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Abstract

This paper develops a techno-economic framework for comparing alternative carbon dioxide
removal (CDR) technologies. The key financial cost metric emerging from our framework
is the Levelized Cost of CDR (LCCDR). It represents the minimal off-take price per net
ton of COy durably removed that an investor would need to receive in order to break even
on a given project. Our analysis accounts for leakage (offsetting process emissions) and
co-product revenues, including applicable tax subsidies. The four technologies examined
here, Biomass Carbon Removal and Storage (BiCRS), Bioenergy with Carbon Capture and
Storage (BECCS), Enhanced Rock Weathering (ERW), and Direct Air Capture (DAC), all
have the potential to remove CO, at gigaton scale. In the context of the current U.S. market
and regulatory environment, we identify a remarkably wide interval of LCCDR values ranging
from $29 to $1,076 per ton of CO,. We relate our cost findings to prices reported under
existing offtake agreements and discuss the potential as well as the remaining uncertainties

for each of these four carbon removal technologies.
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1 Introduction

Global emissions remain above 50 gigatons of carbon dioxide equivalents (COsqe) per year,
far from the net-zero targets adopted by most large economies. Even ambitious abatement
efforts, however, are unlikely to eliminate all emissions. Therefore, emission reductions must
be combined with large-scale removal of CO, from the atmosphere®. Carbon dioxide removal
(CDR) technologies capture CO, from non-fossil sources and store it durably®. They have
emerged as a critical complement to abatement in global decarbonization pathways®® and
can address residual emissions from hard-to-abate sectors, such as long-distance air travel %,

The scale implied by these pathways is far above near-term deployment. Model estimates
place annual removals needed in 2050 between 5,000 and 15,000 Mt CO2E7’10. While conven-
tional, land-based methods provide almost 2,000 Mt COs of carbon uptake per year, durable
pathways contribute only a small fraction™. Novel CDR activity stands at around 2 Mt
CO, per year, and the project pipeline is expected to reach 8.4 Mt CO, per year by 203042

Policy is moving to address this gap. In the United States (U.S.), the Carbon Negative
Shot targets removals below $100 per ton by 2032%%, while the Inflation Reduction Act’s 45Q
tax credit pays up to $180 per ton for DAC and $85 for other geologically stored carbon'#.
In the European Union (EU), the Commission has recently proposed to integrate permanent
removals into the EU cap and trade system"% As durable CDR moves toward public
procurement and proposed compliance-market integration, governments must decide what
constitutes a net removal, which system boundaries to consider, and how to design policy
support to incentivize atmospheric removal.

It is yet unclear which technologies can deliver cost- and emission-effective removal, given
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the large techno-economic uncertainty across and within pathways . We focus on four

technologies with the potential for gigaton-scale CO, removal: Biomass Carbon Removal
and Storage (BiCRS), Bioenergy with Carbon Capture and Storage (BECCS), Direct Air
Capture (DAC), and Enhanced Rock Weathering (ERW). These technologies have so far
dominated the voluntary carbon removal market™”.

reports transaction volumes recorded from 2019 to 2025. Contracted volume
reached ~31 MtCO; in 2025, but only ~2.3 MtCOs had been delivered. BECCS dominates

the aggregate transactions, BiCRS the delivered volume. The total sold-to-delivered ratio is

!Throughout, we report CO, quantities as tCOs. A ton denotes a metric ton (1,000 kg) and Mt denotes a
million metric tons.
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Figure 1. CDR transactions by pathway. Stacked annual volume of voluntary-market
CDR transactions by technology from 2019 to 20251, (a) aggregates all transactions and
represents total volume. (b) covers only delivered tons.

about 14:1 and widens to ~84:1 for BECCS and ~360:1 for DAC. These gaps mean that most
transactions are commitments to future delivery from projects that are not yet operating.
Price information is also limited: prices are disclosed for ~30% of transactions and ~13%
of contracted tonnage, with the disclosed sample skewed toward small biochar and bio-oil
orders™. Buyers in this young market must therefore evaluate highly heterogeneous forward
offers without observable project costs or comparable accounting boundaries.

A disclosed price alone does not identify the cost of removing a net ton. That cost de-
pends on the accounting boundary, feedstock and energy emissions, and the treatment of
co-products2®2l We therefore introduce three measures. LCCDR is the minimal off-take
price per net ton that allows an investor to break even. It includes life-cycle cost components,
subtracts co-product sales and policy support and adjusts for attributable emissions. At-
tributable emissions are summarized in the leakage factor a. The second measure, LCCDR™,
retains project co-product revenues but ignores attributable emissions, thereby providing a
lower bound cost estimate. The third measure, LCCDR™ includes attributable emissions
but excludes any co-product revenues, showing the full cost of delivering a net ton. The
differences between the three measures identify whether an apparent cost advantage comes
from the current process cost, the accounting boundary, or an offsetting revenue stream.

Applying the framework to eighteen current project configurations calibrated to a U.S.

setting, we estimate investor break-even prices of $29-$1,076 per net ton and leakage factors



of 1-41%. Dunite ERW has the lowest modeled range, $29-$70 per ton, but this technical
frontier depends on the modeled weathering rate, suitable application sites, and site-specific
measurement, reporting, and verification (MRV) requirements. The biomass configurations
range from $89 to $163. Basalt ERW spans $125-$340 per ton, overlapping both the biomass
and DAC ranges. DAC exhibits the highest current costs despite receiving the largest policy
support, at $245-$1,076 per ton. These cost ranges are sensitive to the inclusion of at-
tributable emissions and co-product revenues. In particular, 45Q determines which biomass
pathway is cheapest. Because 45Q) is paid per gross ton captured rather than per net ton
removed, its effective value per net ton rises with the leakage factor . The reduction in
investor break-even price therefore ranges from $82 to $341 per net ton. Observed BECCS
and DAC prices largely overlap the modeled ranges. BiCRS and ERW prices lie above them.
This gap indicates that disclosed transaction prices also reflect scarcity, delivery risk, MRV
charges, and other unobserved attributes.

Our paper adds to the growing literature estimating the future cost and potential of
CDR technologies, such as DACH#2251 BiCRS#5 40 BECCSH ™ and ERW=S4990 - A recent
stream of literature suggests that diversified CDR usage can reduce land, energy, and sus-
tainability trade-offs relative to strong reliance on any single removal pathway?* %! With
operational CDR capacity still far below projected mid-century needs, a transparent cost
and system boundary framework is needed for assessing gigaton-scale deployment.

This paper makes two related contributions. First, we develop a common LCCDR frame-
work that separates the effects of attributable emissions, co-product sales, and policy support
on the price required for a removal project to break even. Existing comparative work ei-

+62:63

ther stops at engineering cos or examines sustainability and portfolio trade-offs at the

15899 Tt therefore does not isolate how these three factors interact and change

system leve
project-level costs. Second, we calibrate the framework for eighteen current project configu-
rations. Our analysis compiles engineering studies, government energy and emissions data,
registry methodologies, policy rules, and disclosed market transactions. We then harmonize
them within a common accounting boundary, responding to the absence of a standardized
project-level method for determining net removal®. Together, the framework and calibrated
configurations provide a common net-ton basis for comparing otherwise dissimilar technolo-

gies and project configurations. Our calculations show how accounting boundaries and policy

support impact the economics of durable carbon removal.



2 Economic Model

This section develops a generic concept and formal definition for the levelized cost of carbon
dioxide removal (LCCDR). In direct analogy to the levelized cost of electricity (LCOE) or the
levelized cost of hydrogen (LCOH)%T  the LCCDR is conceptualized as the critical price
per ton of CO, durably removed from the atmosphere that an investor would need in order
to break even on a new carbon capture and sequestration facility. The break-even criterion
is stated in terms of the applicable life-cycle cash flows, including capital costs, operating
expenditures, transport and storage, offsetting emissions, corporate income taxes, and co-
product revenues. The LCCDR metric is shown to be highly sensitive to the applicable
system boundaries in terms of offsetting emissions and co-product revenues.

To illustrate our LCCDR model framework, suppose an investor considers a new facility
that produces bioenergy with carbon capture and storage (BECCS). BECCS facilities are op-
erating at commercial scale today, attracting demand in the voluntary carbon markets from
parties that seek to buy carbon removal credits!?. A representative BECCS plant receives
biomass feedstock at the gate (e.g. forestry & agricultural residues, dedicated energy crops),
combusts it for heat and power, and routes the flue gas through a post-combustion solvent
loop (typically amine-based) that captures CO,. The captured stream is then compressed
and transported via pipeline, ship or truck, before it is injected into a geological reservoir
for durable sequestration. illustrates the relevant monetary and carbon emission
flows in connection with a BECCS facility. In below, we discuss the criterion for
”durability” in connection with different sequestration technologies.

Beyond BECCS, the following base model is equally applicable to DAC and BiCRS re-
moval processes. In contrast, our base model needs to be modified for ERW processes as
the facility in question will only crush rocks that will then be spread out on land in order
to sequester CO, in subsequent years. We assume that the capture, transportation and
sequestration steps are fully synchronized so that it suffices to keep track of tons of CO, se-
questered in hour t of year i. We denote this quantity by the variable ¢;;, where 1 <t < m,
with m = 8,760, and 1 < ¢ < T, with T denoting the useful life of the capture and seques-
tration facility. The practical capacity size, k, of the plant refers to the maximal value of
tons of CO4 that can be sequestered in any given hour. It can be considered the achievable
capacity and accounts for scheduled maintenance and anticipated downtime. Thus ¢; < k.

In addition, the capacity for sequestration may be volume constrained in terms of the tons
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Figure 2. Bioenergy with Carbon Capture and Storage. This figure illustrates
the techno-economic setting for a generic BECCS facility. Our base LCCDR calculation
presumes system boundaries that account for all emission and revenue sources inside the
green box.

of CO5 that can be maximally sequestered at the particular site.

