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Executive Summary

Executive Summary

The Intergovernmental Panel on Climate Change (IPCC) estimates that to avoid the direst
consequences of climate change, the world must implement millions or even billions of tons of
atmospheric carbon dioxide removal (CDR) by 2100. Direct air capture (DAC) is one method to
accomplish CDR, but is an energy intensive process, requiring high heat for carbon dioxide (COy)
desorption. Powering DAC with geothermal energy may be an option, as it provides consistent,
predictable, low-carbon energy that wind and solar cannot due to their reliance on day-to-day
environmental conditions and diurnal fluctuation. Some high-quality geothermal play fairways are likely
to be located near or even in suitable carbon storage fairways. This study identifies current and
prospective geothermal energy production fairways, current and prospective carbon storage fairways,
and highlights where the two fairway types are closely coupled. In order to identify which geographic
regions are most suitable for geothermally powered direct air capture and storage (GDACS), the
currently available DAC technologies and their power needs have been assessed as well as the
potential power output and storage capacities of geothermal fairways and storage fairways,
respectively, and these assessments have been integrated into a model that predicts performance and
cost per stored tonne of CO; for a conceptual GDACS facility located in each fairway.
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1.0 Introduction and Problem Statement

1.0 Introduction and Problem Statement

The Intergovernmental Panel on Climate Change (IPCC) estimates that to avoid the most disruptive
consequences of climate change, the world must implement millions or even billions of tons of
atmospheric carbon dioxide removal (CDR) by 2100 (IPCC, 2022). CRD is required first because total
emissions are expected to exceed the target necessary to limit global warming to 2°C or less, and
because, even if emissions reductions were to progress rapidly, hard-to-abate emissions from
industries, such as steel and cement production, will likely need to be mitigated via CDR to reach a true
‘net zero emissions’ economy.

Multiple pathways exist to implement CDR and fall into two basic categories:

1. Nature-based solutions, which include afforestation, reforestation, soil carbon sequestration, ocean
fertilization, and other agricultural or bioculture-based solution, and

2. Engineered solutions, including enhanced rock weathering, bioenergy with carbon capture and
storage (BECCS), and direct air carbon capture and storage (DACCS).

Nature-based CDR solutions are favorable because they tend to have relatively low upfront costs (for
example, afforestation and reforestation may, in some cases, have a $0 cost per tonne of CO, removed
from the atmosphere) and may have co-benefits that complement their CO, removal potential
(afforestation may result in improved or additional habitat for protected species; soil carbon
sequestration may, in some cases, improve soil quality and crop yields). However, nature-based
solutions come with drawbacks, such as competition for land resources, relatively short storage
timescales (tens to hundreds of years) and difficulty measuring and verifying the scale of CO, removal
from the atmosphere (IPCC, 2022).

Direct air capture (DAC) comprises a set of techniques and technologies used to capture CO- from the
atmosphere via chemical reactions, strip the CO- from the sorbent or solvent material, and then send
the CO; to be either stored geologically or used in industrial processes such as materials
manufacturing or fuel production. DAC suffers from drawbacks, such as high energy intensity and high-
cost relative to nature-based solutions. Additionally, some DAC technologies require process water
usage, making these technologies unfavorable in water-challenged environments. However, DAC
requires significantly less land use than other CDR methods and because it is an engineered solution,
measurement and verification of CO, removal is relatively simple. DAC plus storage also provides the
most durable CDR, with storage timescales measured in tens of thousands to millions of years (IPCC,
2022).

No single CDR solution is likely to be sufficient to complete all necessary CO, removal from the
atmosphere. Therefore, DAC is likely to play an important role as a space-efficient engineered solution
for CDR over the next several decades. In order to maintain the carbon-negative status of this
technology, it will be necessary to power it using low-carbon energy. Most low-carbon energy sources
suffer from intermittency, either due to meteorological events, in the case of wind power, or due to both
meteorological and diurnal fluctuations, in the case of solar power (Shi et al., 2020). Geothermal
energy, on the other hand, tends to provide relatively consistent power output, making it ideal for
powering continuous industrial processes such as DAC (Figure 1-1, Think Geoenergy).

Battelle | September 2024 1
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Geothermal Energy
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Solar -e-Wind -e- Geothermal ©- Biomass Biogas Small hydro

Figure 1-1: Geothermal energy (red line) compared to other sources of renewable energy. Note the
consistent power output of geothermal energy versus the strong diurnal signal of solar (yellow line) and
the inconsistent signal of meteorologically controlled wind power (blue line). Source: Think Geoenergy,

graph from California Independent System Operator (CAISO).

In addition to geothermal energy’s consistent output, it provides its power via heat derived from the
earth. DAC technologies tend to require relatively high heat in some parts of the process (as described
in detail in Section 2), so utilizing geothermal power for DAC may provide the co-benefit of being able to
use residual heat remaining after the geothermal facility’s power cycle to provide process heat,
improving the energy efficiency of both the geothermal installation and the DAC process. The case for
powering DAC facilities with geothermal energy is strong.

Once DAC is implemented, it is necessary to either use or dispose of the resultant CO,. Currently, CO-
utilization is nascent and is likely to represent a small percentage of the carbon capture, utilization, and
storage (CCUS) market. Thus, most captured CO:; is likely to be stored in geological storage. Because
high-temperature geothermal resources tend to come from igneous and metamorphic geological
terrains, not all geothermal energy developments are located within reasonable distance of a potential
carbon storage reservoir.

The goal of this study is to gain an understanding of the relationship between the geology of
geothermal plays and the geology of carbon storage plays, in order to highlight regions within the
continental United States where geothermal direct air capture and storage (GDACS) facilities may be
placed, and to estimate the storage potential of GDACS systems.

Battelle | September 2024 2
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2.0 Fundamentals of a Three-Part System

2.1 Fundamentals of Geothermal Systems

Geothermal energy is a renewable energy source derived from the Earth's internal heat. The Earth’s
interior is hot because of three primary processes:

1. Heat derived from the accretion of the planet about 4.5 billion years ago and the Late Heavy
Bombardment 4.0 to 3.8 billion years ago (Zhang, 2002)

2. Heat due to friction, which is caused by heavy crustal material sinking into the mantle, as well as
movement of material within the core (Backus, 1975), and

3. Heating due to ongoing decay of radioactive isotopes within the Earth’s core, mantle, and crust,
such as uranium and potassium (Gupta & Roy, 2007).

Geothermal systems utilize this natural heat reservoir for electricity generation, building heating, and
direct use of hot water for various applications (Tester et al., 2006).

2.1.1 Key Components of Geothermal Systems

Although there are multiple types of geothermal systems in the subsurface, the exploitation of
geothermal energy systems relies on several key components. Figure 2-1 provides a basic overview of
these components, which are summarized below.

1. Heat Source

Geothermal systems rely on the Earth's mantle and crust, which harbor significant heat reservoirs
originating from the processes described in Section 2.1. Rocks have relatively low thermal conductivity
(Abdulagatov et al., 2006), so shallow rocks act as an insulating blanket, causing heat to be stored
deep in the subsurface where it can be accessed via drilling.

2. Reservoir

Geothermal reservoirs are underground zones where hot water or steam gathers. These reservoirs
may be situated in fractured rock formations or permeable sedimentary layers. The reservoir's ability to
store and transmit heat depends on factors like permeability and porosity.

3. Fluid Circulation System

Geothermal fluids, usually water or steam, flow through the reservoir and ascend to the surface via
wells. This circulation mechanism facilitates the transfer of heat from the reservoir to the surface, where
it can be harnessed for various applications. In some systems, where the supply of subsurface water is
limited, water is added to the geothermal system from a surface source, heated by the hot rock, and
then circulated to the surface for energy extraction.

4. Surface Power Plant

Upon reaching the surface, geothermal fluids are directed to power plants equipped with turbines and
generators. The high-pressure steam or hot water extracted from the reservoir drives turbines, leading
to the generation of electricity.

Battelle | September 2024 3
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5. Heat Exchangers

In direct-use geothermal applications, heat exchangers are used to transfer heat from geothermal fluids
to a secondary medium, such as water or air, for heating purposes in buildings or industrial processes.

Heat Exchanger Turbine/generator  Power

Insulating
sedimentary rocks

@
2
c

2
—
o
ol

e SO SIS S Ll s P 8]

Hot granite

Figure 2-1: Example of key components of enhanced geothermal systems (Source: Rizzi, 2023).

2.1.2 Types of Geothermal Systems

Understanding the diverse range of geothermal systems is crucial for maximizing the utilization of this
sustainable energy source. This overview presents key insights into various types of geothermal

systems (Figure 2-2), key geological settings and geographic regions, and costs to develop geothermal
energy.

1. Vapor-phase Hydrothermal Systems

Hydrothermal systems are usually found near tectonic plate boundaries, active volcanic zones, and
areas with recent volcanism. Geological activities, such as volcanic processes and circulation of
hydrothermal fluid associated with magma bodies, create these reservoirs, with surface signs such as
lava flows, hot springs, geysers, and fumaroles, as well as subsurface reservoirs hosted in fractured or
porous rock formations. Temperatures in these systems are in excess of 200°C, with power production
accomplished by producing the geothermal fluids, which flash to steam as they rise up the wellbore or
are flashed to steam within the power plant. The steam is then used to drive a turbine, producing

electricity. Single well capacities may be up to 25 megawatts (MW) (Gupta & Roy, 2007; Moya et al.,
2018; Khodayar & Bjornsson, 2024).

e Pros: Very high heat and resource density when available, established technology for drilling and
production, proven viability for power generation.

e Cons: Limited geographical availability, high upfront exploration costs.
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e Continental U.S. Fairway Locations: California and Nevada, with potential in the Basin and Range
tectonic province and the Cascades ranges (currently producing at The Geysers in California).

