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14 Abstract
15 Limiting global temperature rise to between 1.5 and 2°C will likely require widespread
16 deployment of carbon dioxide removal (CDR) technologies for sectors with hard-to-abate
17 . . . N ) ;
18 emissions. As financial resources for decarbonization are finite, strategic deployment of CDR
19 technologies is essential for maximizing atmospheric CO> reductions. Carbon capture and
20 sequestration (CCS), using either direct air capture (DACCS) or bioenergy (BECCS)
21 technologies has a particular synergy with geothermal energy generation. This is because it can
gg leverage expensive geothermal infrastructure for dissolved CO, storage in subsurface
24 reservoirs.
25 Here, we argue that the use of existing well apparatuses and a lack of offsite CO> transportation
26 Co i -
27 costs substantially improves the economic feasibility of geothermal-based CDR schemes over
28 traditional approaches. We further argue that revenues from net-negative CO2 emissions and
29 increased power production should be used to lower the net costs of decarbonization activities.
22 To test these ideas, we compared the techno-economic performance of geothermal-BECCS and
32 geothermal-DACCS plant designs against conventional geothermal operations. We did this
33 using a systems model that quantifies energy, carbon and financial flows through those designs.
gg At a CO. market price of $100/tonne, geothermal-BECCS was more cost effective at electricity
36 generation ($69/MWh) than geothermal-DACCS ($143/MWh) and traditional geothermal
37 ($81/MWh). New geothermal-BECCS plants also achieved the lowest costs of emissions
38 abatement, $145/tCO, which includes both carbon removal and the displacement of fossil-fuel
ig generation. Abatement costs are even lower, $41/tCO,, for BECCS retrofit of existing
a1 geothermal plants due to pre-existing infrastructure (wells, steam field, plant).
jé Although geothermal-DACCS removes CO; at high rates, its high parasitic load increases the
a4 overall decarbonization cost ($197/tCO2). In contrast, when biomass hybridization is
45 considered, geothermal-BECCS produced 20% more electricity than the benchmark
46 geothermal plant. We conclude that this increase in electricity production makes geothermal-
jg BECCS the more cost-effective geothermal-based CDR configuration.
49
50 :
51 1. Introduction
52
53 There is a timely need for specialized and cost-effective decarbonisation solutions. The sixth
54 annual report (AR6) from the Intergovernmental Panel on Climate Change (IPCC) states with
gg high confidence that limiting global warming to 1.5-2°C will require net-zero CO2 emissions
57 by 2050 (IPCC, 2023). Even if 100% renewable electrification is achieved, hard-to-abate
58 emissions from agriculture, aviation, shipping and industrial processes would still pose
28 challenges for global climate targets. Therefore, the IPCC highlight deployment of carbon
61
62
63
64
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dioxide removal (CDR) technologies as critical to counterbalance these emissions (IPCC,
2023).

Geothermal energy is a mature, low-carbon source of baseload electricity that relies on hot
fluid extracted from deep wells (Vargas et al., 2022). Traditionally, geogenic CO2 emissions
brought up with the hot fluid have been vented to atmosphere. However, recent advances in
emissions capture and reinjection present new opportunities for geothermal wells to also
perform a carbon sequestration function. When this CO2 comes from the atmosphere, the result
is geothermal-enabled carbon dioxide removal (CDR).

Geothermal energy has been combined with direct air carbon capture and storage (DACCS) at
demonstration scale (Ratouis et al., 2022). Leveraging similar technology, Titus et al. (2023)
propose that geothermal energy could also be combined with bioenergy-based carbon capture
and storage (BECCYS). In addition to carrying out atmospheric CDR, such a scheme would also
increase renewable electricity production above a standard geothermal baseline.

Both BECCS and DACCS are important technologies in climate mitigation pathways that limit
global temperature increase to 2°C (Fasihi et al., 2019; Gough et al., 2018). The extent of their
synergy and financial viability with geothermal energy is currently unknown and should be
robustly explored. We introduce a new configuration of geothermal-BECCS and compare its
performance to a benchmark geothermal power plant and a geothermal-DACCS power plant
for high-temperature geothermal reservoir. This research is novel because it is the first techno-
economic comparison of geothermal-based CDR configurations with conventional geothermal
plants. Furthermore, we quantify the effect and implications of intrinsic geogenic emissions
and feedstock transportation distance on geothermal-based CDR activities.

Through the methodology of this study, we delineate the market conditions for which
geothermal-based CDR systems is more cost-effective than conventional geothermal plants.
We estimate the initial investment cost for geothermal-CDR to reach 1 MtCO2/year of net
negative emissions, thereby contributing to the wider conversation of decarbonisation tools and
advances in geothermal energy. Our approach can be applied on a case-by-case basis for new
geothermal-CDR developments to estimate their decarbonisation potential.

1.1. Geogenic CO; capture in geothermal systems

Geothermal power plants emit CO> at worldwide average rates of 122 gCO./kWh (Bayer et al.,
2013; Bertani & Thain, 2002). This COz is geogenic in nature, originating from deep magmatic
intrusions — hence, sometimes referred to as magmatic emissions — and brought to the surface
by the geothermal fluid (Kaya & Zarrouk, 2017). Although these emission intensities are lower
than natural gas (~400 gCO2/kWh) and coal generation (~1000 gCO>/kWh), a global trend of
geogenic COz reinjection is emerging (Kaya & Zarrouk, 2017; Ratouis et al., 2022).

The practice of in-line dissolution of geogenic CO- into geothermal reinjection wells was
pioneered during the Carbfix project in 2012 at the Hellisheidi geothermal power plant in
Iceland (Sigfusson et al., 2015). The goal was to capture CO, and H»S that would otherwise be
vented to atmosphere from the plant’s cooling system (Gunnarsson et al., 2018). Unlike
traditional carbon capture & storage (CCS) operations that inject a buoyant pure CO> phase
directly into subterranean formations, in-line dissolution dissolves the CO> into a dense brine
prior to its injection. This is achieved using an interior pipe, bubbler and brine hydrostatic
column within the reinjection well. Total storable CO: is thus limited by its solubility in brine,
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which is sensitive to pressure and, to a lesser extent, temperature and salinity (Duan & Sun,
2003).

Conventional CCS operations often require new transport and injection infrastructure, which
can increase capital expenditure (CAPEX) by 45-130% and operational expenditure (OPEX)
by 4-58% over a conventional fossil fuel plant (Gough et al., 2018). At Carbfix, in-line
dissolution proved more economical than conventional CCS because reinjection wells were
already available, CO. didn't need offsite transportation, and subcritical (as opposed to
supercritical) compression reduced the parasitic load (Gunnarsson et al., 2018).

Although sequestration potential is capped by solubility, a key advantage of dissolving COz is
avoiding buoyancy-driven leakage risks (Kervévan et al., 2017). Carbonated brine is slightly
denser than an equivalent non-carbonated fluid (Garcia, 2001) and is hence likely to sink
towards the bottom of the reservoir. Further, CO> is more likely to stay dissolved if reservoir
pressure is maintained (Kaya & Zarrouk, 2017), which is promoted under the standard reservoir
management practice of reinjection of produced fluids. Finally, with favourable geology,
subsurface chemical rock reactions can allow reinjected CO> to mineralise, a nigh permanent
form of storage (Marieni et al., 2018; Sigfusson et al., 2015). At Carbfix, chemical tracer testing
showed that 98% of the reinjected geogenic CO2 mineralised within two years.

With in-line dissolution to sequester geogenic CO2, geothermal resources can provide carbon-
neutral energy. However, geothermal energy can also be paired with direct or biogenic CO>
capture methods, which enables a carbon-negative energy cycle.

1.2. Geothermal with direct air carbon capture and sequestration

In 2019, global net annual anthropogenic greenhouse gas emissions reached 59+6.6 GtCO-
(IPCC, 2023). To reach net zero by 2050, this could require CO2 emissions cuts by ~ 4% each
year (Lawrence et al., 2018). Direct air carbon capture and sequestration (DACCS) is one
method to offset non-point source emissions at scale and aid in the global net zero effort.

For DACCS to reach a scale of 10 GtCOaz/year by 2050 (~17% of 2019 emissions), Breyer et
al. (2019) have suggested that investments in the range €32-42 billion (~$34-45 billion) are
required. This is on par with investments in solar-PV between 1996 and 2005.

DACCS can be deployed in two ways: (1) as a high-temperature (HT) aqueous solution-based
process or (2) a low-temperature (LT) solid sorbent-based process. Both require electricity and
heat as inputs. For example, HT-DACCS requires temperatures of about 900°C, which can be
obtained from burning fossil fuels or syngas (Sabatino et al., 2021). In contrast, LT-DACCS
requires temperatures of about 100°C for emissions capture, which can be obtained from
separated geothermal brine (Breyer et al., 2019). Coupled with in-line dissolution for
permanent disposal, geothermal-DACCS is a technically feasible CDR operation (see Figure
1A for a process schematic of geothermal-DACCS).