Companies seeking to acquire carbon credits will frequently only base their calculations
and off-take contracts on the net tons of COs sequestered. Thus, if the CDR process involves
direct emissions, such as those incurred in connection with transportation or operational
activities, these emissions need to be netted against ¢;. Our model framework draws system
boundaries that include Scope 1 and Scope 2 emissions. Our base model also accounts for
offsets corresponding to emissions embodied in electricity purchased from the grid for either
the capture or the sequestration process. We represent these offsetting emissions by the
leakage factor a, with 0 < a <1, so that the net tons of CO4 sequestered in any given hour
are given by (1 — a) - gy

The representative CDR facility is assumed to be sized so as to take advantage of any
applicable economies of scale. The extant literature suggests that an efficient scale may
vary considerably with the underlying CDR technology. Let v(k) denote the upfront capital
expenditure for a plant capacity capable of capturing and sequestering k& tons of CO5 in any
given hour. The corresponding annual fixed operating costs are denoted by f;(k). Variable
operating costs, which include the transport and storage of the captured CO,, are assumed
to be an increasing function wy(-) of g;. In the context of DAC, for instance, the cost of
purchased electricity is the main driver of variable costs and this cost will generally vary

across the hours of any given year.



The operating costs of the facility may be offset by co-product revenues. In the context of
BiCRS or ERW, such co-product revenues may reflect the sale of biochar or other agronomic
yield benefits, respectively. For BECCS plants, electricity sales constitute, by definition, a
major co-product revenue stream. Since the magnitude of the revenues will frequently vary
with the real-time wholesale prices for electricity, we represent the co-product revenues by a
time-dependent function C PRy (-). Co-product revenues also include production tax credits
such as those specified in connection with Section 45Q of the U.S. tax code.

We refer to the entire vector of life cycle sequestration quantities ¢;, for 1 < ¢ < m and
1 < i < T, as a utilization schedule and represent this vector by ¢. Suppose the investor

receives a carbon credit of p dollars per net ton of CO5 sequestered. Future cash flows are

1

discounted with the per-period factor v = =,

where the cost of capital r is interpreted
as the weighted average cost of capital (WACC). The discounted future cash flows to the

investor are thus given by:

DCF°(p,q) =) | [(Z (p- (1—a)- g+ CPRit(gi) — wz’t(%’t))) — fulk)| 7' —v(k). (1)

=1 t=1

If the investment is made by a regular for-profit corporation, the LCCDR break-even
criterion must be applied in terms of after-tax cash flows. To that end, let 7 denote the
corporate income tax rate. If the initial capital investment, v(k), can be depreciated over
its useful life according to a schedule d = (dy, ds, ..., dr), with Z;TFZI d; = 1, the company’s
taxable income in year i, [;(p, q), is given by its cash flow in that period less the applica-
ble depreciation charges (see for details). The life-cycle after-tax cash flows then

amount to:

DCF(p,q) = DCF(p,§) = > 7 1i(p, @) - 7. (2)

i=1

The levelized cost of carbon dioxide removal, LCCDR, is defined as the lowest price, p,
that allows investors to earn their required rates of return by breaking even in terms of
discounted after-tax cash flows. An implicit assumption for this break-even criterion is that
the plant in question is utilized efficiently subject to its feasibility constraints. In general, it
may not be efficient for the available capacity to always be fully utilized. Similar to natural

gas plants that do not profit from generating electricity during hours of low power prices, a



BECCS plant may, depending on the price p for carbon credits, be better off not to operate
the plant during hours of low electricity prices. The maximized discounted stream of future

cash flows is given by:

DCF*(p)II%%DCF(Z)@EDCF@,J*(Z))), (3)

where F' denotes the set of feasible utilization schedules and ¢*(p) denotes the value-
maximizing utilization schedule, given p. The LCCDR therefore is the lowest price, p that
would allow investors to break even that is, it solves DC'F*(p) = 0. Although the equation,

DCF*(-) = 0

is non-linear in p, it is shown in|Methods|that the expression for DC'F'(p, ¢) exhibits sufficient
separability so as to ensure a unique solution. This finding relies on the plausible assumption

that investors could not possibly already break even if carbon credits had no market value.

Claim: Suppose DCF*(p = 0) < 0. Then there is a unique value LCCDR > 0 such that
DCF*(LCCDR) = 0.

Our analysis below finds a considerable range of LCCDRs for the four alternative CDR
technologies considered in this study. To highlight the impact of both leakage and co-product
revenues on the LCCDR, we also calculate two variant levelized cost metrics. By LCCDR™*
we denote the levelized cost metric that obtains if one drops all co-product revenues, that is,
both co-product sales and policy credits. By definition, LCCDR"™ > LCCDR. In contrast,
LCCDR™ denotes the levelized cost metric that obtains if offsetting Scope 1 and 2 emissions
are considered negligible, that is, @« = 0. Examining the latter metric is of particular interest
since different off-take agreements for carbon removals may apply different system boundaries

in accounting for offsetting emissions.

3 Alternative Carbon Removal Technologies

The four CDR technologies examined here differ primarily in how carbon is captured and
stored. illustrates the monetary and carbon flows associated with a generic removal
facility. BECCS, as described above, captures biogenic CO, from flue gas and stores it

underground. BiCRS stores biogenic carbon in durable biomass products such as bio-oil
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and biochar. DAC captures CO, from the ambient air for geological storage. ERW removes

atmospheric COs through mineral weathering and stores it in dissolved or solid inorganic

forms.
LCCDR
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Figure 3. Generic carbon removal process. This figure illustrates the techno-economic
setting generalized to all removal technologies considered. Our base LCCDR calculation
presumes system boundaries that account for all emission and revenue sources inside the
green box. Upstream, process, and downstream emissions are reflected in the endogenous
parameter «, while co-product sales and applicable policy support are reflected in CPR.
The blue and orange boxes show the no-leakage LCCDR ™ and no-revenue LCCDR™ levelized
costs, respectively.

3.1 Bioenergy with Carbon Capture and Storage (BECCS)

Bioenergy with carbon capture and storage (BECCS) is among the most commercially ma-
ture of the four pathways®. A representative facility combusts pulverized biomass in a
boiler for combined heat and power and routes the flue gas through an amine-based post-
combustion capture unit. Capture rates of about 90% are standard, as higher rates incur
disproportionately increasing cost®. The captured stream is compressed, transported, and
injected into geological storage. BECCS provides dispatchable low-carbon electricity along-

side removal credits™.

In the notation of our [Economic Model| the sequestered quantity g; is the gross CO,

captured and delivered to durable storage. Variable operating costs are dominated by the
delivered biomass price and depend on the biomass feedstock type. Biomass takes up atmo-

spheric CO, as it grows. Capturing and sequestering this CO, leads to negative emissions,



i.e. a removal. In our main analysis, we use a biogenic-neutral convention. Under this
convention, biogenic carbon released during conversion is balanced out by biomass regrowth.
As we mainly consider residual biomass, the presumption is that this biogenic CO, would
otherwise be released to the atmosphere sooner or later. Consequently, uncaptured flue gas
emissions during the capture process are not counted as an offsetting emission. The leak-
age factor « therefore comprises the upstream feedstock emissions (harvesting, processing,
and transport), together with downstream emissions incurred during transport and storage
of COy. We further do not consider any avoided emissions, such as methane released by

residue decomposition. We discuss the impact of including uncaptured biogenic emissions

and potential land-use-change emissions in [Supplementary Note 4|

Co-product revenues comprise electricity sales and the 45Q tax credit. The base case
values electricity at an annual-average wholesale price. An hourly-price check yields a similar
net removal cost. The calibration draws on recent techno-economic studies of biomass-fired
generation with amine capture and on observed U.S. electricity and biomass prices (see
for details on model configuration, inputs and supplementary checks).

Various challenges arise for BECCS deployment in practice. First, net removals require
reliable quantification of upstream biomass carbon content and supply-chain emissions*¥.
Second, the cost advantage of residue-based projects depends on a reliable feedstock supply.

Fire, pests, competing demand, and rising feedstock prices can reduce availability or raise

delivered cost® 3 Geological storage may also require continued costly monitoring™.

3.2 Biomass Carbon Removal and Storage (BiCRS)

Biomass carbon removal and storage (BiCRS) converts biomass into stable carbon products
via pyrolysis, the thermochemical conversion of organic matter under oxygen-limited con-
ditions at high temperatures™® Pyrolysis produces three major outputs: a solid fraction
(biochar), a liquid fraction (bio-oil), and a gaseous fraction (syngas). In practice, pyrol-
ysis is highly adaptable and can utilize a broad spectrum of feedstocks, including woody
biomass, agricultural residues, sewage sludge, and even non-biomass wastes ™, Feedstock
type, along with process parameters such as heating rate, temperature, residence time, and
reactor configuration, strongly influences the yield distribution between biochar, bio-oil, and

81482

syngas In our baseline modeling, we focus on slow pyrolysis, which typically yields

around 35% biochar, 30% liquids, and 35% syngas by mass®.



Applying the [Economic Model| to BiCRS requires an additional conceptual step because

no direct CO, stream is captured. We count as gross sequestration g; the biogenic carbon
fixed in the two durable product streams converted to COse (at the molar mass ratio 44/12).
This includes the biochar carbon that remains stable over at least a 100-year horizon, and
the bio-oil carbon destined for geological injection. We apply a permanence factor of 80%

to the biochar carbon, at the conservative end of estimates®#&

. Injected bio-oil is counted
in full. The syngas fraction is combusted on site to supply process heat. Under the same
biogenic-neutral convention as for BECCS, this release is not counted as an offsetting emis-
sion. The leakage factor « includes emissions from feedstock harvesting and truck transport,
grid electricity for plant operation, and biochar distribution. We neither credit avoided

residue decomposition nor include indirect land-use-change emissions in the main analysis;

the alternative boundaries are reported in [Supplementary Note 4}

The calibration combines techno-economic inputs with woody-residue prices and transport
distances for the U.S. Southeast. Co-product revenue is the sale of physical biochar as a soil
product, which is separate from the removal-credit price p. The geological storage of bio-oil
contributes to removal but is not a saleable co-product itself. Principal uncertainties are the
biochar permanence factor, feedstock cost and availability, and the physical biochar sales
price (see for model configuration, inputs, and supplementary checks). We also
test a credit-eligibility boundary in which biochar is sold as a co-product, but not eligble to

earn removal credits. If only injected bio-oil is credited, this raises the break-even price per

net ton considerably (see |[Supplementary Note 4.4)).