2. Liquid-phase Hydrothermal Systems

Liquid-phase hydrothermal systems are characterized by the presence of natural hot water reservoirs in
fractured, permeable rock formations. These systems occur in volcanically or tectonically active
regions, and have reservoir temperatures between 100 and 200°C, insufficient to provide flash steam
production. These systems provide electricity by utilizing a binary-cycle power plant, which transfers
heat from water to a fluid with a lower boiling point, which is then flashed to vapor in order to run a
turbine and generate electricity. Single well capacities may be up to 7 MW (Gupta & Roy, 2007;
Tomarov & Shipkov, 2017; Khodayar & Bjornsson, 2024).

e Pros: Broader fairways than vapor-phase hydrothermal, lower-temperature drilling environment.
e Cons: Limited resource density, potentially challenging economics.

e Continental U.S. Fairway Locations: California, Nevada, Idaho, New Mexico, Colorado, with potential
in the Basin and Range tectonic province, Cascades ranges, Rio Grande Rift System, central Rocky
Mountains

3. Enhanced Geothermal Systems (EGS)

These systems, also referred to as ‘hot, dry rock’ systems, occur where a high-temperature geothermal
system (generally temperatures greater than 200°C) is available, but the thermal reservoir lacks
sufficient porosity and/or permeability to deliver geothermal fluids to a wellbore. In order to enhance the
flow of these reservoirs, engineering techniques, such as hydraulic stimulation, are used to enhance
existing fractures or create artificial fractures within the reservoir and then provide heat transfer by
introducing water to the reservoir. Per-well power output varies widely (Fervo, personal
communications).

e Pros: Potential for widespread deployment, not limited by natural flow, technical and economic limits
not yet reached.

e Cons: Technological challenges, potential for induced seismicity, high upfront costs, water supply
risk in arid regions.

e Continental U.S. Fairway Locations: Western US, consistent with high-temperature hydrothermal
fairways. Current operations are limited, but research and production facilities are in operation in
southwestern Utah and in development elsewhere in the Western US. Expansion of fairways is likely
as technological advancements bring lower-temperature resources into economic viability (Fervo,
personal communication).

4. Closed-loop Systems

Closed-loop systems, also known as advanced geothermal systems, function without fluid exchange
between the well and the geothermal reservoir, eliminating the need for hydraulic fracturing. These
systems involve drilling a single well into the heated formation and utilizing a concentric pipe-in-pipe
setup to circulate fluids within the well, picking up heat from the reservoir and bringing it to the surface.
Power output per well is highly variable, as these systems may be utilized at a broad range of depths
and geothermal gradients (Van Horn et al., 2020).
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e Pros: Minimizes environmental impact, potential for deeper resources, may be deployed in most
geographies and geologies.

e Cons: Technological challenges, higher costs compared to open-loop systems, may suffer from
near-wellbore temperature declines.

e Continental U.S. Fairway Locations: Research and pilot projects in various states, including Nevada
and Utah. As with most geothermal technologies, initial targets are high-temperature fairways within
the Western US, but with further technological improvements, may be deployable nationwide.

5. Sedimentary Geothermal

Sedimentary geothermal systems involve heat resources hosted in sedimentary rock formations, where
heat is generated through rapid burial into high-heat regimes and by radiometric decay. These systems
are found in sedimentary basins with elevated temperatures at depth. Sedimentary geothermal play
types may include geopressured systems, where elevated temperatures and pressures in sedimentary
formations offer strong potential for geothermal energy extraction. Power output per well in these
systems may be relatively low given generally lower geothermal gradients (Birdsell et al., 2024).

e Pros: Synergistic use of existing infrastructure, potential for co-production of oil and gas, large, well-
studied play fairways.

e Cons: Technical challenges in integrating with existing operations, reservoir compatibility, relatively
low heat and resource density.

e Continental U.S. Fairway Locations: Oil fields in California, the Texas Gulf Coast, the Appalachian
Basin, and elsewhere.

6. Direct-Use Systems

Direct-use systems utilize geothermal fluids directly for heating purposes, such as space heating,
greenhouse operations, and aquaculture. These systems have temperatures less than 100°C, and,
because lower geothermal gradients are required, they can be found in myriad geological
environments. Single well capacities may be equivalent of up to 2 MW (Moya et al., 2018; Khodayar &
Bjornsson, 2024).

e Pros: Lower cost compared to electricity generation, diverse applications, few geographical
limitations

e Cons: Limited to areas with suitable heat demand, may require separate distribution systems, small
usable radius from resource.

e Continental U.S. Fairway Locations: Technically, geologically and geographically unlimited; typically
limited by proximity to facilities and municipalities that may benefit from these systems.
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e—— Conventional . . Next-Generation .

Fluids circulate openly through +  Fluids circulate openly within a well pair *  Fluids circulate through a long series of

naturally occurring fractures connected by fractures engineered with closed wellbore loops permeating the

Limited estimated total resource (~40 hydraulic fracturing & horizontal drilling subsurface

GW) + Large estimated total resource + Large estimated total resource

~4 GW on the grid today (5+ TW all next-generation geothermal) (5+ TW all next-generation geothermal)
Scales through modular deployment of «  Scales through modular deployment
many well pairs and increasing wellbore lengths

Figure 2-2: Geothermal technology overview across conventional hydrothermal systems (left) and next-
generation designs (right). (Source: Blankenship et al., 2024).

2.1.3 Temperature/Depth Ranges

Understanding the relationship between temperature and depth is crucial for assessing geothermal
resources and designing geothermal energy systems. This analysis provides an overview of
temperature/depth ranges associated with geothermal systems, along with their significance for
geothermal exploration and utilization (IPCC, 2011).

1. Shallow Geothermal Resources

Shallow geothermal resources are typically found within the upper few kilometers of the Earth's crust.
Temperature/depth ranges for shallow resources vary widely but generally fall within the range of 20 to
200°C at depths of 1 to 3 kilometers. These resources are suitable for direct-use applications such as
space heating, aquaculture, greenhouse operations, and hot water supply for industrial processes.

2. Medium-Depth Geothermal Resources

Medium-depth geothermal resources are located at depths of 3 to 5 kilometers below the surface.
Temperature ranges for medium-depth resources typically range from 150 to 300°C. These resources
may suit direct-use applications or electricity generation using binary cycle power plants.

3. Deep Geothermal Resources

Deep geothermal resources are situated at depths greater than 5 kilometers and often extend into the
Earth's mantle. Temperature/depth ranges for deep resources can exceed 300°C, reaching as high as
600°C or more in some cases. Deep resources are primarily used for electricity generation using flash
steam or binary cycle power plants.
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4. Significance of Temperature/Depth Ranges

Understanding the temperature and depth at which geothermal resources occur provides insights into

the suitability and potential of geothermal resources for various applications (Figure 2-3).

Understanding temperature gradients helps in delineatin
energy output of geothermal systems.

Depth considerations are essential for well drilling and reservoir engineering, as deeper resources may
rilling costs increase significantly with depth

require specialized drilling techniques and equipment. D
and can have a significant impact on project economics.
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Figure 2-3: Common energy applications based on geothermal temperature ranges (Source: Rizzi,
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2.0 Fundamentals of a Three-Part System

2.1.4 Geologic Settings

Understanding the geologic settings conducive to geothermal resource development is essential for
successful exploration and utilization.

1. Tectonic Plate Boundaries

Tectonic plate boundaries are the regions of the Earth's crust where tectonic plates interact. Divergent
boundaries, characterized by rift zones and mid-ocean ridges, showcase high heat flow and volcanic
activity, making them ideal for geothermal exploration (Ingebritsen, 2017). Convergent boundaries,
where plates collide, give rise to subduction zones and volcanic arcs, offering geothermal potential in
associated metamorphic rocks (Reid, 2013). Transform boundaries, where plates slide past each other,
create fault systems that can facilitate fluid circulation and heat transfer, providing additional
opportunities for geothermal resource development (Simpson, 1981). Figure 2-4 provides examples of
geothermal fields utilizing resources associated with these boundaries.

e Locations in the Continental US:

= Convergent Boundaries: Found along the west coast of the US, including the Cascadia
Subduction Zone and the Aleutian Trench.

= Transform Boundaries: The San Andreas Fault in California.
e Range of Geothermal Gradients:

= Convergent Boundaries: Geothermal gradients vary depending on the depth of subduction,
faulting, and local presence of magma chambers and other volcanic features.
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Figure 2-4: Global view of plate tectonic boundary-associated geothermal fields. Note predominance of
fields along the west coast of the U.S. (Source: Moeck, 2014).

2. Volcanic Regions

Volcanic regions, including volcanic fields, calderas, and stratovolcanoes, are characterized by high
heat flow and magmatic activity. These areas often contain shallow geothermal reservoirs with hot
water or steam suitable for power generation.

e Location in the Continental US: Examples include the Yellowstone Caldera in Wyoming, Long Valley
Caldera in California, and the Cascades region within California, Oregon, and Washington.

e Range of Geothermal Gradients: Generally high due to the proximity to active magma chambers and
volcanic activity (USGS, 2020).

3. Fault Zones

Fault zones are crucial for geothermal exploration in the Great Basin region of the Western US. Faulds
and Hinz (2015) conducted an inventory of known geothermal systems, revealing that nearly 39% are
blind, indicating significant hidden resources. These systems are closely linked to tectonic strain rates,
with regions experiencing extensional to transtensional strain hosting most high-temperature activity.
The study identifies step-overs in normal fault zones as the most favorable settings, accounting for
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approximately 32% of geothermal systems. Understanding these structural settings is essential for
identifying and exploring hidden geothermal resources in the region (Faulds & Hinz, 2015).

e Location in the US: Commonly found throughout the country, including the Basin and Range
Province in Nevada and the San Andreas Fault in California.

e Range of Geothermal Gradients: Geothermal gradients can vary widely depending on the depth and

extent of faulting, with higher gradients typically closer to the surface (Faulds & Hinz, 2015).

4. Sedimentary Basins

The study examines the potential of sedimentary basins for geothermal power generation in the US, an

area often overlooked in previous assessments. It highlights the natural porous and permeable
characteristics of sedimentary basins, which can host substantial geothermal heat resources.

e Location in the US: Examples include the Williston Basin in North Dakota and Montana and
geopressured geothermal systems along the Gulf Coast of Texas and Louisiana (Ogland-Hand,
2024).

e Range of Geothermal Gradients: Geothermal gradients tend to be lower compared to volcanic
regions, but can still support geothermal resource development, especially in deeper sedimentary
formations (Ogland-Hand, 2024).