At the Carbfix 2 project, a pilot-scale geothermal-DACCS plant was installed in 2017. The
plant captured 50 tCOaz/year for storage through in-line dissolution (Gutknecht et al., 2018;
Ratouis et al., 2022). The separation process requires a substantial amount of heat (5.4-11.9
MJin/kgCO2) and electricity (1.8-2.6 MJe/kgCO3), both of which conventional geothermal
power plants can provide (Fasihi et al., 2019; Sabatino et al., 2021). Separated brine at 120°C
was sufficient to provide the heating load at the Carbfix 2 pilot (Gutknecht et al., 2018).

The electricity required to separate and compress CO> from atmospheric air is deducted from
the electricity produced by the geothermal system. Thus, the economic feasibility of
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geothermal-DACCS is dependent on installation costs, the price of electricity and revenue from
selling CO: offsets.

1.3. Geothermal with bioenergy & carbon capture and sequestration

Bioenergy with carbon capture and storage (BECCS) can be used to remove CO2 from the
atmosphere. Because biomass absorbs CO. directly from the atmosphere during its life cycle,
combining bioenergy with CCS results in a net carbon-negative process (Gough et al., 2018).

The main advantage of BECCS is the coproduction of renewable electricity with CDR. The
global potential for bioenergy is estimated to be 50-300 EJ/year and the potential for biogenic
CDR is 2-10 GtCOq/year by 2050 (Gough et al., 2018). This dual-decarbonisation effect is
unique among other CDR technologies and BECCS was cited as a resilient power system by
the IPCC (IPCC, 2023). However, for BECCS to be an effective decarbonisation tool, the net
CDR of the cycle must factor in supply chain emissions, land-use emissions and storage-related
losses (Gough et al., 2018).

In-line dissolution could theoretically be used to permanently dispose of biogenic CO;
emissions captured from geothermal-biomass hybrids (Titus et al., 2023). Unlike direct capture,
BECCS has the potential to increase renewable electricity production from a geothermal power
plant. Therefore, it is valuable to investigate geothermal-BECCS as a means to feasibly
increase electricity generation from geothermal resources
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Figure 1: Process schematic of (A) geothermal-DACCS and (B) geothermal-BECCS.
For (A): geothermal fluid is produced and flashed for electricity in the power plant. A
percentage of that electricity, and heat from the separated brine, is used to separate
CO:2 from the atmosphere in a direct air capture unit. The CO: is dissolved in the brine
within the reinjection column and sequestered in the geothermal reservoir. For (B):
geothermal fluid heat is augmented by combustion of biomass for electricity production.
The resultant biogenic CO: is dissolved in the brine within the reinjection

Geothermal-biomass hybridisation already exists for flash (Dal Porto et al., 2016) and binary
plants (Toselli et al., 2019) to enhance renewable electricity production. Titus et al. (2023)
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suggested that biogenic CO, from geothermal-biomass hybrids could be sequestered through
in-line dissolution to create a negative emissions cycle with increased renewable power (Fig.
1B).

To avoid the accumulation of nitrogen gas caps in the reinjection zone, biogenic CO2 must be
produced at a sufficiently high purity (>80%) prior to dissolution in the geothermal brine
(Galiegue & Laude, 2017). This requires post-combustion capture of CO> from biogenic flue
gas, which is investigated in this study with oxy-fuel combustion (or oxy-combustion). This
post-combustion capture technique combusts feedstock in pure oxygen rather than air, resulting
in a flue gas composed of 90-99% CO> (Zhou et al., 2016). The Oz input is most commonly
produced through cryogenic distillation of air in an air separation unit (ASU), which incurs a
specific parasitic load of 184-260 kWh per tonne of O (Hanak et al., 2017).

The CO2 compression unit (CPU) also incurs a parasitic load, 90-170 kWh/tCO., though the
lower required pressure for in-line dissolution (~50 bar) versus supercritical storage (>73.8 bar)
elicits less of a penalty. Therefore, the increased power through hybridisation must exceed the
parasitic load of air separation and CO2 compression if there is to be a net increase in electricity
dispatch.

Unlike direct capture, geothermal-BECCS is reliant on feedstock colocation and supply chain
stability, which could limit the plant’s flexibility. Land-use competition with food production
is another concern, shared by all potential biomass-based climate change solutions (Sandalow
etal., 2021).

1.4. Financial indicators for the co-production of electricity and carbon dioxide removal

One of the key financial indicators used to compare electricity generation technologies is the
levelised cost of electricity (LCOE; IRENA 2021). Accounting for the time value of money,
LCOE quantifies the net present value of the cost per unit of electricity generated over the
lifetime of a given power plant. LCOE accounts for all CAPEX, future OPEX and fuel costs.
For a project to be profitable, LCOE should be less than the price that electricity can be sold in
a given market.

Conventional geothermal energy developments typically incur high CAPEX, low OPEX and
zero fuel costs (Dickson & Fanelli, 2013). In contrast, bioenergy for electricity generation is
dependent on low cost feedstocks to reach cost-competitiveness (IRENA, 2021).

In 2021, geothermal and bioenergy power plants had global weighted LCOE averages of
$68/MWHh and $67/MWAh, respectively (IRENA, 2021). In the same year, new bioenergy plants
had lower global average CAPEX rates ($2,353/kWe) compared to geothermal plants
($3,991/kW).

Power plants with concurrent electricity generation and CDR incur generally higher costs
(Yang et al., 2021; Zang et al., 2020). To balance this, the net present revenue from CO;
removal is deducted from the net present costs on a per unit of electricity generation basis.
Thus, if a project is to avoid an LCOE penalty, the market price of sequestered CO, must be
high enough to offset the increased costs. For example, for geothermal-BECCS, revenue from
increased renewable electricity and CDR comes at the cost of fuel and flue-gas purification. In
contrast, for geothermal-DACCS, additional investment costs for CDR and subsequent
parasitic loads must be offset by the revenue from CO. sequestration.

An acceptable LCOE will largely depend on local market conditions and grid makeup. LCOE
values from BECCS case studies (supercritical CO2 storage) range from $78 to 270/MWh
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(Table 1), which is higher than conventional biomass plants ($67/MWh). This indicates a
disincentive for CDR to be pursued alongside electricity generation.

Table 1: Levelised cost of electricity for different electricity producers by case study

Conventional Generators (Global

Weighted Average, 2021) LCOE ($/MWh)

Biomass (without CCS) 67 IRENA (2021)
Geothermal energy (without CDR) 68 IRENA (2021)
BECCS Case Studies LCOE ($/MWh)
Gasification with amine-based CCS 78 Dinca et al. (2018)
Gasification combined cycle 201.2 - 273.6 Zang et al. (2020)
Oxy—gasific_ation With staged oxy- 999 Khallaghi et al.
combustion combined cycle (2021)
Pulverised biomass with CCS 168.6 Yang et al. (2021)
Gasification combined cycle * 228.2 Emenike et al. (2020)
Post-combustion capture* 239.8 Emenike et al. (2020)
Oxy-fuel combustion* 269.3 Emenike et al. (2020)

*Only results for wood displayed

An analogous metric to LCOE is the levelized cost of sequestration (LCOS), which quantifies
the net present value of all costs per unit of CO2 sequestered in $/tCO: over the life cycle of
the plant (Lehtveer & Emanuelsson, 2021). Here, the net present revenue from electricity
generation is deducted from costs. This means that sequestration through BECCS and DACCS
would be sensitive to the market price of electricity. However, several complexities such as
cyclical operation, start-up time and dynamic shifts in grid dispatch are difficult to represent
using this metric (Lehtveer & Emanuelsson, 2021). The LCOS values of different DACCS case
studies are provided in Table 2. LCOS values above $200/tCO> are generally considered
uneconomic (Fasihi et al., 2019).

Table 2: Levelised cost of sequestration for different negative CO2 emissions case studies

DACCS LCOS ($/tCOy)
HT System 180 - 300 Lehtveer & Emanuelsson (2021)
LT System 200 - 350 Lehtveer & Emanuelsson (2021)
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HT (Carbon Engineering) 97 - 232 Kieth et al. (2018)
Alkali Scrubbing 600 Sabatino et al. (2021)
Monoethanolamine 1690 Kiani et al. (2020)
BECCS LCOS ($/tCO2)
Standalone <100 Lehtveer & Emanuelsson (2021)
Biochar 46-518 Cheng et al. (2021)

LCOE and LCOS are useful metrics to assess, respectively, the electricity generation and CDR
aspects of BECCS and DACCS. However, neither metric provides a complete picture of the
combined decarbonisation effect on the system. The levelised cost of carbon abatement
(LCCA; Friedmann et al., 2020) assesses total decarbonisation achieved through substitution
of technologies that perform the same function. This metric expresses the net present value of
all costs against the total displaced CO. emissions achieved by transitioning from a ‘business
as usual’ (BAU, defined as current practices) to a new technology. Selecting the appropriate
‘business as usual’ technology is important when considering displacement, and this will vary
by sector, region and frame of analysis. A list of LCCA values for low-carbon technologies is
provided in Table 3.