Several challenges complicate assessing BiICRS economics in practice. Published litera-
ture estimates are difficult to compare when they use different feedstocks, reactor designs,
functional units, or permanence conventions®™*%, We hold the slow-pyrolysis process and ac-
counting convention fixed and vary feedstock and logistics explicitly. This matters because
low-density or wet biomass becomes costly to transport over long distances, which can favor

smaller plants located near the feedstock source®&%,

3.3 Direct Air Capture (DAC)

The process of capturing CO, from ambient air involves two main parts: the air contactor
and the regeneration unit. In the first stage, atmospheric air is brought into contact with

a chemical capture material, where CO is bound by the material. In the second stage, the
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CO, is released and captured, while the capture material is regenerated®®. The two main
technologies available are characterized by the chemical processes used to capture the carbon:
solid sorbents (S-DAC) and liquid solvents (L-DAC)®. L-DAC uses an aqueous hydroxide
solution (such as KOH), from which the COs is later released via a high-temperature calcina-
tion process®. S-DAC on the other hand captures CO, using sorbents such as amine-based

materials, which then release the carbon via a thermal swing or vacuum swing process”’.

According to our [Economic Modell g;; is the gross CO, captured at the DAC plant and de-

livered to durable storage; capture, transport, and injection are synchronized. The base grid
configurations use an annual, location-based Scope 2 accounting method: purchased elec-
tricity is assigned the regional grid carbon intensity. The renewable-coupled configurations
instead use the modeled project supply mix, including retained grid backup. Purchased en-
ergy consequently dominates «, alongside smaller transport-and-storage emissions. L-DAC
also uses natural gas for high-temperature calcination. Under current grid supply, these
inputs place DAC among the highest-leakage base cases, while dedicated low-carbon energy
lowers a.. Capacity cost is the largest cost component, followed by variable operating costs.
DAC has no marketable co-products. Its only offsetting revenue is the 45Q tax credit, making
it the only technology whose co-product revenue is entirely policy-dependent.

The calibration relies on recent techno-economic studies, manufacturer estimates and U.S.
data (see for details on model configuration, inputs and supplementary checks).
Current DAC economics are less favorable than those of other technologies and reported
costs vary widely with the underlying assumptions. Principal uncertainties include future
capital cost and energy requirements. Meanwhile, realized performance depends critically on
the carbon intensity of the energy supply and feasible operating conditions™™ ™. We do not
model land-use requirements for DAC, which are unlikely to be a binding constraint relative

to other removal pathways at scale®.

3.4 Enhanced Rock Weathering (ERW)

ERW refers to a geochemical process that relies on natural weathering to capture CO5 from
the atmosphere'®. This can be engineered by spreading finely crushed silicate rocks on land
surfaces, for instance agricultural soils*’. The approach has gained recent attention due
to its potentially low cost, compatibility with existing land use, high scalability and dura-

bility®#5%90 A practical advantage of ERW is its compatibility with existing agricultural
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logistics: crushed rock can often be applied with equipment already used for liming and
fertilizer distribution, limiting the need for new downstream infrastructure®®%, Silicate dis-
solution also releases base cations and nutrients such as calcium, magnesium, and potassium,
which may improve soils and yields®*>2,

The essence of ERW is that COs dissolves in water to form carbonic acid, which then
reacts with silicate minerals in crushed rocks. Silicate weathering releases base cations
and generates bicarbonate. The inorganic carbon may be transported toward the ocean
or retained in soils as secondary carbonate minerals. These end states can store carbon
durably, but realized permanence depends on transport pathways, secondary reactions, and
the ability to verify the retained carbon®**?, Weathering rates depend on mineral type and
composition, particle size, and environmental conditions®”. We model basalt and dunite as
cases in point, which exhibit two trade-offs. Dunite can weather faster and absorb more
CO, per ton of rock, whereas basalt is more abundant and avoids concerns on nickel and

19455

chromium release from ultramafic minerals Finer grains generally increase reactive

surface area and gross removal potential but also raise grinding cost, electricity use, and
upstream emissions®%%,

To adapt our modeling framework to ERW, let z;; denote the number of tons of a particular
type of rock that is being processed (ground) and transported to its destination in hour ¢ of
year i. We suppose that in year ¢ + j each ton of rock absorbs (sequesters) 1, tons of CO2

from the ambient air. The sequence of p; is decreasing and approaches zero over time. The

total discounted tons of CO2 sequestered through processing z;; tons of rock then becomes:

Qit = Zit Zﬂj -
=0

In our main calibration, we set o = w - Y™ where w is the assessed annual dissolution
fraction and Y™ is the rock-specific COs-uptake ceiling per ton of rock, and assume for
simplicity

pi=w- (1—w)l - yme
The main case credits only the COy uptake expected during the application year, i.e.
Qi = Zit - Jo- This is because field weathering rates and the verification of residual uptake re-

main uncertain. Theoretical and laboratory-derived rates may overstate field performance,

and some mineral fractions may remain effectively unweathered within a project-relevant
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20599100 The convention is also in line with current verification practice, under

horizon
which registries credit ERW ex post for weathering measured after application®™*02 Cred-

iting verified residual uptake beyond the application year, such as in steady-state assess-

ments®, would raise removal per ton of rock and lower LCCDR. [Supplementary Note 7|

reports this alternative and tests the impact of slower field weathering, different grain sizes
and MRV costs.

After spreading, ERW has no separate transport-and-storage step. Since ERW (currently)
receives no policy support, co-product revenue is limited to the value of a small agricultural
co-product for basalt. This premium is not available for dunite, given its trace-metal con-
cerns. The leakage factor « includes mining, grinding, transport, and field application.
Grinding electricity dominates basalt emissions and links its grain-size choice directly to
both cost and leakage. Dunite’s higher reactivity permits a coarser grind, leaving transport
as its largest attributable emission source.

The basalt application settings draw on field-trial evidence, whereas the weathering rates

at the assumed grain sizes for both rocks rely mainly on laboratory and modeled bounds®%52:26

(see[Methods|for details on model configuration). Whether these rates are realized in hetero-
geneous field soils remains uncertain. For dunite, trace-metal risks further constrain suitable
application sites®™. Verification cost can also be material because credited uptake must be

separated from background soil and hydrological variation®!H0UH1030%

4 Results

4.1 Base Case Results

For each of the four CDR technologies considered in our analysis, this subsection reports
levelized cost estimates for a base case in the context of the U.S. market and regulatory
environment. BECCS Wood and BiCRS Wood use woody residues as feedstock. S-DAC
Grid and L-DAC Grid use electricity from the commercial grid. ERW Basalt and ERW
Dunite evaluate facilities that grind and apply basalt and dunite rock, respectively.

Across our numerical calibrations, it is financially advantageous to use the full practical
capacity k, so that ¢, = k. Specifically, we verified that a DAC facility yields a positive
contribution margin even during hours when power prices are high, in part because of the

sizable production tax credits available. Similarly, the combination of production tax credits
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and removal-credit revenue at the break-even price makes it advantageous to run a BECCS

plant even during hours with low electricity prices. [Supplementary Note 5| provides details.

Provided ¢}, = k, the LCCDR can be expressed as the sum of the levelized capacity cost
¢ and the fixed and variable operating costs f and w, less the levelized co-product revenue

CPR. Formally,

LCCDR =c+ f+w—CPR,

where the four levelized components, stated per net ton removed, are defined as:

¢ — v(k)A = ZzT:l fi(k)y* w — Zszl > wir (k)Y
(1—a)L’ (1—a)L (1—a)L ’

(1—a)L '

The levelization factor L = m k- Z;‘FZI ~* represents the total discounted processing capacity
of the facility. The tax factor A = (1 — 731, di7')/(1 — 7) reflects the corporate income
tax rate 7 and depreciation schedule (dy,...,dr). C PR includes physical co-product sales
and applicable tax-adjusted policy support.

To highlight differences in the cost structure of the four CDR technologies, we report each
of the three cost components per net ton. To further examine the impact of leakage and
co-product revenues, the following also shows the two variant levelized cost figures

that obtain if either leakage is ignored or co-product revenues are not available, namely:

LCCDR™ = LCCDR-(1—a) and LCCDR' = LCCDR+ CPR.

provides a graphical representation of the four cost and co-product revenue
components shaping the levelized cost metrics we examine.

We find that ERW Dunite has the lowest base-case LCCDR, while S-DAC Grid has
the highest, just over ten times as high. S-DAC combines the highest capacity cost with
electricity-intensive operation. Its variable operating cost is almost twice that of L-DAC.
While both configurations require electric and thermal inputs, L-DAC requires substantially
more thermal energy, supplied by natural gas rather than electricity. This lowers costs but
can lead to increased attributable emissions. Meanwhile S-DAC requires more electricity

and expensive sorbents that degrade faster, despite lower thermal requirements. BECCS
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BECCS BiCRS S-DAC L-DAC ERW ERW

Metric (8/tCO,) Wood Wood Grid  Grid  Basalt Dunite

Capacity cost (c) 84.7 48.1  401.1  307.3 44 1.0
Fixed operating cost (f) 28.4 18.1 121.1 103.8 97.7 21.7
Variable operating cost (w) 82.5 725 2742  138.1 1775 25.1
Leakage () 4.60% 5.22% 34.16% 32.61% 32.28%  3.92%
Co-product Revenue (-CPR) —106.3 —31.6 —304.7 —259.5 —19.3 0.0
LCCDR™ 85.3 101.5 323.7 195.2 176.3 45.9
LCCDR 89.4 107.1 491.7 289.6 260.3 47.8
LCCDR* 195.7 138.6 796.4 549.1 279.6 47.8

Table 1. LCCDR comparison across base configurations. The table reports the
six current U.S. base configurations. Cost and revenue components are shown per net ton
of COs removed. The three LCCDR metrics are measured per ton of COy removed under
their respective system boundaries. The capacity cost incorporates applicable taxes and
depreciation allowances. Variable operating cost includes transport and storage charges.

