temperatures result in higher fractions of dissolved water and therefore higher 
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wellhead temperatures. For example, the change in power output for the Solution Density 

Approximation method, relative to dry CO2, increases from 16% for the 2.5 km deep 

geothermal reservoir to 22% for the 5 km deep geothermal reservoir, in both cases for a 

geothermal temperature gradient of 35 °C/km, resulting in reservoir temperatures of 

102.5oC and 190oC.  

We investigated only three cases with T2Well, due to the temperature limitation of the 

ECO2N module, described previously. The T2Well cases always have a smaller change in 

power production when changing from dry to wet CO2, compared to the other models. For 

example, at a reservoir depth of 2.5 km and a geothermal temperature gradient of 35 °C/km, 

the T2Well results estimate a power increase from dry to wet CO2 of 3.3%, while the CO2 

Solution Proxy and the Solution Density Approximation models increase power by 14.4% 

and 15.8%, respectively. Furthermore, the change in power of the T2Well 2.5 km deep, 

with a geothermal temperature gradient of 20 °C/km, case results in a negative (-0.6%) 

power increase when going from dry to wet CO2, i.e. a power decrease. This is a unique 

result and is caused by a decreased production temperature compared with dry CO2. This 

is due to the solubility model of T2Well neglecting enthalpy changes due to the 

precipitation of water. The T2Well cases provide very similar wellhead temperatures to 

those for dry CO2 (Table 6-3), and therefore the power output changes by a proportionately 

small amount. 

The power gain percentage tends to increase as the both the depth and geothermal 

temperature gradient increase, with the exceptions of the 2.5 km deep, and 20°C/km 
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geothermal temperature gradient and the 5.0 km deep, 50 °C/km geothermal temperature 

gradient cases for both the CO2 Solution Proxy and Density Solution Approximation 

models. For the 2.5km deep, 20°C/km geothermal temperature gradient cases, the large 

percentage gains for the wet CO2 models are a result of the limited power produced (by the 

dry CO2) due to the limited temperature/pressure of the reservoir. For instance, the turbine 

back pressure is fixed at 6.03 MPa for all cases; thus, an increase in fluid production 

pressure from an unusually small turbine inlet pressure of 7.62 MPa (dry CO2, 2.5 km, 

20°C/km case) to 8.25 MPa (Density Solution Approximation, 2.5 km, 20°C/km case) 

increases the turbine pressure differential from 1.59 MPa to 2.22 MPa, which results in an 

increase in the turbine output by 41.2%. However, the new turbine power output is still 

only 319 kWe. Conversely, the 5.0 km deep, 50°C/km cases have a decrease in the 

percentage power gain, due to the large initial power generated by the dry CO2 (7629 kW) 

and the increased water fraction produced, and thus decreased CO2 production for these 

cases. Thus, the percentage increase in power must be considered in addition to the absolute 

power values for any configuration. 

Overall, the largest factor causing differences in turbine power output is the wellhead fluid 

temperature, which is affected by the enthalpy of precipitating water. Higher wellhead 

temperatures increase the enthalpy difference across the turbine, which increases the power 

output. Thus, neglecting this enthalpy change during modelling underestimates the power 

generation, as the T2Well results show. Furthermore, if only a reduction in fluid mass flow 

rate is assumed, the outcome of using a water-saturated CO2 solution in the well is that 
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both the magnitude and the sign of the change in power output are incorrect (i.e. the result 

is an incorrect decrease in power output instead of an increase). 

6.4 Conclusions 
Modeling the fluid in the well as wet CO2 (i.e. CO2 with dissolved H2O and free liquid 

water) instead of dry CO2 has a significant influence on the fluid that is produced at the 

wellhead, which impacts the power generation of the CPG system. Our simulations allow 

the following conclusions: 

The inclusion of H2O in solution with the CO2 leads to the production of free-phase liquid 

H2O at the wellhead, due to the precipitation of the initially dissolved water during the 

upwards flow of the production fluid, experiencing a decrease in pressure and temperature, 

reducing the water-in-CO2 saturation index. The downhole wet CO2 contains up to 19.2% 

dissolved H2O by mass, depending on the temperature and pressure of the reservoir. While 

the mass fraction of wellhead H2O is small for the majority of cases considered (<2%), it 

can be as much as 4% when the reservoir temperature is 140 °C. 

Wet CO2 will nearly always produce a higher wellhead temperature than dry CO2. When 

the enthalpy of precipitating water is considered, the wellhead temperature is between 

1.3°C and 46.3°C higher than when dry CO2 is assumed.  

The T2Well simulator substantially underestimates the wellhead temperature because the 

T2Well model neglects the enthalpy change due to precipitation of water from CO2. For 

the three cases tested, the T2Well wellhead temperature and pressure are within 3% of the 

dry CO2 model. However, the wellhead temperatures and pressures for the other modeled 

wet CO2 cases are always larger. For example, for the 3.5 km, 20 C/km case, the T2Well 
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pressure is 1.1% higher than for the dry CO2. However, the CO2 Solution Proxy and the 

Solution Density Approximation models yields values between 4.0% and 8.6%.  

Including the enthalpy of precipitation when modeling H2O coming out of solution is 

critical. When the dissolved H2O is assumed to have the enthalpy of water vapor, large 

amounts of heat are given off as it comes out of solution, raising the fluid temperature, 

decreasing the density, decreasing the pressure difference across the wellbore element, and 

ultimately raising the wellhead pressure. Furthermore, we verify our enthalpy assumption 

using experimental data from Chen et al. [168]. 

Using wet CO2 increases the turbine power output between 15% and 25% above when dry 

CO2 is assumed. The higher wellhead temperatures and pressures produced when using 

wet CO2 increases the enthalpy difference across the turbine. This increase is greater than 

the decrease in power due to the removal of produced liquid water, resulting in a net 

positive increase in power generated by the turbine. 
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