Table 3: Levelised cost of carbon abatement per low-carbon technology type
(Friedmann et al., 2020)

Low Carbon Technology Displacing LCCA ($/tCO2)
Sustainable aviation fuels Standa;ﬂee}watlon 209-1618
- California grid
Utility solar PV (2018) 91
California grid
Rooftop solar (2018) 287
Low-carbon steel alternatives (Hz, Primary steel 14-440
zero-COz electricity, etc.) production
Generic electric vehicle Fossn-_based 734
vehicle
Direct air carbon capture and Standard aviation 194395
storage fuel

As global decarbonisation budgets are finite, financial indicators are essential when deciding
whether to invest in BECCS or DACCS at a given geothermal resource. To address this
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challenge, we have developed a techno-economic systems model that can estimate key
thermodynamic (net power, annual sequestration, emissions intensity) and financial indicators
(LCOE, LCOS and LCCA) for geothermal-based CDR configurations.

To verify that the major processes of these CDR configurations truly achieve net negative
emissions, we also calculate net emissions intensity (EI). El is a useful metric for carbon
accounting, denoted in gCO> emitted per unit electricity (kwh). El is often used to compare
the decarbonisation effect of low-carbon electricity generation cycles to traditional fossil fuel
plants at scale.

For example, in Table 4, the BECCS configuration designed by Khallaghi et al. (2021) could
remove 1.85 times the amount of CO> released to the atmosphere by an equivalent-sized natural
gas plant. In the context of geothermal-based CDR, it can be used to determine (1) whether the
specified operation is net-carbon negative, and (2) the plant size required to achieve CDR
targets.

Table 4: Emissions intensity values for different electricity producers

Electricity Producer Emi;ség:/li%ehr;sity
Coal 1012 EIA (2021)
Petroleum 966 EIA (2021)
Natural Gas 413 EIA (2021)
Geothermal (Turkiye)* 1063 Aksoy (2014)
Geothermal (Worldwide) 122 Bertani & Thain (2002)
BECCS (oxy-gasification) -766 Khallaghi et al. (2021)
BECCS (pulverised feedstock) -1260 Yang et al. (2021)
Geothermal-BECCS -131 to -922 Titus et al. (2023)

*Weighted average of power plants where CO- is not used for commercial purposes

2. Methods

This study extends the Titus et al. (2023) thermodynamic systems model for geothermal-
BECCS to include energy and mass balances relevant to geothermal-DACCS. It also adds new
financial performance calculations. With this new model, we compare and assess two hybrid
geothermal-CDR energy cycles against conventional geothermal and natural gas-based
generation. The following sections outline the model assumptions, inputs, and configurations.
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2.1 Geothermal-CDR thermodynamic and sequestration model

The Titus et al. (2023) thermodynamic model for geothermal-BECCS used mass and energy
conservation to track the state of a geofluid control volume as it transited key geothermal plant
apparatus. In brief, the model calculates:

1. For geothermal fluid at specified reservoir temperature and pressure, when it passes
through a separator that reduces its pressure, the mass fractions of steam and brine that
exit;

2. For a biomass boiler and heat exchanger installed on the geothermal steam line, the
energy imparted to the steam at a given biomass burn rate;

3. For a given biomass feedstock, the resultant biogenic CO2 emissions available for in-
line dissolution, and the associated separation and compression parasitic loads;

4. For steam dispatched to the turbine, the electrical power produced for given condenser
exhaust pressure;

5. For brine and condensate dispatched to a reinjection well, the maximum dissolvable
CO- based on its temperature and downhole pressure conditions.

Thus, with reservoir temperature, geothermal production well mass rate and turbine design
temperature, it is possible to compute the net electrical power generated, rate of biomass fuel
consumption, and the rate of CO. removed via in-line dissolution. The emissions intensity of
the plant (EI), which is the ratio of emissions to energy production on a gCO2/kWh basis, is
also calculated.

In this study, we extended the Titus et al. (2023) model to consider geothermal-DACCS. We
did this by calculating the dissolution capacity of CO, at an optimal pressure <50 bar, then
determining if the thermal energy available from the separated brine was sufficient to split that
much CO2 from ambient air. The amount of CO> that can be separated from air (and needs to
be dissolved) is given by the heat requirement load (11.9 MJw per kg of CO., Sabatino et al.,
2021).

All cost, revenue, electricity and emissions terms are represented as net present value and
discounted over the plant’s life (30 years) at a discount rate of 8%. We chose this discount rate
because it is slightly more conservative than the value used for OECD countries (7.5%) by the
International Renewable Energy Agency (IRENA, 2019; Park et al., 2021). All currency values
are expressed in US dollars ($) unless otherwise stated.

2.2 Geothermal-CDR financial model

The most common economic metric to assess different electricity generation technologies is
the levelised cost of electricity (LCOE) presented in $/MWh (IRENA, 2021):

C
LCOE = — 1
- 1)
where C represents all costs ($) and G represents all electricity generated (MWh). The key costs
included in the numerator of Eq. (1) are CAPEX, OPEX and any relevant fuel costs. In the case
of geothermal power plants, costs may also need to account for geogenic CO2 emissions given
local policy measures (Ratouis et al., 2022).

When geothermal is coupled with CDR, any revenue from CO sequestered can be deducted
from costs:
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LcoE = £~ feo: )
G

where R, is the CDR revenue ($). The total cost term, C, is now modified to include the new
infrastructure and operational expenses associated with CDR. Furthermore, the numerator is
now sensitive to the market price of CO,. For a geothermal field with a constant mass
production, the generation term G may increase (hybrid power boosting) or decrease (overall
parasitic load) for a geothermal-based CDR configuration when compared to a conventional
geothermal power plant.

The levelised cost of sequestration (LCOS) assesses the cost-effectiveness of sequestering CO-
on a per-tonne basis:

I = g 3
cos = (3)

Here, the revenue from electricity production (R,), in US dollars ($), is deducted from costs in

the numerator. Net carbon removed from the atmosphere, E, is given in tCO,. The LCOS of
geothermal-BECCS and geothermal-DACCS is thus sensitive to the market price of electricity.

The levelized cost of carbon abatement (LCCA; Friedmann et al., 2020) quantifies the full
decarbonisation effect of a technology:

Cy
LCCA = g—F5 (4)
As with Egs. (2) and (3), the net present value of all costs is included in the numerator.
However, instead of deducting revenue from either electricity generation or CDR, the total
decarbonisation effect is represented in the denominator. E, is the net present value of CO>
emissions of a ‘business as usual’ (BAU) technology that requires abatement (e.g., coal, natural
gas, etc.). A natural gas turbine cycle has been selected as the ‘business as usual’ case for
comparison with the geothermal configurations explored here.

E; is the net present value of CO2 emissions of a low-carbon alternative such as solar-PV or
geothermal energy. For net carbon-negative cycles like geothermal-BECCS and geothermal-
DACCS, E; is a negative value and the denominator can be quite large (theoretically,
unbounded). In comparison, the LCCA of carbon-neutral technologies is bounded by the
emissions of the BAU technology. We assume that the price of transport emissions is already
factored in the feedstock transport costs and are not double counted in Egs. (2)-(4).Both terms
in the denominator are given in tonnes of CO> and scaled for equivalent-sized electricity output.

The emissions intensity (ET) of geothermal-BECCS and geothermal-DACCS plants has three
main contributions: (i) geogenic CO; that is not captured and reinjected, Eg.,, (i)
transportation emissions associated with fuel, E;,,,,, and (iii) negative emissions from CDR,
Ecpg. For this study, EI is calculated using Eq. (5):

E[ = Egeo + Etran - ECDR (5)

G
A limitation of EI as a metric for CDR technologies is that it doesn’t convey the additional
decarbonisation benefits from increasing renewable power. Nor have we included lifecycle
emission from construction or land-use changes considered when practically implementing a
power plant (Pehl et al., 2017). Coproduction of electricity and CDR is subject to the capacity
factor of the plant typically 90% for geothermal powerplants (IRENA, 2021).
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2.3 Geothermal-CDR model assumptions

Three geothermal plant configurations have been considered in this study: (1) a benchmark
geothermal plant without carbon removal, (2) a geothermal-BECCS plant where separated
steam is superheated with biomass before turbine expansion, and (3) a geothermal-DACCS
plant where separated brine provides the heat for LT solid sorbent-based separation. All
configurations were modelled as new plants, entering the electricity grid specifically to displace
natural gas generation.