B Capacity cost, c ] LCCDR™
I Fixed O&M, f [ LCCDR
B Variable operating + T&S, w [1 LCCDR*
796
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BiCRS S-DAC L-DAC ERW Basalt ERW Dunite

Figure 4. LCCDR and cost composition across base configurations. The bars
show the transition from LCCDR™ to LCCDR and then to LCCDR". The LCCDR™ bar
separates capacity cost, fixed operating cost, and variable operating cost including transport
and storage. The drop from LCCDR™ to LCCDR shows the effect of co-product revenue
and policy support.

has a higher plant-gate cost than BiCRS, but electricity revenue and 45Q lower its investor

15



break-even price considerably.

For the biomass pathways, revenue reverses the cost order of the base cases. Before co-
product and policy revenue, BECCS costs 41% more than BiCRS, but it receives a $106/tCO4
offset from electricity sales and 45Q, more than three times the $32/tCO; physical biochar
revenue in BiCRS. Its resulting investor break-even price falls to $89/tCO,, about 17% below
the $107/tCOy BiCRS estimate. BECCS is therefore cheaper in the main metric because of
its co-product revenue.

The basalt—dunite difference instead comes from physical removal yield and processing
energy. Basalt requires a 7 pm grind in the base case, compared with 30 pm for dunite, and
removes less CO4 per ton of rock. Its variable cost is consequently about seven times higher
($178 versus $25/tCOy). Dunite remains the least-cost base case even without co-product
revenue, but this result relies on the achievable weathering rate and suitable application
sites.

In terms of leakage, we find that attributable emissions are driven by different inputs.
Purchased energy dominates attributable emissions for DAC and basalt ERW, whereas feed-
stock preparation and transport dominate BECCS and BiCRS under the biogenic neutral
convention. Downstream transport and storage losses add comparatively little. The result-
ing leakage factor is 32-34% for S-DAC Grid, L-DAC Grid, and ERW Basalt, compared with
4-5% for BECCS Wood, BiCRS Wood, and ERW Dunite. Because 45Q is paid per gross
ton, this leakage also changes its effective value per net ton. For the DAC base cases, the
credit reduces the investor break-even price relative to LCCDR™ by 38% for S-DAC and 47%

for L-DAC. This is a direct consequence of gross-ton crediting. We report the corresponding

values without 45Q in [Supplementary Note 2|

4.2 Alternative Project Configurations

The base case configurations can provide one plausible reference per technology, but they
do not represent the full range of current project economics. We therefore evaluate twelve
alternative configurations to complement the base cases. A project configuration induces a
complete set of technical, energy, supply-chain, and financial assumptions. For each tech-
nology the configurations are labeled by their defining choice. Frontier-DAC is a current
0.1 MtCOgy/yr early plant, using grid electricity and upper-bound current capital costs.
Commercial-Grid is a 1 MtCOy /yr plant with base capital costs and grid electricity. Renewable-
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Coupled retains the Commercial-Grid plant architecture and scale but changes the electricity
supply to co-invested wind and solar with grid backup. BECCS and BiCRS configurations
vary feedstock and logistics parameters. The ERW Favorable, Realistic, and Conservative
configurations jointly vary electricity supply, grain size, transport distance, and agronomic
revenue. Together, the alternative configurations show how feasible choices impact cost and

leakage profiles. Full details on model calibrations are provided in [Methods|
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Figure 5. LCCDR and leakage across project configurations. Panel (a) shows the
full comparison. Panel (b) enlarges the low-cost, low-leakage region.

shows the relationship between a and LCCDR across the project configurations.
The configurations occupy three broad regions. Dunite ERW forms a modeled low-cost,
low-leakage frontier. The biomass configurations and Basalt-Favorable have low leakage at
moderate cost. DAC and the more energy-intensive basalt configurations have both higher
cost and higher leakage. Across these groups, energy supply shapes the DAC and ERW
outcomes, while feedstock sourcing shapes the biomass pathways.

Figure 6| shows how these configuration choices shift the LCCDR outcomes. The LCCDR
range is widest for S-DAC ($426-$1,076/tCOs) and lowest for Dunite ERW ($29-$70/tCOs).
The S-DAC range is widest because the Frontier plant is smaller and assumes higher capital
costs. Frontier LCCDR is 119% higher than Commercial-Grid for S-DAC and 132% higher
for L-DAC. Renewable coupling lowers LCCDR by 13% for S-DAC and 15% for L-DAC
relative to the base case. For S-DAC, that translates into $65.9/tCO,, $8.4 from lower
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Figure 6. LCCDR comparison across project configurations. Each panel (a) through
(f) shows three configurations for one technology. The three bars for each configuration
report LCCDR ™, LCCDR, and LCCDR™, as introduced above.

electricity cost and $57.5 from the lower leakage factor. For L-DAC, this means a reduction
of $44.5/tCO4, $13.8 via lower energy cost and $30.7 from lower leakage. The leakage factors
fall by 8.9 and 8.4 percentage points, respectively. Cleaner energy therefore leaves a larger
share of gross sequestration as net removal and lowers cost per net ton. These estimates
already include the countervailing effect that a lower o reduces the effective per-net value of
the 45Q tax credits.

In the BECCS configurations, using the energy crop miscanthus as feedstock is costlier
and more emissions-intensive than woody residues. Longer transport distances have a similar
effect. Replacing woody residues with miscanthus raises BECCS LCCDR by 38% and « by

2.6 percentage points. For BiCRS, replacing wood chips with corn stover and extending the
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haul raises LCCDR by 52% and a by 6.0 percentage points. Co-product revenue changes
little across the BECCS configurations because they use the same electricity-price and 45Q
assumptions. Their cost differences are therefore driven mainly by delivered feedstock cost
and upstream emissions. The dedicated-energy-crop result is also sensitive to the land-use
boundary. A 10 gCOse/MJ grassland-conversion penalty would raise the BECCS energy-
crop configuration from $123 to $143/tCO,, while a 50 gCOze/MJ cropland debit raises it
to $401/tCO,. At approximately 72 gCOse/MJ, the configuration no longer delivers net

removal (see [Supplementary Note 4.3). The removal-credit boundary is equally important

for BiCRS. If only bio-oil were to be carbon credit-eligible and biochar only a co-product,

the required credit price more than doubles: for Realistic-Wood it increases from $107 to

$231 per net credited ton (see [Supplementary Note 4.4)).
Basalt ERW spans $125-$340/tCO, and leakage factors of 3.7-38.2%, the widest leak-

age range among the configurations. This range reflects joint changes in electricity supply,
target grain size, transport distance, and agronomic revenue. The largest gap separates the
renewable-powered Basalt-Favorable configuration from the more grid-dependent configu-
rations because fine basalt grinding is electricity-intensive. Dunite remains in a narrower
range of 0.9-6.6% leakage and $29-$70/tCO2, mainly because its higher modeled uptake
permits coarser grinding and lower variable operating costs. These estimates require suit-
able land and depend on whether the modeled weathering rates at the assumed grain sizes
are achieved in the field. Field verification may also entail additional site-specific MRV costs.
Powering the grinding with clean electricity lowers the Basalt-Realistic LCCDR. from $260
to $192/tCO4 and « from 32% to 8%, but changes Dunite-Realistic by less than $1/tCOs,.
Extending the horizon over which modeled uptake can be reliably verified from one to five
years lowers the two base estimates from $260 to $172 and from $48 to $31/tCOs, respec-
tively. In separate one-at-a-time checks, Dunite-Realistic remains below $100/tCOy when
realized field weathering falls to 50% of the modeled rate. At an adjustment rate of 0.35 for
more temperate climates, it raises the estimate to $148 /tCO,. These sensitivities point to an

important issue for multi-year projects, namely how to reliably measure field-performance

and who carries the verification risk (see [Supplementary Note 7).

Taken together, the results do not indicate a universal trade-off between cost and leak-
age. Technology determines the broad cost range, while energy supply, feedstock, logistics,

and scale affect where individual projects lie within the cost—leakage space. Technology la-
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bels alone are therefore insufficient for comparing projects, underscoring the importance of

project-specific disclosures.

4.3 Cost Estimates versus Market Prices

a Per ton b Per deal
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Figure 7. Observed transaction prices and modeled removal costs. This figure
shows the distribution of observed prices by pathway on a log scale. Panel (a) weights
each transaction by contracted tonnage, while panel (b) gives each transaction equal weight.
The dark horizontal bars span the modeled range from the lowest LCCDR™ to the highest
LCCDR™ across current project configurations. White diamonds mark the base-case LCCDR
values. Source: CDR.fyi”.

Observed transaction prices provide a point of comparison with our modeled results, but
prices can include scarcity rents, risk premia, contracting services, and other items that
are absent from our estimates. compares each pathway’s modeled LCCDR range
with disclosed transaction prices in CDR.fyi'?. We distinguish between a tonnage-weighted

distribution in panel (a) and an unweighted, per-deal distribution in panel (b) to show

how large contracts influence the overall price distribution (see details in [Supplementaryl
Note 21).