2.1.5 Distribution of Geothermal Resources in the US
1. Western United States

States like California, Nevada, Oregon, and Idaho boast significant geothermal resources, as
evidenced by the distribution of power plants illustrated in Figure 2-5. The region's geological activity,
including tectonic plate boundaries, volcanic terrains, and faults, creates optimal conditions for
geothermal energy production (Faulds et al., 2011). This area is marked by geographic features such
as geysers, hot springs, and volcanic landscapes. These states accommodate numerous geothermal
power plants and harbor some of the nation's largest geothermal fields.

Battelle | September 2024
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Figure 2-5: Number of geothermal power plants in the United States as of 2021, by state (Fernandez,
2024).

2. Great Basin Region

The Great Basin region, encompassing parts of Nevada, Utah, and eastern California, is known for its
extensive geothermal resources, with existing geothermal power plants and capacity exceeding 600
MW. Since many geothermal resources in the region are blind (lacking surface indicators like hot
springs), the region is thought to have significant further resource potential (Faulds et al., 2016).

3. Rocky Mountains

The Rocky Mountain region, spanning western states including New Mexico, Colorado, Wyoming, and
Montana, also hosts geothermal resources. While not as prolific as the western US, the region has
favorable geological characteristics, including Neogene volcanism, Quaternary faulting, and high heat
flow. The presence of mafic and silicic magmas, along with Quaternary faulting and regional high heat
flow, further enhance the area's suitability for geothermal resources (Morgan, 2011).

2.1.6 Factors Influencing Cost of Geothermal Power
1. Resource Characteristics

The temperature, depth, permeability, rock mechanics and connectivity of geothermal reservoirs
influence the cost of geothermal power generation. High-temperature reservoirs with shallow depths
and good permeability are generally associated with lower development and operational costs than the
deeper, lower temperature plays (Tester, 2006).

2. Exploration and Drilling

The cost of exploration activities, including geological and geophysical surveys and exploratory drilling,
can significantly impact the overall cost of geothermal projects. Deep drilling in search of suitable
reservoirs may incur high upfront costs (Tester, 2006).
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3. Reservoir Engineering and Well Stimulation

Enhanced geothermal systems (EGS) and other reservoir engineering techniques aimed at improving
heat extraction efficiency may involve additional costs for well stimulation, hydraulic fracturing, and
reservoir management (Blankenship et al., 2024).

4. Power Plant Construction and Operation

The construction and operation of geothermal power plants, including steam turbines, generators, and
associated infrastructure, contribute to the overall cost per MW of geothermal power generation.

5. Estimated Cost per MW for Geothermal Power in the US

The cost of geothermal energy in the US varies depending on factors such as resource quality,

location, technology employed, and project scale. Generally, geothermal energy is considered
competitive with other renewable energy sources, with costs between $61 and $102 per megawatt-hour
(MWh) (Lazard, 2023; Figure 2-6).

Levelized Cost of Energy Comparison—Unsubsidized Analysis

Selected renewable energy generation technologies are cost-competitive with conventional generation technologies under certain circumstances

——— @$Z
soarev—uyscse | 524 [
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Figure 2-6: Levelized cost of energy comparison—unsubsidized analysis (Source: Lazard, 2023).

Future cost reductions in next-generation geothermal are driven by iterative operational improvements
and new technical advancements (Figures 2-7 and 2-8). These advancements aim to make enhanced
geothermal systems cost competitive with other clean firm sources. In 2021, the U.S. Department of
Energy (DOE) launched the Enhanced Geothermal Shot™ as part of the Energy Earthshots Initiative™,
aiming to reduce the cost of geothermal power to $45/MWh by 2035 (Blankenship, 2024).

Field evidence

The Enhanced suggests that

Geothermal Shot Current cost improvementsin These technology
targetsa 90 percent reductions exceed geothermal drilling, improvements not only
reductioninthe costof expectations, withthe wellfield stimulation, benefit EGSbut also

Enhanced Geothermal Overnight Capital Cost and economies of contribute tocost

Systems (EGS) by (OCC) estimate scale from potential reductionsin

2035, aimingforan dropping from 527,800 plant size explorationdrillingand

effective Levelized per kWin20211to enhancementshave welldrillingacrossEGS

Cost of Electricity approximately 514,700 . been major drivers of . and closed-loop
W’ (LCOE) of $45/MWh. ' per kWin2023. costreduction. geothermal systems.
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Figure 2-7: Future cost reduction, modified from Blankenship (2024).
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Figure 2-8: 2023 Historical LCOE by NREL annual technology baseline.

2.1.7 Geothermal Power Plants

There are two main methods to convert geothermal heat to electricity: flash plants and binary-cycle
plants. Flash plants produce steam directly from geothermal fluids, using the steam to drive turbines
and generate electricity. They are ideal for higher-temperature systems and are cost-effective because
they require few wells and are simple in design (NREL, 2023; Table 2-1). Binary cycle plants generate
electricity by utilizing a secondary fluid with a lower boiling point than water, heated by geothermal
energy to generate power through an organic Rankine cycle. They are suitable for lower-temperature
systems but are costlier due to their complexity and the need for more wells.

Table 2-1: Geothermal Resource and Cost Characteristics (Source: National Renewable Energy
Laboratory, 2023).

e olog emperature (° 00° 0—-200° 0°

drEiiRETE Number of identified sites 20 21 17 57
Total identified capacity (MW) 3,824 783 378 581
Average overnight capital cost, or OCC ($/kW) 4,127 9,084 9,672 17,921
Min OCC ($/kW) 2,893 4,598 7,702 12,043
Max OCC ($/kW) 5,922 37,143 11,932 25,364
Example of plant OCC ($/kw) * 4,547 6,043 N/A
Number of undiscovered sites 7 8 2 17
Total undiscovered capacity (MW) 14,909 4,340 339 6,223
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Table 2-1 (continued): Geothermal Resource and Cost Characteristics (Source: National Renewable
Energy Laboratory, 2023).

Average OCC ($/kW) 3,446 7,031 9,746 17,939
Min OCC ($/kW) 3,133 6,398 9,746 14,325
Max OCC ($/kW) 4,276 7,877 9,746 22,452
0 Number of sites 12 20 N/A
Total capacity (MW) 787 707
Average OCC ($/kw) 7,770 22,501
Min OCC ($/kW) 6,139 16,329
Max OCC ($/kW) 11,975 33,431
Example of plant OCC ($/kW) 9,650 19,449
Deen Number of sites N/A N/A N/A
Total capacity (MW) 100,000+
Average OCC ($/kW) 20,848 49,155
Min OCC ($/kW) 14,562 25,197
Max OCC ($/kW) 33,687 88,318
Example of plant OCC ($/kW) 11,748 27,822

2.2 Fundamentals of CO2 Geologic Storage

2.2.1 Geologic Settings

The selection of appropriate geological settings is crucial for the success and safety of carbon capture
and storage (CCS) projects. Key considerations include porosity, thickness, permeability, and continuity
of storage formations, and caprock layer integrity to prevent CO- leakage. Protecting other minerals,
energy, and groundwater resources from contamination by CO. is essential by ensuring the CO is
retained in the reservoir (Bachu, 2008). Static Earth Modeling (Figure 2-9) using subsurface data and
cutting-edge technologies reduces several risks and improves the performance of the storage
operations.

The three major types of rock—igneous, metamorphic, and sedimentary—are targeted for storage
formations in CCS projects. Each type varies in its capacity, injectivity, geochemistry, and integrity, with
porosity and permeability being critical factors. Integrity is paramount for confining fluids or gases within
a geologic unit to prevent migration to lower-pressure areas such as underground sources of drinking
water (USDWSs), petroleum reservoirs, or the surface. Proper evaluation of these criteria is essential for
identifying suitable storage formations and avoiding potential leaks (IPCC, 2005).

Depleted oil and gas fields can also be suitable for CCS since they have proven trapping mechanisms
and may have existing infrastructure. However, storage capacity may be limited by pressure
constraints, especially in depleted reservoirs, where the integrity of existing wellbores may cause
heightened leakage risk. Enhanced oil recovery (EOR) operations offer economic benefits and may
offset storage costs.
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Table 2-1 (continued): Geothermal Resource and Cost Characteristics (Source: National Renewable
Energy Laboratory, 2023).

The CO; storage target favored by many project developers is deep saline aquifers. These aquifers

provide large storage capacities, generally have few existing wellbore penetrations, and exist in most
sedimentary basins, making them far more widespread than depleted petroleum reservoirs.
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Figure 2-9: Example of Static Earth Modeling using subsurface data (Source: Ajayi, 2019).

2.2.2 Temperature and Depth Ranges for Geological Carbon Storage

Temperature and depth are crucial considerations in CCS projects, as these parameters impact the
stability of the reservoir system and the behavior of the stored CO..

Geologic Stability: Understanding temperature and depth ranges helps assess the stability of reservoir
and caprock formations. Typically, deeper formations experience higher temperatures, which can
influence rock properties such as porosity, permeability, formation mineralogy, and the presence and
behavior of structural features such as faults and fractures. Assessing these properties within both the
target reservoir and overlying caprock ensures the long-term containment of injected CO- (IEA, 2009).

CO, Density: Temperature and depth influence the behavior of CO; within storage formations. In
deeper, higher-temperature formations, CO, may exist in a supercritical state, where it exhibits both
gas and liquid properties (Figure 2-10). This density increase in deeper depths allows for greater
volumes of CO; to be stored within the same geological volume, optimizing storage efficiency.
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Figure 2-10: Graph showing relationship between CO- density and subsurface depth. As depth
increases, so does density, making deeper storage reservoirs generally preferable to shallow
reservoirs. (Source: National Energy Technology Laboratory, 2024).

For CCS projects, depth ranges can vary depending on the geological formations targeted for storage.
Minimum depth ranges for CCS are typically constrained by a supercritical depth threshold (if
supercritical conditionals are desired) and/or the base of USDWs. USDWs are defined as any water
source containing total dissolved solids of less than 10,000 mg/L (U.S. EPA, 2018). Below are the
typical depth ranges.