The three configurations share the same initial geothermal fluid production mass rate of 100
kg/s, initial reservoir temperature of 275°C, and initial reservoir pressure of 69 bar
(approximately 10 bar above saturation pressure) to represent two-phase flow within the
production wells. These reservoir conditions are representative of high-temperature geothermal
systems such as Hellisheidi in Iceland (Lugaizi, 2011), Ngatamariki in New Zealand (Boseley
et al., 2010), and the Salton Sea geothermal field (Allis et al., 2011). Condensers were set to
46.85°C to induce a vacuum (DiPippo, 2016), with water selected as the cooling medium.

Different geothermal systems have different geogenic El values. Therefore, we tested values
from zero to 1000 gCO2/kWh (i.e., average EI from Turkiye (Aksoy, 2014)), to represent the
global diversity of geothermal fields.

The Roosevelt Hot Springs (USA) hybrid geothermal-fossil plant case study was economically
feasible with a feedstock transport distance of 160 km (Anno et al., 1977). Thus, for this study
we tested a range of feedstock transport distance up to ten times that amount, from 0 t01600
km. A distance of 0 km would represent a biomass resource adjacent to the geothermal plant.
The upper bound (1600 km) represents the length of New Zealand and would be inclusive of
the length of the United Kingdom (1000 km) and California (1220 km), being a sufficiently
large maximum distance for truck-based freight.

We use reference values of transport distance (80 km) and geogenic El (75gCO2/kWh) as
representative of an average geothermal field in New Zealand’s Taupo Volcanic Zone (McLean
et al., 2020) in proximity to the Kaingaroa forest, an area in the world that had previously been
a case study for geothermal-biomass hybrids (Thain & DiPippo, 2015).

Where relevant, isopentane was selected as the working fluid for organic Rankine cycles
(ORC), and its properties were adopted from Reynolds (1979). ORC cycles are designed to
operate at subcritical conditions to avoid excess heat in the binary turbine exhaust due to
isopentane’s retrograde nature.

Reasonable financial parameters for geothermal energy, bioenergy, oxy-combustion apparatus
and direct air capture units are provided with literature sources in Table 5. For a first order of
comparison, the reference prices of CO», feedstock and electricity were set to $100/tCO., $88/t
and $60/MWh, respectively. For all three of these parameters, sensitivity analysis was
conducted with the results discussed in Section 4.

Table 5: Key model assumptions for all configurations. ASU=Air Separation Unit,
CPU=CO2 Compression Unit.

Parameters Values
Produced geothermal fluid rate (kg/s) 100 Assumed
Reservoir temperature (°C) 275 Lugaizi (2011)
Reservoir pressure (bar) 69 Assumed
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Brine injection temperature (°C)

Condenser temperature (°C)

Biogenic CO emissions factor (kg/kg-wood)

Biomass heating value (kJ/kg)

Transport emissions factor (gCO2/tonne-km)

Operation start (year)
Plant life (year)
Discount rate (%)

Plant capacity factor (%)
Geothermal CAPEX ($/kWe)
Geothermal OPEX ($/kWe/year)
Biomass boiler CAPEX ($/kWe)
Biomass boiler OPEX (%CAPEX/year)

ASU CAPEX ($/kWe)

CPU CAPEX ($/kWe)

ASU + CPU OPEX (%CAPEX/year)

ASU load (KWh/tO5)
CPU load (kWh/tCOy)

O2 requirement (tO2/kWe/year)

DACCS electricity load (MJea/kgCOy)
DACCS heat load (MJin/kgCOy)
DACCS CAPEX (USD/tCO»)
DACCS OPEX (%CAPEX)
Natural gas generation EI (gCO2/kWh)
Reference price of CO- ($/tonne)
Reference price of feedstock ($/tonne)

Reference price of electricity ($/MWh)

95
46.85

1.6

16000

105

30

90
3991
115
2353

185.5

200.4

184
100

12.15

2.6
11.9
788.4

400
100
88
60

Addison et al. (2015)
DiPippo (2016)

Puettmann et al.
(2020)

Thain & DiPippo
(2015)

MfE (2022)
Assumed
Assumed
Assumed

IRENA (2021)
IRENA (2021)
IRENA (2021)
IRENA (2021)
IRENA (2021)

Khallaghi et al.,
(2021)

Khallaghi et al.,
(2021)

Khallaghi et al.,
(2021)

Hanak et al. (2017)

Hanak et al. (2017)

Garcia-Luna et al.
(2022)

Sabatino et al. (2021)
Sabatino et al. (2021)
Fasihi et al. (2019)
Fasihi et al. (2019)
EIA (2021)
Assumed
MPI (2020)
Keith et al. (2018)
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Additional sensitivity analysis was performed to assess the impact of feedstock transport
distance and base geogenic EIl. Both factors are potentially prohibitive to geothermal-CDR if
they are large enough that negative CO, emissions are precluded.

Biogenic CO emissions from the combustion of forestry residues range from 0.78-3.25 kg/kg
of feedstock depending on state and quality (Puettmann et al., 2020). For this study, we
assumed clean ground pulpwood as the feedstock with an emissions factor of 1.6 kg/kg-wood.

The amount of biogenic CO2 or atmospheric CO, produced by geothermal-BECCS and
geothermal-DACCS is respectively based on the biomass burn rate and the separated brine
heat. Because the CDR capacity of geothermal brine is a function of pressure and mass flow
rate, it is theoretically possible that the amount of CO. produced by an operation could surpass
the capture limit (Titus et al., 2023).

We chose a 50 bar dissolution limit that is below the critical point of CO, (73.8 bar). For
reinjection of 74 kg/s of separated geothermal brine at and 95°C, this corresponds to a
maximum sequestration rate for dissolved CO, of 1.59 kg/s (=50 kt/year). Beyond this
threshold, CO. must be vented to the atmosphere as carbon-neutral emissions. Dissolution of
COs- is only permitted in reinjection wells where the geothermal fluid has not been exposed to
air to avoid the potential for oxygen corrosion (Bonafin et al., 2019).

Net negative CO, emissions are assumed to be a source of revenue while net positive CO;
emissions to the atmosphere are considered a cost, priced at the same market value. This study
weighs renewable electricity generation and CDR as equally valuable products to the
hypothetical market. Thus, they are co-produced simultaneously during the plant’s operational
period (90% capacity factor). However, this may not always be the case and is discussed further
in subsection 4.3. All currency values are expressed in US dollars ($).

3. Results

3.1 Model Configurations
3.1.1. Configuration 1: benchmark geothermal plant

In this configuration, the geothermal fluid (100 kg/s) is flashed in a standard vertical separator
(Fig. 2). Using the optimal separator temperature method (DiPippo, 2016), the separator (S)
temperature is calculated as 161°C (6.3 bar). Separated steam (26 kg/s, 2758 kJ/kg) is sent to
the steam turbine (ST) and condensed to 46.85°C (~0.1 bar) in cooling system 1 (CS1) before
being reinjected via injection well 2 (IW2). Cooling system 1 is assumed to be a direct contact
condenser with a natural draught cooling tower, with readily available water as the cooling
medium. We assume that geogenic CO> vents from the plant through cooling system 1, rather
than being recaptured.

Because the separated brine (74 kg/s) still retains a lot of energyi, it is suitable to provide heat
for a subcritical ORC cycle. The working fluid is assumed to be isopentane and the binary
turbine (BT) inlet pressure is set to the separator pressure of 6.3 bar (94°C, 652 kJ/kg for
saturated vapour isopentane). The isopentane is condensed to liquid at 46.85°C (0.187 bar) in
a shell-and-tube condenser via cooling water in cooling system 2 (CS2). A surface pump (P) is
used to compress the isopentane from 0.187 bar (249.5 kJ/kg) to 6.3 bar (250.5 kJ/kg) at 1
kWe/kg.
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Figure 2: Schematic of a benchmark geothermal plant (Configuration 1). Individual
component list follows with example values from text in brackets. PW = production well
(100 kg/s), S = separator (6.3 bar), ST = steam turbine (11.9 MWe), BT = binary turbine
(1.87 MWe), E = evaporator (exits at 652 kJ/kg), PH = preheater (enters at 249.5 kJ/kg),

P = Pump (1 kWe/kg), CS1 = cooling system 1 (46.85°C), CS2 = cooling system 2

(46.85°C), IW1 = injection well 1 (95°C, 74 kg/s), IW2 = injection well 2 (46.85°C, 26

kg/s). Red line = hot geothermal fluid, blue line = cold geothermal fluid, grey line =

isopentane, black-dashed line = COz. Plant not to scale.

The evaporator (E) and preheater (PH) are modelled as a single thermodynamic unit, with the
brine exit temperature set to a typical dispatch temperature of 95°C (Addison et al. 2015). The
mass flow of isopentane is ~51 kg/s and the total thermal energy imparted by the brine is 20.4
MWh.