We find that most disclosed BECCS and DAC prices fall within their modeled ranges.
The tonnage-weighted median is about $214/tCO, for BECCS and $650/tCOy for DAC.
The BiCRS median of about $382/tCO, exceeds the modeled upper bound of $221/tCO,,
influenced by one large biochar transaction and a bio-oil segment priced mainly by one

supplier. The ERW median of about $368/tCOx lies just above its modeled upper bound of

$353/tCO4 and far above the dunite range. These gaps may reflect verification cost and risk,
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delivery risk, supplier concentration, scarce supply, or contract-specific services. For both
DAC and BiCRS, giving each deal equal weight shifts the distribution toward higher prices
than in the tonnage-weighted panel. Larger contracts therefore tend to exhibit lower per-ton
prices than smaller contracts within the same pathway. In BiCRS, this contrast is especially
visible in the many smaller biochar and bio-oil transactions. The pattern is consistent with
volume discounts or other structural differences between large and small contracts.

The input sensitivity checks show how much of these gaps model-input uncertainty may
explain. Sensitivity ranges result in cost changes —19% to +37% for BECCS Wood and
—15% to +24% for BiCRS Wood. Both thereby remain below their observed median prices
($72-$123 to $214/tCO, and $91-$133 to $382/tCO;). DAC and ERW Basalt medians lie

at or within their sensitivity ranges. The biomass price—cost gaps therefore cannot only be

attributed to different project cost parameters alone (see [Supplementary Note 3)).

5 Discussion and Conclusion

Our comparison considers three cost measures that are frequently mixed in removal deci-
sions. These metrics separate the investor break-even price from the effects of attributable
emissions, co-product revenue, and policy support. Our main results reveal a 37-fold range
in current investor break-even prices, from $29/tCO, for the Dunite-Favorable ERW con-
figuration to $1,076/tCO, for Frontier S-DAC, and leakage factors from 1% to 41%. These
ranges reflect both technology maturity and project configurations. Cost estimates that ig-
nore attributable emissions, LCCDR™, can understate full net removal costs LCCDR by as
much as 70%. Co-product revenue and policy support can lower LCCDR by 0-54% relative
to the revenue-free LCCDR™.

Adding cleaner input sources lowers leakage without necessarily increasing total cost.
Decarbonizing energy supply and upstream logistics can thereby improve removal economics
even in cases where the cleaner options are more expensive per unit cost. There are also
cases without such a trade-off: In suitable geographies, co-invested wind and solar can lower
both variable energy cost and upstream emissions. Procurement and policy that reward
clean-power coupling can therefore improve cost and net removal simultaneously. Cleaner
electricity is especially important for DAC and basalt grinding. Dunite is less sensitive

because grinding accounts for a smaller share of its cost and emissions.
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The current results also indicate how costs may change in the future. DAC has the
clearest potential for experience-curve learning because repeated deployment can reduce

equipment and fixed operating costst?22,

We model prospective DAC costs over various
future configurations. On the policy-free LCCDR™ measure, S-DAC is estimated to fall
from $796/tCO; in the current Commercial-Grid case to $182/tCOy in the long-term 2050
case, while L-DAC falls from $549 to $207/tCO,. These values combine equipment learning
with changes in process performance, energy supply, project lifetime, and transport-and-
storage scale. None of the modeled DAC configurations reaches the U.S. Carbon Negative
Shot target of $100 per net ton. The Mature-2030 configurations reach $111-$135/tCO5 with
45Q but cost $313-3366/tCO, without it. Even the policy-free long-term 2050 configurations
remain at $182-$207/tCO,. Both learning and continued policy or market revenue would
therefore be needed to approach the target. Future biomass economics depend mainly on

feedstock markets and logistics, while cleaner grinding electricity is the central dynamic

examined for ERW. The future DAC configurations and cleaner-grid ERW scenarios are

reported in [Supplementary Note 6|
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Figure 8. Leakage and the net value of co-product revenue. The curve converts
nominal revenue per gross ton to its effective value per net ton, defined as C PR. Dashed lines
show levelized, tax-adjusted 45Q values. Points show total co-product and policy revenue for
each base configuration. BECCS also includes electricity revenue, while BICRS and ERW
only reflect biochar sales and agronomic yield revenue.
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Tax-credit design matters most for DAC and BECCS. shows the relationship
between leakage and the effective per-net value of gross-ton revenue. The levelized, tax-
adjusted 45Q credit is worth $78-$201 per gross ton. Allocating it over the smaller quantity
of net removal raises its effective value to $82-$341 per net ton. Because 45Q) pays for gross
sequestration, it does not directly reward reductions in attributable emissions. Our calcu-
lations do not imply that investors will deliberately select higher-emission inputs. Project
configuration choices will mainly depend on input costs, credit revenues, and feasibility. But
our results show that a gross-ton credit provides no incentive for reducing attributable emis-
sions. At a fixed credit rate, a higher-a project therefore delivers fewer net tons per tax
dollar spent. Paying for independently verified net removal would strengthen the reward for
reducing «, aligning support more closely with net-removal outcomes. Policy support also
changes the cost ranking. Without 45Q, BECCS Wood rises from $89 to $171/tCO5 and no
longer undercuts BiCRS Wood at $107/tCO; (see [Supplementary Note 2)). Under current

t44 which limits

law, projects must begin construction before 2033 to qualify for the credi
its role in long-run economics. Time-limited credits can support early scale-up but may not
suffice if the credit expires before the technology achieves commercial viability.

Several limitations bound the interpretation of our results. First, absolute costs remain
sensitive to input assumptions. Parameter checks identify DAC capacity utilization and

plant cost, biomass plant and feedstock cost, and ERW grain size and removal yield as the

main cost drivers (see|[Supplementary Note 3|). Second, biomass results depend on accounting

and eligibility rules. We neither credit avoided residue decomposition nor assign a land-use-
change penalty because neither counterfactual can be observed for the contracted feedstock.
Counting uncaptured biogenic CO, as an offsetting emission raises Conservative-Residue Bi-

CRS «a from 11% to 38% and LCCDR from $163 to $234/tCO,. Restricting eligibility to

bio-oil only raises its required credit price to $354 per net credited ton (see [Supplementaryl

Note 4.4). Third, the main ERW estimates use 25 °C reference weathering rates and credit

only application-year uptake. Extending verified crediting from one to five years lowers
the two realistic-configuration estimates by about one-third. By contrast, applying a lower
temperate weathering factor can raise the dunite range roughly threefold, from $29-$70 to
$84-$232/tCO,. Under the same adjustment, Basalt-Realistic would get prohibitively expen-

sive and Basalt-Conservative net-emitting. Slower field realization and declining marginal

effectiveness under repeated applications would also raise costs. [Supplementary Note 7 elab-

23



orates on alternative weathering rates, grain sizes, crediting horizons, and MRV costs. Our
calibrations are U.S.-anchored, and rankings may shift where input prices or policy support
differ. Our estimates nevertheless show that the modeled frontier for durable removal can
already reach $29/tCO5 under favorable conditions. This approaches the estimated marginal
abatement cost of $20-$50/tCOy for non-permanent, reversible pathways such as tropical
reforestation®®?,

Across the four technologies, lower modeled costs generally coincide with more difficult
MRV. DAC and BECCS can meter captured and injected COs, although they require in-
put carbon accounting and leakage tracking. BiCRS adds biomass origin and permanence
estimates, while ERW must infer uptake from dispersed field measurements and models
against uncertain baselines. This distinction is becoming relevant beyond voluntary mar-
kets. Recently, the European Commission proposed integrating permanent removals into the
European Union Emissions Trading System (EU ETS)"2. The proposal states that one unit
should represent one net ton after deducting life-cycle emissions. It further identifies perma-
nence, reversal liability, MRV uncertainty, environmental effects, and technological maturity
as conditions for ETS integration™®. The assessment regards DAC and BECCS as ready for
consideration, biochar as conditional, and enhanced weathering as requiring further research.
ERW is also not currently eligible for U.S. tax credits.

Because durable carbon removal is a public good, the role of the state can extend be-
yond setting accounting rules™™. This includes funding common MRV capabilities, demon-
stration projects, shared infrastructure, and early procurement through auctions or offtake

W7 There is no need to transfer all project-performance risk to the state: pay-

agreements
ments can be tied to independently verified delivery, and contract design can incorporate
non-delivery risk explicitly. Future work should quantify pathway-specific MRV costs, test
how buyers value durability and delivery risk, and evaluate cost-efficient portfolios under
common net-ton accounting.

Offtake agreements today apply inconsistent system boundaries, which invites boundary
shopping. Contracts, registries, and support programs should therefore report gross seques-
tration, attributable emissions, net removal, co-product revenue, and public support. They
should also disclose emission scope coverage, biogenic treatment, durability, verification rules,

and excluded counterfactuals. These disclosures would enable more consistent quantification

of net removal cost across technologies and projects. They further reveal when gross-based
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crediting schemes allocate more public support per net ton to configurations with higher
leakage. Where public support targets atmospheric removal, payment should be tied to
independently verified net tons to align incentives between project developers, buyers and
governments. Scaling durable removal will require multiple technologies, but it should not
require multiple definitions of a ton removed. LCCDR provides a common economic basis

for comparing the cost of removing a net ton of COs.
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Methods

Model Details

This section first verifies the formal Claim stated in the [Economic Modell and then provides

a more detailed decomposition of the different LCCDR metrics. We recall from
that taxable income in year ¢ is given by:

Li(p.q) = Z [p- (1 =) qu+ CPR(qi) — wilqu)] — fi(k) — d;i - v(k)

Further, the after-tax cash flows are given by:

T

DCF(p,q) = DCF°(p,q) = > _7-Li(p.q) - 7" (4)

=1

LCCDR is defined as the lowest value p at which the project breaks even:

DCF*(p)ZI%%DCF(Z?@EDCF(MT*@)) =0, (5)

where

T m
F:{‘ﬂ%tﬁkandzthtg[(}

i=1 t=1
denotes the set of feasible utilization schedules. Assuming that DCF*(p = 0) < 0, the
linearity of DC'F(p,q) in p implies that DCF*(p) > 0 for values of p sufficiently large.
Assuming the component functions of DCF(p,q) are continuous, the function DCF(-, )
is continuous in both p and ¢. The Berge Maximum Theorem then says that DCF*(-) is
continuous in p. By the Intermediate Value Theorem, there exists a value p° such that
DCF*(p°) = 0.