Shallow Depth Ranges (0-500 meters / 0-1640 ft): CCS projects at shallow depths are typically
associated with coal bed methane reservoirs and depleted oil and gas fields, although studies are
ongoing to understand potential for shallow storage within basalt formations. The temperature ranges at
these depths are relatively low, typically within the range of 20°C to 80°C, and CO; storage occurs in
the gas phase or via mineralization in basalts.

Intermediate Depth Ranges (500-1500 meters / 1640- 4921 ft): CCS projects at intermediate depths
involve saline aquifers and deep sedimentary formations. Temperatures at these depths range from
approximately 50°C to 100°C, depending on the geothermal gradient and local geology.

Deep Depth Ranges (>1500 meters / 4921 ft ): CCS projects at deep depths are associated with deep
saline aquifers, basalt formations, and depleted petroleum reservoirs. Temperatures in these
formations can exceed 100°C and may reach up to 200°C or higher.

Extreme Depth Ranges (>3000 meters / 9842 ft): In some cases, CCS projects may target ultra-deep
geological formations, such as deep ocean sediments or subduction zones. Temperatures at these
extreme depths can exceed 200°C.
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2.2.3 Play Types

Figure 2-11 shows an example of the various play types, which include depleted oil and gas reservoirs,
deep saline aquifers, unmineable coal seams, basalt formations, and shale formations (IPCC, 2005).

Depleted Oil and Gas Reservoirs: Utilizing depleted oil and gas reservoirs for CCS involves injecting
CO; into formations that previously contained hydrocarbons. These reservoirs offer suitable porosity,
permeability, and retention for CO, storage.

Deep Saline Aquifers: Saline aquifers located deep underground represent vast storage potential for
CO.. These formations typically exhibit high porosity and low permeability, making them suitable for
long-term CO; storage (Holloway, 2010).

Unmineable Coal Seams: Unmineable coal seams can provide CO; storage. CO; can be injected into
the seams, displacing methane and adsorbing onto coal surfaces, thus providing a mechanism for long-
term storage (Bachu, 2003).

Deep Basalt Formations: Basalt formations offer unique advantages for CO, storage due to their
reactive properties. CO; can react with minerals in basalt, forming stable carbonate minerals and
providing long-term storage potential (Goldberg, 2008). Many types of enhanced mineralization require
additional research (DOE FECM, 2022; Sandalow et al., 2021).

Organic-rich Shales: Preliminary laboratory testing indicates that the organics in shales have an affinity
for CO., allowing for CO, absorption and adsorption into microporous shales (Kang et al., 2011).
Significant laboratory and field testing is needed to confirm the storage capabilities of shale resources.

Geological Storage Options for CO, ——_ Droduced oil of gas
1 Depleted oil and gas reservors s === Injected CO,

2 Use of CO, in enhanced oil recovery EESSERSE Stored CO,

3 Deep saline water- rocks

4 Deep unmineable coal seams
5 Use of CO, in enhanced coal bed methane recovery
6 Other suggested options (basalts, oil shales, cavities) e

¥
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2.2.4 Geographic Locations of Carbon Storage Fairways

The US offers diverse geographic locations suitable for CCS projects, encompassing various geological
formations and regions with different characteristics. The National Energy Technology Laboratory’s
Carbon Storage Atlas highlights assessed and non-assessed areas of basalt formations, shales,
unmineable coals, and depleted reservoirs (NETL, 2016). Resource estimates for these reservoirs were
compiled by the Regional Carbon Storage Partnerships (NETL, 2015, Figure 2-12). Regional Initiatives
also have additional up-to-date carbon storage resource estimates. Below are some of the notable
carbon storage fairway regions, although potential for carbon storage development continues to be
evaluated.

Gulf Coast Region: Known for its extensive oil and gas infrastructure, the Gulf Coast region offers both
depleted oil and gas fields suitable for CCS and a number of saline aquifers with significant storage
potential (Alonzo et al., 2022; McPherson et al., 2005). Significant existing infrastructure such as fields
and pipelines, as well as a workforce that is familiar with drilling and subsurface operations make this
region optimal for carbon storage.

Midwest Region: The Midwest region, including states such as Ohio, Michigan, and Pennsylvania,
features deep saline aquifers suitable for large-scale CO; storage. These formations offer ample
capacity for sequestering CO; captured from industrial sources in the region (Bauer, 2012). There is
also potential for enhanced coalbed methane recovery (Rose, 2010).

Southeast Region: Sites in this region include deep saline formations and depleted petroleum
reservoirs. There is also potential for enhanced coalbed methane recovery (Rose, 2010).

Southwest Region: States throughout the southwest have both deep saline aquifers and depleted oil
and gas reservoirs that are suitable for CCS projects. The region’s vast open spaces and extensive
existing oil and gas infrastructure facilitate CCS implementation (USGS, 2013).

West Coast Region: This region features deep saline formations suitable for CO; storage and may
have some potential in depleted petroleum reservoirs. Additionally, the region’s volcanic formations
offer potential for basalt mineralization (Goldberg, 2018).
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Figure 2-12: US Regional Carbon Sequestration Partnership areas (NETL, 2015).

2.2.5 Range of Geological Carbon Storage Potentials

The storage potential of basins targeted for CCS varies widely depending on available geological
formations, tectonics and other regional characteristics. Assessing the range of storage potential per
square mile provides valuable insights into the capacity of different areas to sequester CO; effectively.
State surveys and Regional Carbon Sequestration Projects have determined high-level storage
resource estimates. The USGS (2013) compiled some of this data to output ranges in carbon storage
resource estimates (Figure 2-13). Each basin has a minimum storage estimate of 100 megatonnes (Mt)
to as much as 1,000 gigatonnes (Gt).
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Figure 2-13: P5-P95 estimates of carbon storage potential for key basins within the United States.
Basins at the top of the graph have relatively low storage capacities, while basins at the bottom of the
graph have large capacities. Basins of note include the U.S. Gulf Coast Basin with over 1,000 billion
metric tons of accessible storage, the lllinois and Michigan basins in the Midwest, the Williston and
Thrust Belt basins in the Rockies regions, and the Appalachian Basin in the eastern U.S. (modified from
USGS, 2013).
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2.2.6 Estimated Cost per Tonne of Stored CO:

The estimated cost per tonne of stored CO; in CCS projects varies depending on factors such as
storage type, depth of injection, distance to transportation infrastructure, and local regulatory
conditions. Generally, the cost includes expenses related to capture, transportation, injection,
monitoring, and verification of CO, storage (IEA CCS Roadmap, 2020).

Capture Costs: These costs include capturing CO- from point sources such as power plants or nonpoint
sources such as DAC facilities. Estimates for capture costs range from $20 to $100 per tonne (Figure
2-14; Congressional Budget Office, 2023).

Estimated Range of Costs for Capturing a Metric Ton of CO, in the United States

in 2019, by Source
2019 Dollars

Cement Production

Iron and Steel Making _ i
on and Steel Making Estimates of the cost to

Power Generation capture a ton of CO; vary by
industry and by such factors
as the amount of exhaust
gas from a plant, the
concentration of CO, in that
exhaust, and its pressure.

Hydrogen Production
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Natural Gas Processing -
L
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Figure 2-14: Estimated range of CO, capture costs (Data source: Congressional Budget Office, 2023).

Transportation Costs: After capture, CO: is transported to storage sites via pipelines or other means
such as trucking, rail, or shipping. Transportation costs vary depending on transportation type, distance
to storage sites, topography, and the availability of existing infrastructure. Estimated transportation
costs range from $5 to $20 per tonne (IEA, 2020).

In CCS projects, pipeline transportation costs vary based on factors such as volume, pipeline
specifications, labor, and lifespan. Location and geography also impact costs significantly. Typically,
transport expenses make up a small portion, usually less than one-quarter, of total CCS project costs.
Figure 2-15 shows a range of relative CO, pipeline transport costs.
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Figure 2-15: Indicative unit CO; pipeline transport costs (IEA, 2020).

Injection Costs: Once transported, CO, must be injected into underground storage reservoirs. Injection
costs include expenses related to drilling wells, reservoir characterization, and injection operations.
Costs range from $5 to $30 per tonne of CO: injected, depending on reservoir depth and geologic
conditions (Global CCS Institute, 2021).

Monitoring and Verification Costs: Continuous monitoring and verification are essential to ensure the
integrity of CO, storage sites and compliance with regulatory requirements. Monitoring costs can vary
widely but may range from $1 to $10 per tonne of CO, stored annually (Global CCS Institute, 2021).

Site-Specific Costs: Additional site-specific factors, such as site characterization, permitting, and
regulatory compliance, can significantly impact overall project costs. These costs are highly variable
and depend on local geological, environmental, and regulatory conditions.

2.3 Fundamentals of DAC systems

2.3.1 Range of DAC Technologies

Two technological approaches are currently being used to capture CO- from the atmosphere: liquid and
solid DAC. Figures 2-16 and 2-17 provide examples of two common liquid DAC (L-DAC) systems, while
Figure 2-18 shows a typical solid DAC (S-DAC) process.
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Figure 2-17: Typical amine-scrubbing liquid DAC process (Sabatino et al., 2021).
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Figure 2-18: Example of a solid sorbent DAC system (Sabatino et al., 2021).

Liguid DAC (L-DAC): L-DAC uses an aqueous basic solution (typically either amine or alkali based),
releasing absorbed CO, through a series of high temperature units operating between 300 and 900°C.
The steps of a general alkali-based L-DAC process are provided: CO: is reacted with the basic solution
to form a carbonate. The carbonate is then precipitated (e.g., calcium carbonate) in a causticizer while
the solvent is regenerated for reuse. The precipitate next is heated (about 900°C) to release CO:
(Bertoni et al., 2024). Additional processing steps may be needed depending on CO, output
requirements (e.g., purity, transportation, and storage). An amine-based L-DAC system is simpler than
the alkali system; an amine solvent contacts with air to adsorb the CO; which is then sent to a stripping
unit to separate the CO; and regenerate the solvent (Sabatino et al., 2021; Mostafa, et al., 2022).