The work done by the steam turbine and binary turbine is 11.9 MWe and 1.87 MWe,
respectively (including dry steam and generator efficiency, see Appendix A). After deducting
the surface pump work (0.051 MWe), the net power produced by the plant is 13.7 MWe. The
geogenic emissions are 8.1 ktCO2/yr. The CAPEX and OPEX of the plant are calculated using
the respective rates for geothermal power plants (net power) in Table 5.

3.1.2. Configuration 2: geothermal-BECCS plant

This configuration modifies the base geothermal plant with a biomass superheater (BIO) in the
steam line between the separator and turbine (Fig. 3). The binary cycle power output and
geogenic emissions are the same as the benchmark plant.

Forestry waste is used to superheat separated steam from 161°C (2758 kJ/kg) to 370°C (3207
kJ/kg), a reasonable limit when considering the mineral and corrosive elements in geothermal
fluid (Dal Porto et al., 2016). This was the same temperature limit designed at the Cornia-2
geothermal-biomass hybrid plant in Larderello, Italy. With 26 kg/s of superheated steam,
biomass is burned at a rate of 0.9 kg/s for forestry residues with a heating value of 16 000 kJ/kg
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and 25% moisture content (Thain & DiPippo, 2015). The output of the steam turbine (ST) in
the hybrid plant is 18.2 MWe, an increase of 6.3 MWe over the base geothermal plant.
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Figure 3: Schematic of a geothermal-BECCS plant (Configuration 2). Individual
component list follows with example values from text in brackets. PW = production well
(100 kg/s), S = separator (6.3 bar), ST = steam turbine (18.2 Mwe), BT = binary turbine
(1.87 Mwe), E = evaporator (exits at 652 kJ/kg), PH = preheater (enters at 249.5 kJ/kg),

P = Pump (1 kWe/kg), CS1 = cooling system 1 (46.85°C), CS2 = cooling system 2

(46.85°C), IW1 = injection well 1 (95°C), IW2 = injection well 2 (46.85°C). BIO =

biomass superheater (0.9 kg/s), ASU = air separation unit (1170 kWe), CPU =
compression unit (488 kWe). Red line = hot geothermal fluid, blue line = cold
geothermal fluid, grey line = isopentane, black-dashed line = COz2, green line = biomass
feedstock, orange line = external atmospheric gas. Plant not to scale.

The biogenic CO2 emissions factor of the forestry residues is 1.6 kg/kg-wood (Puettmann,
2020). The mass flow rate of the biogenic COz is thus 1.4 kg/s.

An air separation unit (ASU) is used to separate oxygen from air for oxy-combustion. The ASU
electricity load is 184 kWh/tO2. We assume the oxygen required for an oxy-combustion-based
BECCS plant is 12.2 t/kWe/year (Garcia-Luna et al., 2022). For geothermal-BECCS, this
applies only to the difference in steam turbine (ST) work between the hybrid plant (18 200
kWe) and the original plant (11 900 kWe), translating to an Oz requirement of 1.74 Kkg/s.

The biogenic CO- can only be sequestered via injection well 1 (IW1) because the separated
brine has not come into contact with oxygen. As a result, only 74 kg/s of the original 100 kg/s
is suitable for dissolution capacity. The minimum pressure to dissolve 1.4 kg/s of COz in 74
kg/s of geofluid is ~44 bar (Duan & Sun, 2003). Gross biogenic emissions sequestration is
therefore 40.6 ktCO./yr.
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The transport emissions factor of freight is 105 gCO»/tonne-km (MfE, 2022), resulting in
annual emissions from transport of forestry waste of 0.21 ktCO./year, which is only 0.5% of
biogenic sequestration. At the maximum considered range of 1600 km, this would increase to
4.3 ktCO»/year or about 10% of biogenic sequestration.

A compression unit (CPU) is used to compress biogenic CO; to 44 bar, requiring 488 kWe.
The total power required for the ASU is 1170 kWe. Thus, the net power of this configuration
is 16.5 MWe, a 20% increase over the base geothermal plant. After deducting transport and
geogenic emissions, the net CDR of the plant is 32.3 ktCOa/year. This means that the
geothermal-BECCS plant provides carbon removal at roughly four times the rate that the
benchmark geothermal plant is carbon emitting. To achieve this, 25.4 kt/year of forestry
residues are required.

The CAPEX and OPEX of geothermal apparatuses remain the same from the base plant. The
CAPEX and OPEX for the superheater, ASU and CPU are calculated by multiplying the rates
provided in Table 5 with the difference in power produced by the steam turbine in the hybrid
plant and the original plant.

3.1.3. Configuration 3: Geothermal-DACCS plant

For this configuration, the separated brine is used to provide heat for a direct air capture unit
rather than a binary cycle (Fig. 4). The same amount of thermal energy is provided (20.4
MWh), resulting in the same brine reinjection temperature of 95°C at injection well 1 (IW1).
Using conservative estimates, the heat load rate to separate CO, from atmospheric air is 11.9
MJm/kgCO:> (Sabatino et al., 2021). Thus, a maximum of ~1.56 kg/s of atmospheric CO can
be separated with the available thermal energy from separated geothermal brine.
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Figure 4: Schematic of a geothermal-DACCS plant (Configuration 3). Individual
component list follows with example values from text in brackets. PW = production well
(100 kg/s), S = separator (6.3 bar), ST = steam turbine (11.9 MWe), CS1 = cooling
system 1 (46.85°C), CS2 = cooling system 2 (46.85°C), IW1 = injection well 1 (95°C),
IW2 = injection well 2 (46.85°C). DACCS Unit = direct air capture unit (requires 30%
of electricity produced (4 MWe) and direct heat (Qth) at 20.4 MWth) . Red line = hot
geothermal fluid, blue line = cold geothermal fluid, grey line = isopentane, black-dashed
line = COz2, orange line = external gas, yellow line = electricity. Plant not to scale.

Electricity is also required for the CO2 separation process at a rate of 2.6 MJe/kgCO>. This
results in a parasitic load of approximately 4 MWe. The separated steam enters the steam
turbine (ST) at the same conditions as the benchmark plant (161°C, 6.3 bar, 2758 kJ/kg) and
produces the same gross power of 11.9 MWe. Factoring in the parasitic load required for the
DACCS unit, the net power of the plant is 7.8 MWe, which is 57% of the power produced by
the base geothermal plant.

Assuming a 90% capacity factor, 1.56 kg/s of atmospheric CO, captured equates to 49.1
tCOy/year, an equivalent of requiring 1000 of the collectors used at Carbfix 2 (Gutknecht et al.,
2018). The minimum dissolution pressure to accommodate this rate is 48.6 bar. Geogenic
emissions are the same as the benchmark plant (8.1 ktCO./year) and therefore net CDR is 41
ktCO./year. This is about 30% higher than the geothermal-BECCS configuration.

The geothermal CAPEX and OPEX are now estimated using only the work done by the steam
turbine. In practical cases, each key plant component would be sized for specific site conditions
and the cost of materials and operation could be more appropriately determined. The CAPEX
and OPEX of DACCS are calculated using the rates provided in Table 4. Model results for
CAPEX, LCOE, LCOS, LCCA and El are presented in Table 6.

3.2 Financial performance of electricity generation and carbon removal via geothermal-CDR

As shown in Table 6, a geothermal reservoir producing 100 kg/s of geothermal fluid at 275°C
would yield 13.7 MWe for a conventional geothermal plant (Configuration 1), 16.5 MWe for
a geothermal-BECCS plant (Configuration 2) and 7.8 MWe for a geothermal-DACCS plant
(Configuration 3). With a geogenic emissions intensity of 75 gCO./kWh, all configurations
vent 8.1 ktCO»/year from the cooling tower. The geothermal-BECCs design, which sources
25.4 kt/year of forestry residues for biomass boosting, would also incur 0.21 tCO2/year of
transport emissions for feedstock at 80 km distance.

Table 6: Techno-economic model results for all configurations (100 kg/s of geothermal
fluid, COz2 price = $100/tonne, feedstock price = $88/tonne, electricity price = $60/MWh)

Base Geothermal- Geothermal-
Geothermal BECCS DACCS
(Config. 1) (Config. 2) (Config. 3)
Geogenic emissions
(KtCOlyear) 8.1 8.1 8.1
Transport emission
(KtCO2/year) 0 0.21 0
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Biomass burn rate (kt/year) 0 25.4 0
Gm(slftéec‘j;‘;f;‘)“on 0 406 49.1
Net emissions (ktCO./year) 8.1 -32.3 -41.0
P'ar(‘ltwc\j‘\f;c“y 13.7 16.5 7.8
- oE/IkWh) 75 248 663
T°ta2$(|:wA)PEX 65.6 80.4 103
($'7|\C/Ic\jth) 81 69 143
(g/tccoci ) i 137 225
(;/?CCC')A;) 249 145 197

Geothermal-BECCS and geothermal-DACCS with CDR achieve net negative emissions of
32.3 and 41.0 ktCO»/year. Assuming a capacity factor of 90%, the corresponding emission
intensities are -248 and -663 gCOJ./kWh, respectively. For reference, the respective positive
emission intensities of coal and natural gas generation are about 400 and 1000 gCO./kWh (EIA,
2021). We note that neither geothermal-BECCS nor geothermal-DACCS plant could sequester
emissions at the same rate as standalone BECCS configuration (e.g., Khallaghi et al., 2021;
Yang et al., 2021, see Table 3). This reflects a fundamental limit of dissolving CO: in brine
when compared to conventional CCS that can inject a pure CO> fluid.