The uniqueness of p° follows directly from the following “revealed preference” argument.
Suppose that p? > p' and yet DCF*(p*) = DCF*(p') = 0. That would yield the following

contradiction:
0= DCF*(p') = DCF(p',q*(p")) < DCF(p*,§*(p")) < DCF(p*,¢*(p*)) = DCF*(p*) = 0.
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Thus, the LCCDR is the unique value satisfying DCF*(LCCDR) = 0. The expression for

taxable income, I;(-), allows us to implicitly solve the equation DC'F*(-) = 0.

S (S0, [wilgh(LOCDR)) — CPRu(gi(LCCDR)] + fi(k)] -+ v(k) - A

LCCDR = 7 — '
(1—-a)- Z’i:l Zt:l ¢;(LCCDR) -~

(6)

Here A represents a mark-up factor given by:

1—17

(7)

This mark-up is applied only to the original capital expenditure and summarizes the effects
of income taxes via the applicable income tax rate, 7 and the allowable depreciation schedule
(dy,...dr). Clearly A > 1, and A = 1 absent any income taxes, that is 7 = 0. We note
in passing that the preceding model formulation has implicitly assumed that co-product
revenues constitute taxable income. For BECCS and DAC projects in the U.S., significant
co-product revenues take the form of production tax credits which effectively amount to
an after-tax revenue. If the co-product revenues take the form of production tax credits,
equation @ must be modified so that C PR;(¢;;,(LCCDR)) is marked up by the factor 1.

The representation of LCCDR in equation @ conforms to the standard representation of
the levelized cost of energy: total discounted cost over total discounted energy produced. In
our context, this translates into: total discounted cost, less co-product revenues, over total
discounted net tons of COy removed.

Equation ({6 is readily modified to characterize the levelized cost of CDR if one were to
ignore any offsetting emissions, that is, « is set to zero. The corresponding lower levelized

cost figure, LCC'DR™, is given as the unique solution to the equation:

>oiot [0 [wis(g;,(LCCDR™)) — CPRy(g;,(LCCDR))] + fi(k)] - 7' + (k) - A

LCCDR = = — ,
Zi:l Zt:l ¢;(LCCDR™) -+

(8)
[Economic Modell defined LOCCDR™ as the levelized cost measure that obtains if the co-

product revenues, C'PR(-), are excluded from consideration, possibly because they vary

considerably across locations. We then obtain:
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> i [ witlgi(LCCDRY)) + fi(k)] -+ +v(k) - A
(1—a)- ZL > e G (LCCDRY) -~
We note that the right-hand side of equation @ yields an explicit solution for LCCDR if it is

LCCDR" =

(9)

feasible and financially advantageous to use the achievable capacity throughout the modeled

operating schedule, that is, ¢}, = k in each available hour. We then obtain:

> i [ [wie(k) = CPRiy(K)] + fi(R)] -7 + (k) - A
(1—a)~m-k-ZiT:1’yi
Decomposing equation yields the per-net components as defined directly before
Ible 1} in [Resultsl

LCCDR = (10)

Model Calibration

For the reported configurations, annual operation is summarized by a constant capacity fac-
tor over the project lifetime. Full use of the nameplate capacity is generally not attainable
in practice. The practical capacity k accounts for scheduled maintenance, anticipated down-
time, and outages. BiCRS and BECCS operate at their technically achievable maxima, while
DAC operates at or near its maintenance-constrained maximum because capacity cost dom-

inates variable operating cost. The technology-specific capacity factors are approximately

84-90% and are reported in [Supplementary Note 1]

We test the dispatch flexibility developed above for DAC by resolving utilization on an
hourly grid-price vector. In the reported calibrations, however, the price-responsive margin
never binds below the maintenance-constrained maximum. Capacity-related charges domi-
nate the DAC cost structure. The break-even removal price is high relative to hourly variable
cost, so the contribution margin of an additional operating hour remains positive even in ex-
pensive hours. It is thus optimal to keep the plant running even in hours with above-average
power prices. The same applies to BECCS, where removal prices and tax credits are sufficient
to justify continuous operation, even in hours with low electricity prices. Timing scheduled

maintenance and downtime into the lowest-price hours can modestly raise co-product revenue

without reducing annual output. These checks are reported in [Supplementary Note 5. We

note that price-responsive curtailment may become economically relevant for cost structures
with a substantially higher variable-cost share.

The technology calculators first produce components per gross ton captured and se-
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questered, denoted ¢, f9, w9, and C'PRY. For any component x, its contribution per net
ton is x = 29/(1 — «). The main text therefore reports all components consistently per net
ton. The capacity-cost row in [lable 1| includes the tax adjustment A, the variable-cost row
includes transport and storage, and LCCDR™ is calculated by setting a = 0.

In the U.S. calibration the capacity costs are tax adjusted and include a depreciation
tax shield. We apply a 21% federal corporate income-tax rate and, where applicable, a
representative state tax rate. Depreciation is based on a seven-year Modified Accelerated
Cost Recovery System (MACRS) depreciation schedule™™. For DAC and BECCS, the 45Q
credit is given as after-tax revenue paid per gross ton captured. It is therefore pre-tax
adjusted by 1/(1 —7), discounted over its 12-year statutory availability, and re-levelized over
the applicable project lifetime.

Grid-electricity emissions use annual location-based intensities; renewable-coupled config-

urations use their modeled project supply mix (see [Supplementary Note 1). The biomass

main cases apply the biogenic-neutral convention, while [Supplementary Note 4| reports the

alternative boundary. BiCRS co-product revenue is the physical biochar sales price and is
separate from the removal-credit price p. For ERW, the main case credits application-year

uptake, ¢ = zipto. The timing sensitivity extends uptake using p; = w(1 — w) Y max and

discounts each verified future increment; see [Supplementary Note 7.5|

The BiCRS equipment cost is based on a supplier quotation for a slow-pyrolysis unit,
scaled to the 1 t/h reference size. For context, a survey of European pyrolysis suppliers
reports a mean specific purchase price of 5,800 EUR per (kg/h) of feedstock capacity, a
median of 6,600, and a biomass-only mean of 5,500, and quotes continuous units at 1.85 to
6.5 M EUR at 0.5 t/h and 3.4 M EUR at 1.0 t/h"™™. Our estimate corresponds to roughly
4,800 EUR per (kg/h) and therefore sits below that survey mean. The same survey finds no

systematic relationship between specific purchase price and capacity over the 0.09 to 1.0 t/h

range it covers. This is stress-tested in [Supplementary Table 12|

The calibration sources and robustness checks are reported in the supplementary infor-

mation. Technology-specific inputs, data sources, financial assumptions, and configuration

changes are grouped in [Supplementary Note 1. The calibration combines various source

groups: peer-reviewed engineering and techno-economic studies; company estimates; govern-
ment data on energy, emissions, taxation, and policy; registry methodologies; and disclosed

transaction data. Excel workbooks provide technology-specific calibration anchors; Python
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implementations are available to reproduce quick configuration results and sensitivity checks.
Because the underlying monetary sources use different price years and not every input can be
restated consistently to a common base year, the results should be read as approximate cur-
rent U.S. dollar costs. Complete configuration-level inputs and outputs and the reproducible

model implementation are available as described in the Code availability statement.

Project Configurations

Comparisons between and within technologies are inherently difficult. We therefore define a
set of plausible project configurations for each technology. Each specifies a complete set of

techno-economic assumptions for a given case. A common one-at-a-time sensitivity analysis

for all four technologies is reported in [Supplementary Note 3| For the base cases, BECCS

Wood is calibrated as a U.S. greenfield plant using woody residues. The supporting analysis
tests plant and biomass costs, capture performance, utilization, and electricity revenue.

Alternative treatments of biogenic carbon, upstream biomass emissions, and land-use change

are reported in [Supplementary Note 4, BiCRS is calibrated as a standard wood-based slow-

pyrolysis plant in the U.S. Southeast. The supporting analysis tests plant and feedstock
costs, feedstock emissions, utilization, and biochar revenue. Alternative biomass-accounting

boundaries are reported in the same note as BECCS. The effect of restricting removal credits

to the bio-oil stream is shown in [Supplementary Note 4.4 DAC plants are calibrated as

current commercial-grid plants for the two capture chemistries. The supporting analysis

tests capital and operating costs, utilization, energy supply, and transport and storage.