Solid DAC (S-DAC): S-DAC utilizes solid adsorbents operating at ambient to low pressure (0.2-1.4 bar)
and medium temperature (80-130°C) (Fasihi et al., 2019; Sabatino et al., 2021). These S-DAC systems
work by contacting as much of the ambient air as possible with the solid sorbent (typically amine based)
to adsorb CO; from the air. Once the solid sorbent has reached capacity, the sorbent unit undergoes a
temperature increase and pressure decrease to remove the CO, from the sorbent and sends the CO-
for further processing. The remaining sorbent can then be reused once in ambient conditions to again
capture CO; from the air (Figure 2-19). The temperature and pressure change of the sorbent unit is
often called a vacuum-pressure temperature swing adsorption (VTSA) cycle (Sabatino et al., 2021).
This is one of the most popular S-DAC methods but there are others such as the use of a moisture
swing adsorption (MSA), which uses water content to remove CO; from the sorbent instead of
temperature and pressure (Fasihi et al., 2019).
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Figure 2-19: VTSA cycle schematic shown as four steps to capture CO, from ambient air and
regenerate the sorbent (Sabatino et al., 2021).

The S-DAC systems have lower heat capacities but higher energy requirements and are relatively
newer compared to the L-DAC systems. Further research is also needed to ensure sorbent stability
over time (Sabatino et al., 2021).

2.3.2 Range of DAC Operating Temperatures

Most DAC processes capture CO; at ambient temperatures, yet the release of CO, from the adsorbent
material or resulting units can be highly temperature and process dependent. Solid sorbent systems
require lower heat than their liquid counterparts to release CO,, operating at temperatures between 70
and 150°C. The liquid-based systems require much higher heat operating between 300 and 900°C
(Sabatino et al., 2021; Kuru et al., 2023; U.S. DOE, 2023; Fasihi et al., 2019). Figure 2-20 shows some
current DAC companies, their DAC technology employed, and corresponding temperatures required to
regenerate the captured CO; (Fasihi et al., 2019).
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Figure 2-20: DAC technology, ranked as high temperature (HT) or low temperature (LT), used by
companies and their CO, regeneration temperatures (Sabatino et al., 2021).
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2.3.3 Impact of Local Climate on DAC Operations

The local climate, specifically the temperature and humidity, at a DAC facility also impacts operations.
Facilities operating in climates at higher temperatures may see a lowered heating demand. However,
raised temperatures result in decreased CO adsorption to the sorbent and may require additional
cooling costs (U.S. DOE, 2023; Fasihi et al., 2019).

Humidity can affect the S-DAC system positively or negatively. In dry climates, S-DAC systems can
reuse their produced water (process by-product). However, in humid climates the facilities need to
account for excess produced water (Kuru et al., 2023). Additionally, there is an uptake in CO
adsorption at high humidities due to the dilution of CO- by the water content. The additional water
content in the air decreases the partial pressure of CO2 which allows for more adsorption. Also, some
S-DAC sorbents are less likely to be degraded by O, at higher humidities (Kuru et al., 2023;
Wurzbacher et al., 2016).

2.3.4 Energy Consumption Range

For DAC facilities the energy requirements depend largely on the type of DAC system. Typically, S-
DAC systems are more energy intensive than L-DAC systems operating at 7.2 to 9.5 gigajoules per
tonne of CO, (GJ/tCO,) and 5.5 to 8.8 GJ/tCO., respectively (Kuru et al., 2023). For both DAC types,
much of this energy requirement is due to heating the units (about 5.3 GJ/tCO; for L-DAC and 7.2
GJ/ItCO; for S-DAC) which can be seen in Figure 2-21 (IEA, 2023). Other energy is required for
processes such as fluid pumps, fans to process high volumes of air, and CO, compression.

Energy needs of L-DAC and S-DAC, 2023

10

o [
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Energy (GJ/t CO2)

N W B g
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O Low-temperature heat [OHigh-temperature heat [ Electricity [EElectricityfor CO2compression only

Figure 2-21: Energy requirement per ton CO; captured (IEA, 2023).
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2.3.5 Estimated Cost per Tonne for DAC Systems

DAC Capture: The cost to capture CO; is technology dependent. Fasihi et al. (2019) provides cost
estimates in euros per ton of CO,. The average conversion rate in 2019 of euro to USD was used (1
EUR = 1.1201 USD) resulting in the following costs: the high temperature L-DAC technologies range
from $129 to $435/tCO., the low temperature S-DAC technologies $134 to $273/tCO;, and the MSA
system costs about $111/tCO; (Exchange-Rates).

DAC CO; Transportation: The main types of transportation for captured CO- are pipeline

(onshore and offshore), truck, rail, and shipping. Fasihi et al. (2019) provides cost estimates in euros
per ton of CO». The average conversion rate in 2019 of euro to USD (1 EUR = 1.1201 USD) was again
used, along with normalizing the values based on distance. The following costs were obtained: $0.0079
to $0.098/tCO- per kilometer (km) for pipeline onshore, $0.012 to $0.058/tCO; per km for pipeline
offshore, $0.15/tCO, per km for trucks, $0.014/tCO; per km for rail, and $0.0068 to $0.084/tCO; per km
for shipping.

The choice and cost of CO; transportation is largely distance, terrain, and capacity dependent. For
example, the cost variation with region and distances for pipelines can be viewed in Figure 2-22
(Stolaroff et al., 2021).

o
©
o _| Parker
Yo}
N
Q <
3 <
&
‘775’ Northeast
Q ™ 9 S0 >as
° ~= io Midwest
S 7 /,.:/',0 West
@ P i s
8§ & - et - ..--© Central
[ e G__._--"
o _|
o 4= | T T T T I
0 200 400 600 800 1000 1200
Distance (km)

Figure 2-22: Pipeline transportation costs based on distances for regions in the U.S. using two different
models: Parker (2004) and McCoy and Rubin (2008) (Stolaroff et al., 2021).

Pipelines are often favored as they are generally safer and have reduced emissions compared to other
forms of transportation (Fasihi et al., 2019; Stolaroff et al., 2021).
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3.0 Capacity & Cost Modeling: Powering DACS with
Geothermal Energy

3.1 Model Setup

In order to assess the favorability of geothermal regions around the US to be leveraged for
geothermally powered direct air capture and storage (GDACS), it is necessary to understand the
amount of energy and cost required to operate GDACS facilities. To this end, a model of the energy
and economics associated with potential GDACS facilities has been generated, coupled with the
GeoMAP TechnoEconomic Sensitivity Tool (TEST) by project InnerSpace combined with values
derived from the literature search described in the Task 1 Draft Report (TechnoEconomic Sensitivity
Tool (TEST)). Both the cost and capacity are calculated assuming the geothermal source and power
plant solely are powering the DAC facility, and these values are generated from publicly available
literature.

The four largest contributors considered for modeling the capacity and cost of a GDACS facility are:
geothermal energy production, DAC facilities, transportation of captured CO; to a sequestration site,
and CO; sequestration. All four aspects must be considered collectively to determine the GDACS
system’s size and energy requirements. A model has been constructed that provides an estimate of the
annual amount of CO, captured and the corresponding cost per ton of CO,. The model considers the
average net thermal energy sales from TEST. This geothermal energy estimate is applied to the DAC
facility to estimate the amount of CO; captured per year, assuming all the geothermal electrical
production is used to power the facility and that any residual heat is used to fuel the CO, desorption
process within the DAC facility. The amount of CO» captured by the DAC facility is then used to
calculate the cost requirements for DAC facility operation, captured CO- transportation and
sequestration. The cost of the geothermal source and power plant is based on the CAPEX and OPEX
generated by TEST.

In addition to these baseline calculations, model users are asked to provide a ‘state of readiness’ factor.
This factor acts as an assessment of overall project risk, and accounts for unknowns and variable
project costs such as exploration and appraisal drilling for geothermal and storage wells, cost to
establish or repurpose existing facilities and infrastructure, and cost to manufacture new DAC
technologies at scale. Users should choose their input based on their perceived level of risk of technical
risk rather than economic risk.

3.2 Assumptions

Where possible, the values and assertions within this model are based on publicly available academic
literature and the GEOMAP tool, as well as expert interviews conducted as part of this study. Inputs for
the model are limited to the available literature and scope of the TEST tool at this time. These data may
not be fully representative of the current state of the technologies in 2024, and commercial leaders in
these industries most likely use their own experimentally acquired laboratory, using bench- or pilot-
scale data for more accurate cost and capacity estimations. GDACS is a nascent industry with relatively
few publications explicitly addressing GDACS systems and even fewer attempts by industry to build
these systems. This being the case, the construction of this model necessitated that a set of baseline
assumptions be made. These assumptions are as follows:

e All facilities within the model are assumed to be operational for 8,000 hours per year and represents
a ~91% uptime (Fasihi et al., 2019).
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e If the user does not provide a set number of geothermal production wells, the model assumes five
geothermal production wells.

e The model assumes electric power plus residual heat use, since the primary purpose of the study is
to determine the CO; capacity from the total energy of a geothermal power plant and source.

e The state of readiness defaults to three if otherwise unknown. This is the median value of the state
of readiness scale and represents a project with moderate risk of technical failure.

e A 3% annual inflation rate was assumed throughout the model and all costs are scaled to 2024 costs
using the following equation (Opportunity: BIL - Rare Earth Element Demonstration Facility (DE-
FOA-0002618), 2022):

Equation 1:

Current cost = Recorded cost * 1.03Number of years from 2024

e The DAC technology is solid sorbent based, as these systems require lower thermal requirements
for desorption of CO..

Additional assumptions, specific to each area of the cost and capacity calculations (geothermal energy,
DAC facilities, transportation, and geological storage), are given either throughout the calculations or at
the end of Sections 1.3 through 1.5.