In terms of total CAPEX, the base geothermal plant was the cheapest at $65.6 million. The
addition of the biomass boiler, ASU and CPU increased the CAPEX of geothermal-BECCS to
$80.4 million. Finally, although geothermal-DACCS omitted CAPEX costs from a binary
cycle, total CAPEX was nevertheless higher at $103 million due to the substantial cost of
DACCS units ($788.4/tCO, Fahisi et al., 2019; Roestenberg, 2015).

For reference price assumptions (Table 5), geothermal-BECCS had the lowest LCOE (69
$/MWh; Table 6). Although costs of geothermal-BECCS exceed the base geothermal design,
the inclusion of CDR revenue lowers the overall LCOE of the plant (Fig. 5A).
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When divided into cost components, the CAPEX component of base geothermal ($58.8/MWh)
was similar to geothermal-BECCS ($59.7/MWh). However, the OPEX component was higher
for geothermal-BECCS ($14.8/MWh and $17.6/MWHh, respectively.)

Net emissions to the atmosphere for the base geothermal case are also a cost, contributing
$7.5/MWh to total LCOE ($81/MWh). In contrast, for geothermal-BECCS, a substantial fuel
cost of $17.4/MWh is incurred. Despite this, when CDR revenue of $25/MWh is deducted, the
final LCOE is $69/MWh, about 15% lower than the base geothermal case.

Because the geothermal-DACCS plant diverts energy to CDR operations, there is a
considerable drop in plant nameplate capacity (7.8 MWe, compared to 13.7 MWe for base
geothermal). As an electricity generating enterprise, geothermal-DACCS therefore has a higher
final LCOE of $143/MWh. Without the CDR revenue component of $66/MWh, the plant
would have an LCOE of $210/MWh.

The financial performance of all three configurations is tied to the market price of CO, which
is a cost for base geothermal and a revenue when CDR is included. Thus, the sensitivity of
LCOE to the CO:z price, varying from $0 to $200/tCO2, was investigated (Fig. 6A). LCOEs for
both geothermal-BECCS and -DACCS decrease as CDR revenues are maximized at higher
carbon prices. Geothermal-BECCS produces the lowest cost electricity of the two options
across the range tested.

The LCOE of base geothermal trends upwards as CO> price increases and becomes more
expensive than geothermal-BECCS above ~$65/tonne. Thus, at a price point of $65/tCO», CDR
is a financial incentive for geothermal electricity production. If biomass were unavailable to
pursue a geothermal-BECCS design, then CDR through geothermal-DACCS would only be
incentivised at ~$180/CO..

Geothermal-BECCS is different from the other configurations in that its LCOE is also sensitive
to the price of available feedstock. When tested across a range of $0-200/tonne of feedstock
(Fig. 6B), geothermal-BECCS is cheaper than base geothermal below a price point of
~$145/tonne. If feedstock were available at zero cost, geothermal-BECCS would have an
LCOE of ~$51/MWh.
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Figure 5: (A) Electricity cost and CDR revenue component analysis of LCOE for the
three geothermal plant designs, (B) CDR cost and electricity revenue component
analysis for LCOS for the two geothermal carbon removal designs, and (C) carbon
abatement cost component analysis for LCCA for the three geothermal plant designs.

In certain circumstances, carbon removal may take priority over electricity generation (Bistline
& Blanford, 2021). In this case, the cheapest form of CDR would be preferred over the cheapest
production of electricity — this is quantified via LCOS.

At an electricity price of $60/MWh, geothermal-BECCS had a lower sequestration cost than
geothermal-DACCS. An important caveat, however, is that geothermal-BECCS had higher
overall cost components (Fig. 5B) and only achieves a lower LCOS through revenue offsets.
At $260/tCOz, the electricity revenue for geothermal-BECCS is much higher than the $96/tCO-
for geothermal-DACCS. This is because a BECCS process increases available energy for
electricity generation whereas the parasitic loads of a DACCS process reduces it.

The enhanced electricity generation revenue largely offsets the LCOS fuel cost component for
geothermal-BECCS ($74/tCOz). This was the key factor in its performance as both geothermal-
BECCS and geothermal-DACCS had otherwise very similar CAPEX ($259/tCO; &
$251/tC0O;) and OPEX ($76/tCO, & $74/tCO2) components of LCOS. Importantly, this
suggests that geothermal-BECCS is below the $200/tCO. threshold from Sabatino et al. (2021)
used to classify uneconomic CDR projects. Although geothermal-DACCS is slightly above the
threshold, it remains competitive when compared to LT-DACCS (Lehtveer & Emanuelsson,
2021).

The financial performance of both geothermal carbon removal configurations is sensitive to
the price of electricity (Fig. 6C). Geothermal-BECCS sits below the uneconomic threshold of
$200/tCO of electricity prices above $45/MWh, while geothermal-DACCS only drops below
when electricity prices exceed ~$75/MWh.

At an electricity price of ~$90/MWh, there is no effective cost to doing CDR through
geothermal-BECCS. This is significant because flexible biomass hybridisation could allow
some geothermal-BECCS configurations to respond to peak demand periods, accessing higher
electricity prices. During these periods, concurrent CDR activities could be very cost-efficient.
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Figure 6: Sensitivity analysis of (A) the market price of CO2 on LCOE for all three
geothermal configurations, (B) the market price of forestry residues on LCOE for all
three geothermal configurations, (C) the market price of electricity on LCOS for
geothermal carbon removal designs, (D) the market price of forestry residues on LCOS
for geothermal carbon removal designs, (E) the sensitivity of LCOE to feedstock and
CO:z2 price for geothermal-BECCS and (F) and sensitivity of LCOS to feedstock and
electricity price for Geothermal-BECCS. For Figure 6E and 6F, Performance under
reference price settings is shown by the open square.

Sequestration costs for geothermal-BECCS are sensitive to the market price of forestry
residues. We tested a range of feedstock prices from $0 to 200/tonne of feedstock. If feedstock
is acquired at zero-cost, the LCOS for geothermal-BECCS is ~$74/tCO. (Fig. 6D). Every
$10/tonne increase in feedstock price results in a ~$7.5/tCO; increase. Geothermal-BECCS
and DACCS have similar costs ($225/tCO>) at a feedstock price of $200/tonne.

Fig. 6E and 6F shows how the LCOE and LCOS of geothermal-BECCS covary across a range
of feedstock, CO- and electricity prices. With each black line as a contour for LCOE (Fig. 6E)
and LCOS (Fig. 6F), it is easier to determine what prices allow for competitive electricity
generation and CDR. For example, at a feedstock price of $100/tonne, a competitive LCOE of
$60/MWh is only achieved when the CO> price exceeds ~$145/tonne.

At the reference price conditions (Table 5), the LCOE of geothermal-BECCS sits below the
weighted average LCOE range for bioenergy plants and within the weighted average for
geothermal plants (IRENA, 2021). It is also nearer the LCOS targeted range of $100/tCO> than
the consensus uneconomic threshold of $200/tCO. (Sabatino et al., 2021).

Due to integrated CDR activities, both geothermal-BECCS and DACCS are more effective at
displacing fossil emissions (LCCA of $145/CO; and $197/COg, respectively) compared to a
base geothermal plant (LCCA of $249/COg; see Fig. 5C). Geothermal-BECCS owes its higher
cost competitiveness to comparatively lower CAPEX and OPEX contributions, $95/tCO; and
$28/tCOy, respectively (about half the values for base geothermal, $181/tCO> and $46/tCQO5).
The LCCA fuel cost component for geothermal-BECCS ($27/tCO.) was only slightly higher
than the geogenic emissions cost of base geothermal ($23/tCO>).

For geothermal-BECCS, we found that feedstock price was not prohibitive to LCCA. At a
feedstock price of $200/tonne, the LCCA is $179/tCO., which is still a more effective
decarbonization option than base geothermal or geothermal-DACCS. Every $10/tonne
decrease in feedstock price results in a decrease in LCCA of $3/tCO.. If feedstock was acquired
at zero cost, the LCCA of geothermal-BECCS would be $119/tCO..

3.3 Effect of geogenic CO> presence on geothermal-CDR performance

Consideration of the geogenic emissions context is important. For geothermal systems with
high concentrations of CO. being brought up in the geothermal fluid, it is possible for
geothermal-BECCS and geothermal-DACCS to no longer facilitate negative emissions. For
example, geothermal systems in Turkiye tend to have Els rivalling coal power plants (Aksoy,
2014).