Policy support is examined in [Supplementary Note 2| Future configurations are reported in

[Supplementary Note 6.1 and hourly utilization is examined in [Supplementary Note 5. ERW

Basalt and Dunite combine mostly mid-west U.S. cost, transport, electricity, and agronomic
inputs with reference weathering rates based on pH-7, 25 °C. The supporting analysis tests

cost, transport, yield, and financing assumptions. The clean-electricity diagnostic is reported

in [Supplementary Note 6.2 Regional deployment conditions, grain size, weathering rates,

MRV cost, and removal timing are examined in [Supplementary Note 7|

Below we detail the alternative project configurations and IDs in [Table 2 For DAC we
report three current project configurations in the main body: SD1/LD1 (Frontier, a first-
of-a-kind plant), SD2/LD2 (Commercial-Grid, a base commercial plant using regional grid
electricity), and SD3/LD3 (Renewable-Coupled, the same plant architecture as SD2/LD2
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with co-invested Wind & Solar electricity and grid backup retained). The future-horizon
SD4/LD4 (Mature-2030) and SD5/LD5 (Long-term-2050) cases are documented in
imentary Table 16|

Technology 1D Project configuration a LCCDR~ LCCDR LCCDRT
(%) ($/tCO2)
S-DAC SD1 Frontier 41.17 633 1076 1416
S-DAC SD2 Commercial-Grid 34.16 324 492 796
S-DAC SD3 Renewable-Coupled 25.26 318 426 694
L-DAC LD1 Frontier 37.17 422 671 950
L-DAC LD2 Commercial-Grid 32.61 195 290 549
L-DAC LD3 Renewable-Coupled 24.17 186 245 476
BECCS BE1 Greenfield-Wood 4.60 85 89 196
BECCS BE2 Greenfield-CropResidue  6.97 102 109 218
BECCS BE3  Greenfield-EnergyCrop 7.16 115 123 234
BiCRS BC1 Favorable-Wood 4.91 93 98 129
BiCRS BC2 Realistic-Wood 5.22 101 107 139
BiCRS BC3 Conservative-Residue 11.21 145 163 221
ERW Basalt EB1 Favorable 3.66 121 125 148
ERW Basalt EB2 Realistic 32.28 176 260 280
ERW Basalt EB3 Conservative 38.16 210 340 353
ERW Dunite ED1 Favorable 0.90 29 29 29
ERW Dunite ED2 Realistic 3.92 46 48 48
ERW Dunite ED3 Conservative 6.62 66 70 70

Table 2. LCCDR summary for the current project configurations. This table
shows the leakage factor o and the levelized removal cost under three system-boundary
conventions: LCCDR™ ignores leakage (o = 0), the main LCCDR includes leakage and is
net of co-product revenues, and LCCDR™ includes leakage but excludes co-product revenues
(including the 45Q tax credit); by construction LCCDR™ < LCCDR < LCCDR™. The
policy-support (45Q) decomposition and the policy-free values for the eligible pathways are
reported separately in [Supplementary Note 2|

For BECCS we define three greenfield project configurations by feedstock type: BE1
(Wood; woody residues), BE2 (CropResidue; crop-residue or waste biomass with higher
logistics effort), and BE3 (EnergyCrop; a dedicated miscanthus energy crop), each with
upstream emissions built from a feedstock-specific feedstock-emissions term and a delivery-
transport term. For BiCRS we define three project configurations by feedstock and transport:
BC1 (Favorable-Wood), BC2 (Realistic-Wood), and BC3 (Conservative-Residue). The three

configurations jointly vary feedstock type, feedstock price, and transport distance, with
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Conservative-Residue using corn stover and the longest transportation distance. For ERW
we define three project configurations per rock type: EB1 (Basalt-Favorable), EB2 (Basalt-
Realistic), EB3 (Basalt-Conservative), ED1 (Dunite-Favorable), ED2 (Dunite-Realistic), and
ED3 (Dunite-Conservative). The Conservative cases are moderate stress configurations. The

models support evaluation of additional configurations. Complete configuration-level inputs

and outputs are documented in [Supplementary Note 1}

Code availability

The models, complete configuration inputs and outputs, source code, and user documenta-
tion are available from the authors upon reasonable request. A public replication repository

will be released with the journal submission.
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1 Data and Assumptions

This section consolidates data provenance and parameter assumptions. It shows how specific
LCCDR values are derived: for each technology a base-case table lists the input values, the
geographic source where applicable (U.S. Texas for DAC, U.S. lowa for ERW, U.S. Georgia
for BiCRS, EIA national defaults elsewhere), and the citation or model-calibration reference.
Each base table is immediately followed by a companion table giving the variations per
project configuration across that technology’s full deployment set. Financial parameters
(WACC, tax rates, depreciation schedules) are technology-specific and discussed at the end
of the section. All monetary values are reported in U.S. dollars. Input prices are drawn from
sources with different price years and cannot always be restated to a common base year.
Whenever possible, inputs are escalated to the respective model base year using standard
U.S. price indices. Reported costs should therefore be read as approximate current U.S.

dollar costs. See details in the online supplementary information.

Parameter Value Unit Geo. Source

WACC 7 % Us Literature/assumption

Plant lifetime 20 yr

Capacity factor 90 % Assumption

Equipment cost (1t/h)  5.20 M$ US IModel Calibration|*®

Feedstock price 36 $/t BM US EIA MY

Biomass harvest EF 23.7 kg CO2/t BM US Rincione et al.1H

Truck emission factor 0.128 kg COze/t km us EPA GHG Emission Fac-
torst2

Biochar yield (dry) 0.35 t BC/t dry BM -

Bio-oil yield (dry) 0.30 t BO/t dry BM -

Biochar C content 0.80 kg C/kg BC o

Permanence factor Fpi00 0.80 —

Electricity price 0.0658 $/kWh US/GA EIAHE

Grid carbon intensity 0.369 kg CO2¢/kWh UsS Ember 14

Biochar sale price 100 $/t BC US Market-price assumption

T&S cost (biochar+bio- 25.9 $/t CO2 US

oil) e

Supplementary Table 1. BiCRS input assumptions. Base-case (BC2) parameter
values, units, geography, and sources.

The BiCRS base case is the BC2 Realistic-Wood configuration (woodchips, Georgia); the

three project configurations vary feedstock and transport distance, with BC3 substituting
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the feedstock to corn-stover residue at extended haul. The feedstock price is taken from the
Q1 2024 U.S. national average delivered cost of sawmill residuals, used here as a Georgia
proxy. As the underlying series is reported per short ton, we convert the $36/t BM to $39 per
metric tonne. The harvest emissions cover extraction, chipping, collection with transport
added separately using the respective truck emission factor and the configuration-specific
distance. BC3 substitutes the biomass feedstock with corn stover (see details in the table

below and in the online supplementary information).

Feedstock Plant
Project configuration Feedstock Transport (km) price

($/t BM) config
BC1 Favorable-Wood Woodchips 25 27  Georgia
BC2 Realistic-Wood Woodchips 50 36 Georgia
BC3 Conservative-Residue Corn Stover 100 64 Towa

Supplementary Table 2. BiCRS project configurations. Feedstock, transport dis-
tance, ex-mill feedstock price (transport modeled separately), and plant configuration across
the three BiCRS project configurations.

The BECCS base case is BE1 Greenfield-Wood. The three greenfield project configu-
rations span forest residue (BE1), crop-residues i.e. wheat straw (BE2), and a dedicated
miscanthus energy crop (BE3). Within the main-case boundary BE2 and BE3 are close in

terms of leakage, 7.0% against 7.2%. They separate materially only once a counterfactual

land-use debit is added (see [Supplementary Note 4.3). The BE3 feedstock-emissions factor
of 57.7 kgCOqe/dryt is derived from Lask et al.M®. The utilization factor in the BECCS

case is based on an achievable, levelized capacity factor. It is the discount-weighted average,
over the 25-year project life. For the 250 MW plant, we assume a staggered ramp-up from
40% and 65% in the first two operating years to 90% nameplate availability thereafter, which
yields 84.1%. BiCRS plants are assumed to reach their 90% availability directly, as they are

much smaller, modular plants.

In [Supplementary Table 4] wheat straw serves as a generic crop-residue feedstock. It

combines a sourced upstream emission factor for the biomass with configuration-specific
assumed distances (see online tools). The distances are 100 km for BE1 and 150 km for BE2
and BE3, and 25, 50 and 100 km for BC1, BC2 and BC3, which results in extra upstream
transport emissions of 12.8 kgCOqye/dry t for BE1 and 19.2 for BE2 and BE3. These distances

are configuration assumptions. We take the emission factor of 0.128 kgCOqe/t km, converted
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Parameter Value Unit Geo. Source

WACC 7 % Us Assumption

Plant lifetime 25 yr -

Capacity factor (lev- 84 % Model-derived; leveliza-

elized) tion follows Rubin et
al. 117

Capture efficiency 90 % Design parameter

Biomass price (deliv- 75 $/dryt Us Market-price assumption

ered)

Biomass carbon fraction 0.476 kg C/kg Workbook calibration

Biomass higher heating 19.50 GJ/t Workbook calibration

value (HHV)

Upstream emissions 28.0 + 12.8 kgCOqe/dry t US Feedstock emissions plus

transport emissions; see
[Supplementary Table 4|

Monoethanolamine 1.5 kg/t COq -
(MEA) consumption
Downstream T&S cost 20.9 $/t COq US
TI51119
45Q credit (sequestra- 85 $/t CO. US IRA 202214
tion)
Electricity revenue 44 $/MWh US EIA 13

Supplementary Table 3. BECCS input assumptions. Base-case (BE1l) parameter
values, units, geography, and sources.

from the U.S. Environmental Protection Agency’s greenhouse gas emission factors hub from
2025 for medium- and heavy-duty trucks. The same factor is applied to both biomass
technologies for comparability. This factor is tank-to-wheel, covering fuel combustion only,
excluding the upstream production of that fuel. Including further emissions would not impact
LCCDR much. A 10 kgCOqe/dryt difference moves LCCDR by less than $1/tCOx.

The main analysis does not add counterfactual soil-carbon or avoided-decomposition cred-
its. One qualification applies to the crop-residue configuration. Cultivation emissions of the
parent cereal crop are allocated to the grain, so the straw carries only the consequences
of its removal: nutrient replacement, meaning manufacture of the nitrogen, phosphate and
potash physically exported with the straw, and the marginal field NyO, meaning the N,O
from the replacement nitrogen net of the NoO the residue nitrogen would itself have pro-
duced had it remained in the field. Charging the replacement nitrogen gross instead would
raise BE2 upstream emissions from 72.2 to about 106 kgCOse/dryt, « from 7.0 to 9.3%,
and LCCDR from $109 to about $112/tCO,. Counterfactual soil organic carbon and indi-

rect land-use change remain outside the main case for every configuration. [Supplementaryl
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Biomass Upstream
price emissions Carbon HHV

Project configuration Biomass type ($/dry t,  (keCOge/ content (GJ/t)
delivered) dry t)

BE1 Greenfield-Wood Wood chips 75.0 28.0 + 12.8 0.476  19.50

BE2 Greenfield-CropResidue Wheat straw 95.0 53.0 +19.2  0.440 17.82

BE3 Greenfield-EnergyCrop Miscanthus 110.0 57.7 +19.2  0.452 19.16

Supplementary Table 4. BECCS project configurations. Biomass type, delivered
price, upstream emissions, and feedstock properties across the three greenfield project con-
figurations. Upstream emissions are reported as a feedstock-emissions term plus a transport
term. The transport term is the one-way haul distance (100 km for BE1, 150 km for BE2
and BE3) times a single truck emission factor of 0.128 kgCOqe/t km, taken from the U.S.
EPA GHG Emission Factors Hub"™2 Table 8, medium- and heavy-duty truck. No moisture
or wet-to-dry adjustment is applied. The factor is tank-to-wheel, so it covers combustion
only and excludes upstream fuel production.

elaborates on land-use change dynamics.