3.3 Geothermal Energy

For geothermal energy information the model user is instructed to visit the GeoMAP TEST tool
(GeoMap, 2024). While using TEST the user inputs the latitude and longitude of their project and the
geothermal application (power or heat in this case). The user then generates two Excel sheets by
clicking “EXPORT RESULTS” for both the power application and heat application. The total CAPEX,
total OPEX, average net energy sales, average net thermal energy sales, and mass flow rate per well
should be taken from the TEST excel sheets and entered into the Cost & Capacity Model in the input
sheet. The geothermal energy information is then used in the DAC sheet to determine DAC facility
capacity and cost based on the available energy which is described in detail in Section 1.4.

3.3.1 Assumptions

GeoMAP TEST is sufficiently accurate for the cost and capacity model’s level of estimates.

4.3.2 Model Recommendations

For future iterations of this model or if additional models are constructed, the cooling of geothermal
systems over time should be considered. As geothermal systems are utilized for their heat they will
produce less heat. To maintain power output, additional geothermal wells may have to be drilled or the
plant’s operating hours decreased. Both factors should be considered in future work. Additionally, a
meeting with Project InnerSpace to walk through the cost and capacity model would be beneficial.
Areas of uncertainty in GeoMAP TEST could be clearly identified so they could potentially be
addressed by the model.

3.4  Direct Air Capture Facility

In this study, the modeled DAC facility is assumed to use a solid sorbent material instead of a liquid
based sorbent. Solid sorbent systems tend to have desorption temperature between 80 and 130°C

Battelle | September 2024 31



3.0 Capacity & Cost Modeling: Powering DACs with Geothermal Energy

(Fasihi et al., 2019; Sabatino et al., 2021), whereas liquid sorbent-based systems require much higher
temperatures (about 900°C) to desorb CO; from the sorbents (Bertoni et al., 2024). Since the residual
heat stream from geothermal power plants tends to be ~100°C, these ‘waste’ fluids can be leveraged
for process heat within solid-sorbent DAC (S-DAC) technologies, where they would likely not be useful
in providing process heat for liquid-sorbent systems.

User inputs to this calculation are technology readiness level (TRL), state of readiness, mass flow rate
per well, average net thermal energy sales, average net energy sales, and number of production wells.
The average net thermal energy sales are not used in the DAC sheet’s calculations but is there for a

visual comparison for the residual heat and could be further incorporated into the model in future work.

Due to the complexity of the model calculations, the assumptions are stated within the calculation
steps.

Calculation Steps

STEP 1) Estimated Capital and Operating Costs for S-DAC: In Step 1, all DAC facility components’
operating expenditures (OPEX) and capital expenditures (CAPEX) are listed in a table based on best
and worst case scenarios for the market from literature (Nat.Acad. of Sci, Eng., and Med, 2019). Based
on the current understanding of the DAC market, these annual costs per metric ton of CO, represent
lower than normal estimations, which is acknowledged by the literature authors as well. The best, low
and middle cost ranges are likely too optimistic; this model accounts for some of this in Step 3.

STEP 2) Unit Conversion: Step 2 converts the previous table’s CAPEX costs from a 30-year facility
lifespan (assumed in the literature) to a 25-year facility lifespan to match GEOMAP’s lifespan estimation
(Fasihi et al., 2019; Nat.Acad. of Sci, Eng., and Med, 2019; Opportunity: BIL - Rare Earth Element
Demonstration Facility, 2022; TechnoEconomic Sensitivity Tool [TEST]). The OPEX costs remain the
same as these would not be highly impacted by the facility’s lifespan.

STEP 3) Interpolation: In Step 3, a linear relationship is assumed between individual market rankings to
expand the 2 (low) to 5 (worst) scale to a 1 (worst) to 9 (best) TRL (Technology of Market). This
assumes that a higher TRL will result in better market values as the technology and engineering
development with be more efficiently scaled for commercial operations. The market ranking starts at 2
(low) instead of 1 (best) to account for some of the optimistic cost range. However, this likely still
provides an ideal case and is more representative of DOE’s goal of achieving $100/tCO; in the future
instead of a more realistic scenario (DOE, 2023).

The main OPEX that will be impacted by the residual geothermal energy is the steam OPEX. Steam is
the main component of the DAC facility that is used to desorb CO; from the solid sorbent. Because of
this, the CAPEX and OPEX are summed excluding and including the steam OPEX. The two different
total costs are used later in Step 5, to calculate the cost of DAC that utilizes the residual heat and
electricity for desorption.

STEP 4) Energy Requirements: Step 4 calculates the amount of energy required to release captured
CO; from the solid sorbent. The model assumes that all captured CO: is released from the sorbent and
that the steam OPEX is solely from the heating of the steam (as described in Step 1 of the DAC
calculations). The desorption heat range is provided on a scale of 1 (lowest energy) to 4 (highest
energy) with corresponding energy requirements of 1.85 GJ/tCO; to 1.3 GJ/tCO, (Nat.Acad. of Sci,
Eng., and Med, 2019). This is again assumed linear between the points and it is translated to the TRL
scale.
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STEP 5) Residual Energy Calculations: Step 5 calculates the amount of energy that the geothermal
brine provides to the DAC facility based on literature values, correction factors by subject matter
experts, and GEOMAP. It is assumed that:

e The average brine temperature is 160°C.
e The outlet temperature of water from DAC facility is 40°C.

e The mass flow rate of the geothermal production well is the same as the mass flow rate into the
DAC facility.

e The inlet temperature of water out of the geothermal power plant is the same inlet temperature of the
fluid to the DAC facility.

e A total of 50% of the energy from the brine is lost to the surroundings during brine transfer from the
power plant to the geothermal facility and during heat transfer.

Given the broad scope of these assumptions, there is a lot of room for future work which is discussed
further in Chapter 4. The specific heat of brine and outlet temperature of the geothermal brine from the
power plant are provided from literature. The outlet temperature is specifically from a case study of a
western average sized geothermal power plant in the US (Zarriuk et al, 2014). These values are used
with a standard heat transfer equation to calculate the energy per year (Equation 2).

Equation 2:
Q =mxXxcXAT

where Q is the heat in kilojoules per second (KJ/s), m is the mass flow rate in kilograms per second
(kgls), c is the specific heat of brine (kJ/kg/K), delta T is the temperature difference in Kelvin (K)
between the inlet and outlet temperatures of the geothermal brine from the DAC facility.

The heat flow rate is then converted to GJ/yr and multiplied by 50% to be consistent with units in Step 6
and to account for heat loss in the heat transfer process, respectively.

STEP 6) Remaining Heat Requirements: In Step 6, the total amount of CO; captured per year is
calculated for all nine TRL levels by using the electricity generated by the geothermal power plant as
the limiting factor. The main inputs into this step are:

e The Thermal Energy per year: This is the heat flow rate of the geothermal brine calculated in the
previous step (Step 5).

e Average Net Energy Sales per year: This value is calculated from GEOMAP and is input by the
user in the Input sheet. The energy sale is also scaled to account for 25 years of sales and not 30
years. It was then converted from megawatts of electricity (Mwe) per year to gigajoules (GJ) per
year by assuming annual 8,000 hours operations to get from MWe to MWh and then converting
1MWh to 3.5 GJ.

First the thermal energy per year is divided by the energy requirement of desorption heat per ton of
CO, that was calculated in Step 4. This gives the tCO. that can be captured using the thermal energy
for desorption heating. However, since this is just thermal energy that is used for desorption, the next
step calculates the amount of energy it would take the DAC system to process this amount of desorbed
CO.. Thus, this amount of CO» is multiplied by the energy requirements for air contactor fans and
desorption fans to find the remaining energy needed. The next step subtracts the average net energy
sales per year by the energy needed for air contractor and desorption fans to find the remaining energy
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available. The remaining energy available is the limiting factor of this model. The remaining energy
available is then divided by the total energy requirements for each TRL level to calculate the additional
tCO- that can be captured by the DAC facility.

The total tCO, sums the tCO; captured with remaining energy and tCO- captured from thermal energy if
the remaining energy available is above zero gigajoules electricity (GJe). Otherwise, the total tCO»
captured is the average net energy sales divided by the total energy requirements for the DAC system.

Lastly, for each TRL if the remaining energy available is above 0 GJe, the annual cost of the facility is
calculated by multiplying the tCO; from thermal energy used for desorption heating by the total cost of
the DAC facility without steam. This is summed with the product of the tCO; captured with remaining
energy and the total cost of the DAC facility per tCO with steam that was calculated in Step 3.
Otherwise, the annual cost of the facility is just the product of the tCO- captured with remaining energy
and the total cost of the DAC facility per tCO, with steam that was calculated in Step 3.

Results: The annual tCO- captured, annual cost of facility, and cost per tCO; are shown in the results
section and are all output to the Overall Costs sheet. The Annual tCO, Captured is also sent to the
Transportation and Storage sheets.

3.4.1 Model Recommendations

For future iterations of this model, or if additional models are constructed, liquid sorbents and process
heat losses should be considered. The liquid sorbent calculation would follow a similar method as the
solid sorbent method but likely would need much higher heating requirements. This may result in much
higher energy costs that may or may not be attainable with a geothermal power facility. Accounting for
heat loss in the process would likely entail the losses during transportation of the geothermal source
from the power plant or reservoir to the DAC facility. Additional inefficiencies within the DAC facility
could be considered by taking into account variables like sorbent material, surface air, and local
climate.

The residual heat (Step 5) calculation also would be an excellent candidate for future work. The
efficiency of power plants is highly dependent on factors such as power plant type, for example single
flash, double flash, and binary plants. Thus, a range of efficiencies or a more accurate efficiency could
be provided for models.

3.5 Transportation

3.5.1 Transportation Calculations

The transportation cost calculations start with four inputs: type of CO; transportation, storage distance
from capture (km), state of readiness, and annual tCO, captured.

Calculation Steps

STEP 1a) Cost Based on Type and Year: Five types of transportation were considered for this model:
pipeline on and off shore, truck, rail, and barge. A table based on literature values provided ranges of
costs for each transportation type that was published in Fasihi et al. (2019). These costs were adjusted
for inflation to 2024 values based off the citation years within Fasihi et al. (2019). The costs are also
originally in euros, so the average exchange rate from the citation year is used to convert the costs to
dollars. The costs per tCO; are then divided by the corresponding distances given in the table to get the
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units as $/tCO- per km. The minimum and maximum costs for each transportation type are identified to
be used in the model.