We calculated net emission intensities for both geothermal-BECCS and geothermal-DACCS
across a range of base El values from 0 to 1000 gCO2/kWh (Fig. 7A). Net negative emissions
are only maintained when the base El is below ~400 and ~450 gCO2/kWh for geothermal-
BECCS and geothermal-DACCS, respectively.
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At higher base geothermal emissions, beyond 675 and 875 gCO./kWh, respectively, neither
geothermal-BECCS or geothermal-DACCS can effectively displace emissions from natural
gas. These values are much higher than the world wide average El of geothermal fields at 122
gCO2/kWh (Bertani & Thain, 2002), but lower than the average EI of fields in Turkiye (1000
gCO2/kWh).

LCCA is also sensitive to the base geogenic EI of the geothermal system. LCCA considers the
displacement effect of CO: in the system (Eq. 4), geothermal systems with inherently high
geogenic emissions are less effective at abating fossil emissions. Presently, an LCCA above
$200/tCO> is considered expensive (Friedmann et al., 2020) and indicative of cheaper
alternatives for decarbonisation.

The base geothermal plant has an LCCA of $200/tCO. for geogenic CO2 emissions of
~20 gCO2/kWh (Fig. 7B). Above this threshold, traditional geothermal generation can be
considered an expensive technology for displacing natural gas. Geothermal-DACCS crosses
the same cost threshold at a base geogenic CO EI of 100 gCO./kWh, which is above the
average for New Zealand’s geothermal systems, indicating it would be a more cost effective
tool for abating natural gas generation.

Geothermal-BECCS is ultimately the most cost-effective of the three configurations at
displacing natural gas emissions, only crossing the $200/tCO> threshold for geothermal
systems whose geogenic El exceeds 300 gCO2/kWh. For systems with geogenic El exceeding
400 gCO2/kWh, none of the configurations are cost-effective technologies for displacing
emissions from natural gas power plants. This makes both BECCS and DACCS activities
potentially unsuitable for geothermal fields with outlier emissions.

4. Discussion

4.1. Opportunities and challenges for geothermal-CDR

Pathways to scalability often use 1 MtCOa/year as an order of magnitude to consider feasibility.
For geothermal-BECCS to achieve a CDR at this scale , we would require 3000 kg/s of
geothermal fluid supporting a hybrid plant capacity of 512 MWe. Assuming an average
geothermal well mass flow rate of 50 kg/s (DiPippo, 2016), this corresponds to about 60 wells.
For context, in 2008 New Zealand’s Wairakei Power Station with installed capacity of 175
MWe had 59 active production wells (Bixley et al., 2009).

For geothermal-DACCS to achieve the same scale of CDR, approximately 2440 kg/s of
geothermal fluid (49 wells) would be needed. Accounting for the parasitic loads of air capture
from over 24 000 collectors, the net plant capacity would be 190 MWe. The total investment
costs for these plants is similar: $2.4 billion for geothermal-BECCS and $2.5 billion for
geothermal-DACCS.

A geothermal-BECCS plant sequestering 1 MtCOaz/year would require about 790 kt/year of
feedstock for the energy content assumed here (16 MJ/kg). For context, New Zealand currently
generates 3 Mt/year of forestry residues (MPI, 2020) and California is forecast to generate up
to 24 Mt/year of forestry residues by 2025 (Baker et al., 2015). Indeed, California already has
a large amount of geothermal with an installed capacity of 2.8 GWe (Tarroja et al., 2018). In a
scenario where this was doubled through the construction of new geothermal-BECCS plants,
this would induce a 4.3 Mt/year demand for forestry residues (about 18% of forecast resource)
and result in net negative emissions of 5.5 MtCO»/year.

In contrast, implementation of geothermal-BECCS is likely to be difficult in Iceland. This is
because, with only 2% of the country’s land area covered by forests (Palsdottir et al., 2022),
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biomass feedstock is likely to be limited. In this case, and in other locales where biomass is
unavailable or expensive, geothermal-DACCS would be the obvious pathway for CDR.

Biomass transport distance has only a minor effect on the emissions performance of
geothermal-BECCS plants. Every increase in 100 km biomass transport distance contributes
only 2 gCO2/kWh to total E1. The corollary is that there are only marginal emissions benefits
from developing on-site feedstock options and factors other than transport should be prioritised
when considering biomass supply, e.g., harvest practices, feedstock calorific properties.

In contrast, base geogenic emissions could be a major constraint on the decision to decarbonize
individual geothermal sites, with values in Turkiye (~1000 gCO2/kWh) being prohibitively
higher than the threshold for negative emissions to no longer be achievable for geothermal-
BECCS and geothermal-DACCS (geogenic EI of ~400 gCO2/kWh and ~450 gCO2/kWh,
respectively.

4.2. The importance of boiler capital investment cost reduction

CAPEX rates for bioenergy tend to be higher in North America and Europe than in China and
India (IRENA, 2021). This is significant for geothermal-BECCS because the latter nations have
less abundant geothermal resources. It suggests a potential nation-level mismatch between
geothermal opportunity and the economic means to exploit using bioenergy.

As an example, the bioenergy plant with the highest CAPEX rate in 2021 was a European plant
that used wood waste products. It had a CAPEX rate of $7694/kWe, which is over three times
the global average (IRENA, 2021). If this high value was used for the geothermal-BECCS
design investigated here, total CAPEX increases to $109 million. Accordingly, LCOE, LCOS
and LCCA increase to $102/MWh, $267/tCO2 and $195/tCOz, respectively. Although LCOE
and LCCA are still favourable compared to geothermal-DACCS ($143/MWh, $197/tCQOy), the
LCOS is now $42/tCO2 more expensive ($225/tCOz).

This sensitivity analysis also illustrates a counterintuitive property of the different financial
performance metrics. Although the geothermal-BECCS plant with high CAPEX described
above produces higher cost electricity than the base geothermal plant ($81/MWh), it is still the
cheaper option for emissions abatement with an LCCA below that of base geothermal
($249tCO2). That is, compared to conventional geothermal, geothermal-BECCS is
simultaneously $21/MWh more expensive for generating electricity but $54/tCO, cheaper for
abating natural gas emissions. Thus, with a discernible opportunity cost between the two plants,
the configuration selected would depend on the contextual priorities surrounding that
geothermal system.

4.3. Retrofit of existing geothermal plants

A major cost component of geothermal-BECCS is the high upfront capital embodied in
turbines, the above-ground pipe network, and well infrastructure. Rather than investing this
infrastructure from scratch, a lower cost option could be to retrofit an existing geothermal plant
that has already paid off these components. Although a practical retrofit design would need to
be tailored to the specifics of the original plant, we can obtain an initial cost estimate through
a modification of the LCCA calculation (Eqgn. 6):

€1 =Gy

LCCAgetrofic = B —E

(6)

where C; is the generation-levelized cost for geothermal-BECCS (all CAPEX, OPEX & fuel
costs) in $/MWh, C; is the generation-levelized cost of the original geothermal plant
(geothermal infrastructure CAPEX, geothermal OPEX & net tax for geogenic emissions), Ej is
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the generation-levelized emissions of the geothermal-BECCS plant (net negative, accounting
for geogenic emissions offset) in kgCO2/MWh, and Ej is the generation-levelized emissions of
the original geothermal plant. Because the two plants have different nameplate capacities, a
fair comparison can only be made on a per unit of generated electricity basis. Hence, we have
used cost and emissions terms scaled by net generation from the associated plant, i.e., E; =
E,/G; where G, is the net electricity generated by the geothermal-BECCS plant in MWh. All
terms are discounted over the plant lifetime.

This formulation of LCCA is different compared to Eqgn. (5) through the inclusion of the term
Co'. Eqn. (5) assumes that costs of the natural gas plant BAU are not incurred by the geothermal
plant owner and therefore should not be considered. However, for a retrofit the geothermal
plant owner incurs costs from the BAU and the new configuration. Therefore, any costs
avoided, such as future geogenic emissions or existing capital, should be deducted.

For this retrofit example, we consider the benchmark geothermal plant (configuration 1, 13.7
MWe) being reconfigured into a geothermal-BECCS plant (configuration 2, 16.5 MWe).
Generation-levelized cost (C;) of the geothermal plant is $81/MWh and this is deducted from
the equivalent geothermal-BECCS cost (C;) of $94/MWh. The emissions intensities of the two
plants are 75 and -248 kgCO2/MWAh, respectively. Hence, the LCCA for retrofit is $41 for each
tonne of CO, abated under reference market conditions (Table 5). This is substantially lower
than the $145/tCO; for a greenfield geothermal-BECCS plant (Fig. 5C) and highlights the
major advantage of retrofitting existing geothermal developments.

Because the cost of net positive CO2 emissions is factored into C, changes to the market price
of CO will affect LCCA. The lower the market price of CO3, the less incentive there would be
to abate geothermal with geothermal-BECCS. However, even at a CO> price of $0/tCO, we
found that the retrofit LCCA only increased to $64 per tonne of CO; abated.

Retrofit LCCA varies linearly with the fuel price and drops to -$12/tCO; if forestry residues
can be sourced at zero cost. This is because the total costs per generation term of the retrofit
plant reduces to $77/MWh while continuing to generate more electricity at a constant mass
production rate (100 kg/s). In this case, it would save $12 in costs to abate each tonne of CO>
by retrofitting a conventional geothermal plant to geothermal-BECCS. Again, we emphasize
that use of existing geothermal infrastructure and sourcing low cost biomass feedstocks are key
to cost effective decarbonisation via geothermal-BECCS.

Given the improved performance, a global inventory of retrofit potential for geothermal-CDR
systems that characterizes electricity generation, annual CDR potential and feedstock
availability could be valuable next step in supplementing decarbonisation initiatives in
accordance with AR6. However, careful consideration would need to be given to reservoir
management that minimizes CO> breakthrough and any additional potential for corrosion of
plant or wellfield assets.

4.4. Assessing geothermal-CDR as a decarbonisation tool

In terms of overall decarbonisation, we found that the displacement effect of negative
emissions from geothermal-CDR is far stronger than the lower carbon emissions from
conventional geothermal (>0 gCO./kWh), even when there is less renewable electricity
produced in the case of geothermal-DACCS.

Geothermal-BECCS is advantaged over conventional geothermal and geothermal-DACCS
because of the net increase in electricity production, but requires a reliable source of feedstock.
The role of bioenergy in climate change mitigation is not without concerns (Sandalow et al.,
2020), namely competition with food production for land use and supply chain uncertainties.
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Geothermal-DACCS side-steps this risk and sequesters more CO> per rate of electricity
generated. However, to reach equivalent generation for a given resource temperature,
geothermal-DACCS requires higher fluid extraction from and reinjection into the system.
These activities are not without environmental impacts, such as subsidence due to local
depressurization (Allis, 2000) or induced seismicity around reinjection wells (Majer &
Peterson, 2007). Although these are challenges for any geothermal development, they will be
exacerbated wherever plant design imposes a higher physical load on the geothermal system.

For geothermal-DACCS, the separated brine must be delivered at temperatures ~100°C. This
depends in turn on both the reservoir temperature that the geofluid is sourced from as well as
the condenser temperature (DiPippo, 2016). For the condenser used in this study (43.85°C),
the minimum reservoir temperature that can be used to produce separated brine at 100°C is
153°C. The efficiency of geothermal power plants typically declines with reservoir
temperature, thus the parasitic load of DACCS will grow proportionally for lower temperature
systems (<160°C). Thus, if provision of low-emissions electricity is priority, geothermal-
BECCS may be better suited to lower temperature resources due to the additional boosting.

However, electricity provision may not be a priority in all contexts. In certain circumstances,
the CDR value of a given biomass feedstock could outweigh its electricity value, a concept
known as the Aines Principle (Sandalow et al., 2020). Thus, geothermal-BECCS cycles that
produce biochar or biohydrogen (through oxy-gasification) could be valuable to explore in
markets where electricity generation is highly competitive. In theory, a geothermal-BECCS
cycle that co-produces electricity, heat, biohydrogen and CDR is possible, but its economic
feasibility will depend on site-specific conditions and market demands for those outputs.

Optimization between cost effective electricity generation and CDR are difficult decisions to
make when choosing between decarbonisation initiatives. Importantly, the key metrics used in
this study (LCOE, LCOS, LCCA & El) are best considered collectively because no single one
quantifies the whole picture. For example, LCOE does not recognize overall CO> reduction in
the system (Friedmann et al., 2020) and so has limited utility when informing decarbonisation
policy. In contrast, demands from a dynamic electricity market, with daily and seasonal
fluctuations in demand, are not captured in either LCOS or LCCA (Lehtveer & Emanuelsson,
2021). Additionally, CDR activities may be incentivised only in periods when electricity prices
are high.

LCCA may be best suited to governments or organizations concerned with decarbonizing their
activities through technology switching. Thus, selecting the original emitter or ‘business as
usual’ case becomes critical to the analysis. For example, if the three configurations considered
here were used to instead displace an equivalent-sized coal plant (1000 gCO2/kWh), the
denominator in Eqgn. 4 would be significantly larger and the three configurations would all
appear more cost-effective.

Unlike LCCA, the EI doesn’t capture the efficacy of potential CO> displaced by increased
renewable power in the overall energy system. For example, geothermal-BECCS removes 20%
less COz than geothermal-DACCS but it produces over two times the low-emissions electricity.
The CO: displacement effect of the increased electricity is not reflected in the EI metric. This
could be distorting in settings where affordable low-emissions electricity is a more valuable
resource than CDR.

All CDR technologies are subject to social, policy and market framework challenges (Gough
et al., 2018). Robust policy targets, akin to those of solar-PV development from 1996-2005,
will be critical if CDR is to be implemented at scale (Breyer et al., 2019). Lowering CAPEX
rates for both geothermal-BECCS and geothermal-DACCS should be a key endeavour when
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pursuing CDR opportunities in geothermal systems, as CAPEX has the highest weighting by
component across LCOE, LCOS and LCCA for both geothermal-BECCS and geothermal-
DACCS. Finally, negative emissions technologies must be deployed in conjunction with, and
not in lieu of, conventional emissions reduction methods.

5. Conclusion

Geothermal energy has the potential for cost-competitive direct and biogenic carbon dioxide
removal. Using in-line dissolution of emissions in reinjection wells, geothermal combined
either with BECCS or DACCS becomes a technology for meeting both low-emissions
electricity and CDR targets as required in IPCC pathways for climate change mitigation. Here,
we quantified these processes for a hypothetical geothermal system with adjacent forestry
resources.

We considered a reference plant configuration based on 100 kg/s of geothermal fluid obtained
from a reservoir at 275°C, and within 80 km of a forestry biomass source. Our results showed
that a conventional geothermal plant would produce 13.7 MWe with natural geogenic
emissions of 8.1 ktCOx/year. In contrast, when integrated with bioenergy and emissions
capture, a geothermal-BECCS plant would have 20% higher electricity production (16.5 MWe)
and atmospheric emissions removal of 32.3 ktCO»/year. By comparison, parasitic loads mean
that a geothermal-DACCS plant generates 43% less net electricity (7.8 MWe) although with a
higher emissions removal rate of 41.0 ktCO./year. Accordingly, geothermal-DACCS has the
highest negative emissions intensity (-663 gCO2/kwWh) followed by geothermal-BECCS (-248
gCO2/kWh).

At reference market prices of CO2 ($100/tonne), forestry residues ($88/tonne) and electricity
($60/MWHh), geothermal-BECCS has the lowest levelized costs of electricity (LCOE,
$69/MWh), sequestration (LCOS, $137/tCO;) and carbon abatement (LCCA, $145/tCO>).
Although a base geothermal plant is a more effective design than geothermal-DACCS for
generating low-emission electricity (LCOE of $81/MWh vs $143/MWh), it is less effective
technology for abating total emissions (LCCA of $249/tCO, vs. $197/CO.) using natural gas
generation as a reference. CAPEX was the dominant contributor to costs across all three plant
designs. LCCA is improved further when considering a retrofit pathway for geothermal-
BECCS with a conventional geothermal plant as the reference. CAPEX cost reductions from
leveraging existing infrastructure (plant, pipes, wells) drop the LCCA to $41/tCO:..

Both geothermal-BECCS and geothermal-DACCS could achieve CDR rates of 1 MtCO2/year
at investment costs of $2.4 billion (512 MWe, 788 kt/year of forestry residues) and $2.5 billion
(190 MWe), respectively. This could be met with the same number of production wells already
available at, for example, the Wairakei Power Station in New Zealand.

Geothermal-DACCS requires no fuel source but may be limited by sufficient geothermal
resource temperature. Successful deployment in the future will depend on minimizing parasitic
loads and capture infrastructure costs through technological improvement. Geothermal-
BECCS could theoretically be applied to lower temperature geothermal systems but requires
suitable and available feedstocks and reductions in boiler capital costs. There may be scope for
ancillary biohydrogen production to compliment electricity generation, a prospect that warrants
further investigation.

We showed that under the right market incentives, geothermal based CDR schemes can be
financially viable and strategically valuable by offering dual decarbonisation through grid
emissions displacement and residual CO, abatement at similar costs to conventional
geothermal power plants. CDR. Furthermore, cost effective CDR in the near term from
geothermal-BECCS and geothermal-DACCS will require the refurbishment of existing



©CO~NOOOTA~AWNPE

geothermal infrastructure. We conclude that the increase in electricity production for
geothermal-BECCS makes it more cost-effective than geothermal-DACCS at the reference
market conditions of this study.
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