STEP 1b) Transportation Cost Summary: Step 1b summarizes the calculations from Step 1a for each
transportation type.

STEP 2) Cost Based Distance: In Step 2, the 2024 cost range is multiplied by the distance traveled to
give a cost range in $/tCO.. The state of readiness is applied.

STEP 3) Annual Costs: In Step 3, the cost ranges calculated in Step 2 are multiplied by the amount of
COs, that is captured to yield the overall costs per year.

Results: The annual minimum, maximum and with state of readiness transportation costs are in the
Results section. These all are output to the Overall Costs sheet.

3.5.2 Assumptions

If the user inputs unknown or other for the type of captured CO; transportation, an onshore pipeline is
assumed because of their associated safety precautions and regulations (Fasihi et al., 2019; Stolaroff
et al., 2021). If the user inputs unknown for the storage distance from capture, 25 km is used as a
default.

3.5.3 Model Recommendations

In the future, regional and terrain specific considerations such as elevation gain, gas pricing, and
established infrastructure would be beneficial to provide a more accurate cost estimate. For example, if
pipelines already exist, the initial upfront cost would be reduced. Also, future work should consider
specific cost breakdowns that show how factors like compressing CO; for transportation impact the
costs.

3.6 Geological Storage

The geological storage calculations start with two inputs: state of readiness and annual tCO, captured.

3.6.1 Storage Calculations

STEP 1) Injection, Monitoring, and Verification Costs: In Step 1 on the Storage Costs sheet, injection,
monitoring, and verification costs were gathered from the Global CCS Institute (2021) and adjusted for
inflation to 2024 prices (Opportunity: BIL - Rare Earth Element Demonstration Facility, 2022). The cost
of injection per tonnes of COzincludes drilling wells, reservoir characterization, and injection operations.

STEP 2) Unit Conversion: The annual amount of CO, captured is multiplied by the total costs
calculated in Step 1 to determine the annual costs. The minimum, maximum, and the state of readiness
costs are separately summed for the total cost range.

Results: The minimum, maximum and state of readiness annual storage costs are output to the Overall
Costs sheet.

3.6.2 Assumptions

For the geological storage calculations, it is assumed that the geological storage is not the limiting
factor of this model. Instead, the geothermal source and DAC facility would limit the CO; capture
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capacity. Also, it is assumed that all the CO, captured by the DAC facility is successfully transported
and sequestered with no losses.
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4.0 Uncertainties and Recommendations for Future Work

This section details the uncertainties remaining for these systems, including geological and
technological uncertainties, and may include regulatory, cost, and operational uncertainties.
Recommendations for future work will also be provided to continue de-risking these systems and
optimizing the selection of locations for geothermally powered DAC + storage.

4.1 Uncertainties in geothermal energy development

The vast majority of existing geothermal power in the United States comes from hydrothermal
developments. However, the bulk of likely geothermal development between now and 2050 is expected
to utilize EGS or closed-loop technologies. While significant advancements in drilling techniques, well
stimulation, and fluid and heat flow modeling have moved these technologies into active development,
the long-term performance of these play styles is still unknown. Additionally, there are non-technical
issues, such as the state-by-state patchwork of regulatory standards, community and environmental
justice issues (particularly around water usage in arid western states), and public acceptance that may
hamper permitting and project development, potentially resulting in significant delays to bringing new
capacity online.

4.2 Uncertainties in carbon storage development

The fundamentals of carbon storage, both in saline aquifers and in depleted petroleum reservoirs, is
relatively well understood. Projects around the globe have successfully injected and contained CO. in
both play styles and the progression of permitting, appraisal, and development is accelerating across
the country. However, basalt formations have received considerably less study and there is significant
uncertainty as to their accept and store significant quantities of CO, over the long term. Continued
appraisal is needed to drive development in all play styles, but significantly more study is needed to
derisk the potential for basalt storage in terrains where these may be the only available storage
targets.

Many carbon storage projects deal with uncertainty as to permitting and development timelines, as a
result community acceptance, particularly when it comes to siting surface facilities and construction of
CO, transmission pipelines. Community and environmental justice are critical aspects of ethical and
effective carbon storage development, and continued focus on public education, outreach, and
community engagement will be critical to reducing project risk and uncertainty over the coming years.

4.3 Uncertainties in DAC development

It is still unclear whether solid sorbent systems or liquid sorbent systems will ultimately be the most
efficient, and each may have applications depending on the available power source. Solid sorbent
systems have lower energy input than liquid systems but have more complex technology requirements
when releasing the captured CO, from their sorbent (e.g. mobile units to create vacuums and change
temperatures to release CO, from sorbent). The type of system can be further broken down into factors
such as alkali vs amine-based solvents or sorbent type. These can all impact what technology will scale
the best. Economic sustainability is also a concern for DAC technologies, as operational costs are likely
to vary significantly between technologies over their operations lifespans. There is also uncertainty in
the volume and stability of carbon credit markets, with prices and customer volumes likely dependent
on a number of factors that may vary results in significant volatility over time.
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4.4 Uncertainties in GDACS development

Given that each element of the GDACS process carries its own unigue uncertainties, and since all
elements of a GDACS project must be successful for the project to succeed, it is clear that GDACS
projects will carry significant uncertainty and significant risk. These uncertainties can likely be reduced
by carefully siting geothermal and storage facilities within well-established plays and using DAC
technologies that are operationally simple. Risk may also be reduced by coupling GDACS projects with
geothermal and carbon storage developments that have other clients, thereby spreading operational
and economic risk among multiple parties.

4.5. Uncertainties in the GDACS Cost and Capacity Model

4.5.1 Global model uncertainties

The Project InnerSpace GeoMap™ was developed by an organization outside of USEA and Battelle
and is not associated with this study

Due to the Cost and Capacity Model relying on data input from the GeoMap™ tool, there is a level of
uncertainty associated with the data. Neither Battelle nor USEA had any influence or input on Project
InnerSpace’s processes to develop the tool, which may lead to discrepancies, such as data collection
processes, analysis assumptions, and optimization factors. This tool is also directed towards enhanced
geothermal systems, so production and economic values that are derived from the tool may not be
reliable where the primary play style is not EGS. Additionally, the GeoMap™ tool provides high-level,
regional or fairway-scale analysis. Values derived from the tool such as geothermal gradient, drilling
depth, and flow rates may overrepresent or underrepresent the true values achievable at any given
location, and, as such, should be treated as a guide rather than a ground truth. The current known
assumptions are available in GeoMap™ user guides at the following website: GeoMap™ Beta | Project

InnerSpace

State of Readiness Scale

The state of readiness is a user defined input that allows the model to narrow ranges of costs based on
a 5-point scale (1 being the best and 5 being the worst). The 5-point scale is based on literature values
that use 5-point ranking systems (Nat.Acad. of Sci, Eng., and Med, 2019; Kuru et al, 2023). This scale

was developed for the model to account for different situations that would impact the cost and capacity
of the geothermally powered DAC facility such as established infrastructure and knowledge base._

4.5.2. DAC model uncertainties

Model estimated capital and operating costs appear low (Step 1).

The DAC model estimated capital and operating costs appear to be too low (Step 1). Literature values
estimate the range of annual costs for the solid DAC systems from $18.03 to $1,075.50 per Mt of CO..
These costs depend on factors such as TRL and the state of the economy. The lower end of the cost
range would likely have a TRL of 9 and the facility would operate likely in an idealized economy.
However, the U.S. DOE’s stated goal of is to reach $100 per tCO2 (DOE Invests More Than $130
Million to Lower Nation’s Carbon Pollution, 2023). Thus, the model was adjusted to count a TRL of 9 as
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a cost level of 2, which assumes the lowest cost is $102.37 per tCO2. This cost estimate is still
optimistic and represents a stretch goal with new or developing technology. There is still significant
uncertainty around DAC capital and operating costs at scale, especially those associated with higher
TRLs.

Model scales cost and energy demands to TRL and assumes linear relationships between
levels (Steps 3 and 4).

Our model assumes that better technology (a higher TRL) will result in better market values and energy
efficiencies. This assumption directly impacts Step 3 with CAPEX and OPEX costs and Step 4 with
heat and energy requirements. A linear relationship was assumed for cost and energy levels. The linear
relationship allows for a smooth translation from a cost scale of 1 to 5 and an energy scale of 1 to 4 to
the TRL scale of 1 to 9. Thus, there is some uncertainty about the accuracy of the TRL'’s relationship
with cost and energy.

Residual energy calculation and power plant variability (Step 4).

The residual energy calculation uses a standard heat transfer equation. The specific heat of brine and
inlet temperature from DAC are literature values. It is assumed that the inlet temperature at the DAC
facility is identical to the outlet temperature of the geothermal power plant. This does not account for
heat loss between the Geothermal Power plant and the DAC facility. The literature values are also
derived from a single paper (Zarrouk et al, 2014). This paper provides a list of case studies on different
plants, with values selected from a typical geothermal power plant in the western region of the US. In
reality, power plant outputs differ greatly depending on factors such as the type of power plant,
utilization of waste heat, and facility efficiency. Also, the specific heat of brine is highly dependent on
brine composition, which can vary widely from location to location.

Additionally, the mass flow rate of the brine from the geothermal power plant to the DAC facility is
assumed to be the mass flow rate of the well. In actuality, this will also depend on the equipment (e.qg.
pipe dimensions, pumps, flow lengths) in both the DAC facility and geothermal power plant. To account
for heat loss through the heat transfer process from the DAC facility to the geothermal facility a board
assumption of 50% energy loss was used. However, this is also dependent on many factors such as
heat transfer equipment (size, efficiency, type). Thus, there is much uncertainty in this part of the
model.

Limiting Factor in CO2 capture (Step 5).

This model assumes all the electrical power generated by the geothermal power plant directly feeds
into the DAC facility. The model uses the generated electrical power and associated geothermal heat
as the limiting factors for the amount of CO; that can be captured. There are likely other factors that
could limit the amount of CO, captured at specific sites, such as cooling of geothermal resources and
the injection rate or storage capacity of associated carbon sequestration targets.

Operation of Facilities (Step 5).

The model assumes that both the geothermal power plant and DAC facility operate for 8,000 hours per
year (approximately 333 days per year or 91% uptime). This assumption is based on a rare earth
element demonstration facility from the DOE (Opportunity: BIL - Rare Earth Element Demonstration
Facility) and may differ from actual geothermal power plant and DAC facility uptimes. Also, the
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geothermal power plant and DAC facility may differ in operational hours from each other. Furthermore,
the model does not account for the geothermal resource cooling over time, which may reduce
operational uptime in the later years of the project.

Geothermal Source

Geothermal sources typically cool over time. The sources have a lifespan that may not meet the power
plant or DAC facility production requirements. In turn, the facilities may have to draw on multiple
geothermal sources or decrease the scale of operation. While geothermal power decline curves are
accounted for in the GeoMap™ TechnoEconomic Sensitivity Tool that the model relies on, these
variables are not considered directly in the model and can be highly variable depending on both the
geothermal energy source and facility design, which introduces uncertainty in the cost and capacity
estimations.

4.5.3 Transportation model uncertainties

Cost Ranges

Cost estimates for transportation were taken from literature and were from three different years and
listed in euros. The average exchange rate of each source’s year was used to convert the units from
euros to U.S. dollars and then an average inflation rate of 3% was assumed. A cost range was used for
pipeline onshore, pipeline offshore, and barge costs. However, transportation via truck and rail each
had a single cost listed in the literature, thus no range was available. These assumptions all contribute
to uncertainty in the transportation cost calculation.

Transportation and storage energy

Energy used for transportation is not addressed in the model. In most cases, energy would be used to
compress CO; to the liquid state for transportation via trucks, barges, and rail, and to a supercritical
state for transportation via pipeline. This energy would likely come from the electrical output of the
geothermal power plant, reducing the energy available for DAC. Additional energy may also be required
from the power plant in the case of pipeline transportation in order to account for energy use of the
pipeline itself. In areas where the geothermal power plant and storage facility are either co-located or
proximal to each other, additional power may be used to power the storage facility, again reducing the
energy available for DAC.

4.5.4 Storage model uncertainties

Combined Costs

The storage cost calculation uses two cost ranges from literature: one for injection costs and one for
monitoring and verification costs. The injection cost range includes drilling reservoir characterization
wells, injection wells, and injection operations. However, these costs can be highly variable depending
on factors such as reservoir depth, site exploration and characterization costs, availability of
infrastructure, number of storage wells required, and storage formation injectivity and capacity.
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4.6 Recommendations for Future Models:
4.6.1. Global Recommendations

Expand inclusion of literature, case studies, and FEED studies.

Our cost and capacity model is primarily based on available public literature. Some of the key aspects
of geothermal, DAC, and carbon storage systems are still in the early phases of study, so at the time of
writing, many of the relevant variables are represented by few sources and large error bars. As such,
some estimations and calculations are based on a single paper or study. Future researchers may be
able to draw upon a broader pool of papers, industry data, and front-end engineering and design
(FEED) studies to increase the reliability, accuracy, and precision of the model.

Utilize additional software.

This model draws upon the Project InnerSpace GeoMap™ tool for variables associated with
geothermal energy production. The model could be easily adapted to receive inputs from other tools or
software that specialize in specific components of the model. To assess pipeline transportation
distances associated with our example prospects, SImCCS, a pipeline modeling software that was
developed by Los Alamos National Laboratory that takes into account factors such as land use
restrictions and environmental and social justice components to determine optimal pipeline routes
between GDAC facilities and storage locations, was employed. However, cost from SimCCS was not
incorporated into the model. Future iterations of the model should integrate SimCCS outputs into the
transportation section of the model. Another tool that could be beneficial for assessing CO»
transportation costs is the DOE National Energy Technology Lab (NETL) CO; Transport Cost Model
(DOE/NETL-2014/1667). This tool utilizes factors such as pipeline elevation change and length to
provide the user with cost estimates and pipeline details such as number of booster pumps and pipeline
diameter, which may allow future models to include both the costs and power needs of the
transportation portion of the system. Inputs from tools such as the NETL CO,-SCREEN tool can
provide estimates of CO; storage volumes and footprints for targeted storage locations.

Breakdown of costs.

The overall costs of geothermal, DAC, and injection systems are handled at a relatively high level in
this model. There is room for future models to be more granular in their assessment of operating and
maintenance costs. The annualized costs currently can provide additional insight into the general areas
(DAC, geothermal, transportation) in need of further cost reduction or improved efficiencies. However,
these areas could be further refined into sections such as solid sorbent or liquid solvent costs of DAC
facilities or cost of fuel for trucks or cost of heat exchangers for the geothermal power plant. This would
provide the user with transparency in terms of the costs and supply potential areas for optimization
efforts.

4.6.2. Geothermal Power Model Recommendations

Include detailed estimates of cost and power output for hydrothermal systems, advanced
geothermal systems, and sedimentary geothermal systems.

The GeoMap™ tool is aimed primarily at showcasing the broad application of enhanced geothermal
systems around the world. Because of the limited scope of this study and the likely prevalence of
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enhanced geothermal development over the coming decades, GeoMap’s power outputs and cost
estimates were leveraged in this model. Future models should build in flexibility when it comes to the
style of geothermal development being utilized for power, as hydrothermal systems, AGS, and
sedimentary geothermal all have potential to be included in GDACS developments and have
substantial differences in power production profiles and development and operational costs.

Include estimates of subsurface geothermal development footprint

The GeoMap™ tool provides estimates of the geothermal power capacity of developments across
geographic and geological regions, and provides an estimate of the surface footprint necessary for
geothermal development. However, it does not provide an estimate of the subsurface footprint of those
developments. Future models could incorporate estimates of stimulated or exploited reservoir volume
on a per-well basis to provide model users with an approximate footprint for their geothermal
development.

4.6.3. DAC Model Recommendations
Capital and Operating Costs (Step 1).

We recommend that future efforts utilize additional literature, software, and more granular cost
breakdowns as mentioned in Section 4.5.1. However, if a specific cost breakdown is not possible,
specific costs could be divided by overall costs to calculate a ratio. This ratio could be applied to overall
costs found in literature to estimate a more comprehensive list of expenses. For example, the vacuum
pump CAPEX could be divided by the overall total costs of the DAC facility to see what ratio of the total
cost the vacuum pump consumes. This ratio could be used to estimate the vacuum pump CAPEX of a
DAC facility that only has a total cost available, not a breakdown of the CAPEX and OPEX numbers.

Residual energy calculation and power plant variability (Step 4).

Adding a section of the model dedicated to residual energy availability and power plant variability is
recommended. Tools should be utilized for heat transfer in power plants, break down calculations
based on power plant types, efficiency, size and capacity of the power plant, equipment, and length of
transportation of the geothermal brine. Calculations of specific heat based on brine density or
composition should be included. Mass flow rates should be based on known or expected waste stream
outputs of geothermal power plants and not on the mass flow rate of the geothermal wells.

Limiting factors.

Consider other limiting factors besides generated electrical power and the geothermal heat:

o The geothermal source could be directly used by the DAC facility for heat exchange and an
external energy source could be used.

o The residual heat from the geothermal power plant could capture CO: and the remaining energy
sold commercially.

In this broad, regional and fairway-scale study, it was assumed that the GDACS facility had access to
storage volumes that are greater than the output of the DAC facility. Future models could consider the
storage capacity or maximum injection rate of the CO, storage facility as a limiting factor. This may
impact the amount of CO- that can be captured or that is economically viable.

Battelle | September 2024 42



4.0 Uncertainties and Recommendations for Future Work

Consider additional DAC technologies.

The current model only evaluates solid sorbent DAC technology, as these technologies tend to require
the lowest temperatures. Future models could be expanded to evaluate the capabilities of DAC facilities
utilizing liquid sorbent technologies.

Include broader market and economic analysis.

This model only evaluates the cost of constructing and operating GDACS facilities at a relatively high
level. Future models could expand on this analysis, providing more granular cost estimates for each
part of the process. Future models could also include economic analysis that takes into account tax
credits, such as 45Q as well, as options for selling carbon credits on the voluntary market.

4.6.4. Transportation Model Recommendations

Include pipeline energy and equipment requirements to inform cost and impact on DAC facility
output.

Future models should incorporate pipeline size, energy requirements, and detailed costs for CO;
transportation from the DAC facility to the storage facility, based on estimated distance, estimated CO-
volume, and predicted pipeline equipment specifications. This will add significant resolution both to the
cost model and to the capacity of the total system to capture CO,, as noted above.

4.6.5. Storage Model Recommendations

Include storage volume estimation (MT/km?) as input in model to provide plume diameter
estimate.

Understanding the subsurface footprint of a planned carbon storage development is a key factor in
siting the facility correctly, planning appropriate appraisal, injection, and monitoring well drilling, and
informing the plume monitoring strategy. Future models could address carbon storage footprints in at
least two different ways:

1. Building in a set of basic volumetric calculations that allow users to enter values from their reservoir
analysis and output simple results for storage volume per square kilometer and approximate CO»
plume diameter. This would be quick and simple, but would carry relatively high uncertainty.

2. Building in results from a tool such as the NETL’s CO,-SCREEN as mentioned above, which would
provide a significantly higher resolution understanding of plume diameter, but likely also requires a
relatively high level of information about the targeted storage system.

Build in variable cost for carbon storage characterization and development wells and
monitoring and verification systems.

A key driver for the economics of carbon storage developments is the upfront cost of appraisal,
injection, and monitoring wells and other elements of the monitoring and verification system. These
costs are directly related to the style of carbon storage play being targeted (saline storage versus
depleted reservoir storage versus basalt storage), the depth of the storage target, reservoir quality, the
estimated radius of the CO; plume, and a number of other factors. The model assumes that storage
costs scale directly with annual injected volumes, but this is likely not the case for every development.
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Future models should build in variables that can account for these costs to provide a clearer picture of
the CAPEX and OPEX profiles for the storage component of the GDACS system.
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