The DAC base case is SD2/LD2 Commercial-Grid at 1Mt COy/yr, and each project
configuration is run for both chemistries (S-DAC solid sorbent, L-DAC liquid solvent). Across
the current set, the configurations vary plant scale, capital-cost assumptions, and electricity
supply. SD1/LD1 represent smaller Frontier plants run on the workbook’s upper current-cost
and conservative-performance case, which raises capital, fixed, variable, and transport-and-
storage costs together with attributable emissions. SD3/L.D3 isolate the effect of renewable
coupling relative to SD2/LD2 by holding scale and plant architecture fixed. Location, cost
of capital, and capacity factor remain constant. The Mature-2030 (SD4/LD4) and long-
term 2050 (SD5/LD5) future-horizon project configurations, their input settings, and cost

build-ups are reported in [Supplementary Note 6.1|
The ERW base cases are EB2 Basalt-Realistic and ED2 Dunite-Realistic using lowa cost,

grid, logistics, and agronomic inputs together with pH 7, 25 °C reference weathering rates.
The six project configurations vary rock type, grain size, application rate, and transport
distance across Favorable, Realistic, and Conservative settings. Dunite has no agronomic
co-product revenue. The Conservative configurations, EB3 and ED3, combine a coarser
grind, a lower application rate, and a longer transport distance. EB3 also assumes lower
agronomic co-product revenue.

The basalt co-product revenue reflects agronomic yield benefits from soil amendment.
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Parameter SD2 / LD2 Unit Geo. Source

WACC 10 % Us Literature/assumption

Plant lifetime 15 / 20 yr

Available capacity factor 85 / 85 % |M0del Calibration|

Initial ~ capital  cost 1,270 / 1,349 MS$ Us —

(1Mt /yr plant) "

Electricity consumption 0.475 / 0.450 MWh/t CO- S

Thermal energy 6.0 / 6.8 GJ/t CO2 -

Electricity price 0.0768 $/kWh US/TX  Velocity Suite®2", plus
delivery adder (assump-
tion)

Natural gas price 4.19 $/GJ US/TX  EIAHS

Grid carbon intensity 0.369 kg CO2e/kWh US/TX  Ember ™4

T&S cost 20.9 $/t CO2 US
TT5IIT9

45Q credit (DAC, seq.) 180 $/t CO2 Us IRA 202244

Supplementary Table 5. DAC input assumptions. Base-case (SD2/LD2) parameter
values for both chemistries, with units, geography, and sources. Paired values are ordered
S-DAC / L-DAC.

Parameter SD1/LD1 SD2/LD2 SD3/LD3
Forecast Horizon Current Current Current
Techno-economic case upper base base

Process energy inputs Electricity 4+ thermal Electricity + thermal Electricity 4+ thermal
Electricity source Grid Grid Wind & Solar
Thermal source Natural Gas Natural Gas Natural Gas
Grid Connection Yes Yes Yes
Nameplate Capacity (Mt/yr) 0.1 1.0 1.0

Supplementary Table 6. DAC project configurations. Forecast horizon, energy
supply, and capacity settings across the three current DAC project configurations. The
upper bound case jointly applies the workbook’s upper cost and conservative performance
assumptions, which raise capital, fixed, variable, and transport-and-storage costs as well as
attributable emissions. The future-horizon project configurations (Mature-2030 SD4/LD4
and long-term 2050 SD5/LD5) and their input settings, including learning rates, are reported
in [Supplementary Note 6.1}

Skov et al.*2!' report yield gains of 20.5% and 9.3% under basalt amendment on direct-
drilled and ploughed spring oat in northeast England at an application rate of 18.9 t/ha.
We take the midpoint of these two treatment effects, 15%, as a stylized uplift and value it

122

on an Iowa corn—soy rotation at 2024 state-average yields**#, giving $5.65 per ton of rock at

the Favorable 50 t/ha application rate (EB1). Crop, climate, and application rate all differ
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Parameter EB2 / ED2 Unit Geo. Source

WACC 8 % Us Literature/assumption
Project duration 25 yr -
CDR yield (gross) 0.216 / 0.687 tCO2/trock - —
19313
Grain size 7 /30 pm -
Application rate 30 t/ha Towa -
Transport distance 100 km Towa
Mining CAPEX 0.55 / 0.55 $/t rock -
Mining OPEX 13.21 /1321 $/trock

55
Grinding fixed OPEX 14.31 / 14.31  $/trock

55

Grinding energy model  277.78 - kWh/trock

6.62 P861.162 06
Base electricity mix (grid 70 / 30 % Towa IModel Calibration|
/ renewables)
Effective mix electricity 0.0603 $/kWh Iowa Derived from the base
price electricity mix

kg COQ/

Effective mix carbon in- 0.2744 kWh Iowa IModel Calibrationl
tensity
T&S cost 0 $/t CO2 In-situ sequestration

Mining CAPEX/OPEX and grinding fixed OPEX: values from Strefler et al.®>} identical for basalt and dunite.
Crinding energy: the empirical fit 6.62 Pg,''%% is in GJ/trock (Pgo in pm), converted at 1 GJ = 277.78 kWh.

Supplementary Table 7. ERW input assumptions. Base-case (EB2/ED2) parameter
values for basalt and dunite, with units, geography, and sources. Paired values are ordered
basalt / dunite.

Parameter EB1 EB2 EB3 ED1 ED2 ED3
Rock type Basalt Basalt Basalt  Dunite  Dunite Dunite
Grain size Pgp (um) 6 7 8 21 30 40
Application rate (t/ha) 50 30 20 50 30 20
Transport distance (km) 50 100 150 50 100 150
Energy source Renewables Mix  Mix Renewables Mix Mix
Co-product revenue ($/t rock) 5.65 2.83 141 0 0 0

Supplementary Table 8. ERW project configurations. Rock type, grain size, appli-
cation rate, transport distance, and co-product revenue across the six ERW project config-
urations.

from the trial, so this term is an illustrative valuation rather than a transferable agronomic
estimate. The Realistic base case (EB2) assumes half of this maximum, an effective 7.5%
yield gain ($2.83/t rock), and the Conservative case (EB3) retains one quarter ($1.41/t rock).
The model converts these values to $/tCO5 by dividing by gross CDR yield. Dunite receives
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no agronomic co-product revenue because of potential trace-element risks.

1.1 Financial Assumptions

The four pathways use different weighted average costs of capital (WACC): BiCRS and
BECCS 7%, ERW 8%, and DAC 10%. These differences reflect technology-specific risk pro-
files. BiCRS involves smaller, modular pyrolysis plants with shorter project cycles and estab-
lished supply chains, warranting a lower WACC. ERW carries an intermediate rate reflecting
near-term, low-tech deployment but uncertain MRV. DAC entails the largest, longest-lived
capital projects with novel process integration and early-stage commercial scale-up risk, con-
sistent with the highest rate in the set. BECCS is assigned the same 7% as BiCRS: it relies
on commercially mature combustion and post-combustion-capture components with long-
duration offtake, so it carries less first-of-a-kind technology risk than DAC, and the shared
rate keeps the two biomass pathways directly comparable. Project lifetimes are 20 years for
BiCRS and 25 years for BECCS. Current S-DAC and L-DAC project configurations use 15
and 20 years; the 2030 project configurations use 20 and 30 years, and both 2050 project
configurations use 30 years. ERW uses a 25-year project duration determined by application

cycles rather than a fixed plant lifetime.

Technology ~ Base project configuration Baseline WACC LCCDR (baseline) LCCDR (8%)

(%) (USD/tCO3)
S-DAC SD2 Commercial-Grid 10 491.7 449.5
L-DAC LD2 Commercial-Grid 10 289.6 258.5
BECCS BE1 Greenfield-Wood 7 89.4 94.9
BiCRS BC2 Realistic-Wood 7 107.1 110.9
ERW Basalt EB2 Basalt-Realistic 8 260.3 260.3
ERW Dunite ED2 Dunite-Realistic 8 47.8 47.8

Supplementary Table 9. Harmonized-WACC check. Base-project configuration LC-
CDR at each pathway’s baseline WACC versus a common 8% WACC. Values are recalculated
under the reported investor-break-even convention.

re-evaluates the six base project configurations at a common WACC of 8%,
while retaining technology-specific lifetimes. Harmonization moves the capital-intensive
DAC project configurations down by $31-$42/tCO, and the biomass pathways up by $3.9-
$5.5/tCO2, while ERW is unchanged. The broad ordering is stable, although L-DAC
($258.5/tCO4) narrowly moves below ERW Basalt ($260.3/tCO,). and the sen-
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sitivity analysis in [Supplementary Note 3| provide complementary robustness checks.

2 Policy Context and Market Prices

This section collects supporting policy and market context for the main cost results, including
details on the 45Q production tax credit and recent CDR transaction prices observed in

voluntary carbon markets.

End Use Previous Amount IRA Amount With Multiplier (5x)
(8/tCO2) (8/tCO2) (8/tCO2)

Traditional CC: CO9 Used or Utilized 36 12 60

Traditional CC: CO9 Sequestrated 50 17 85

DAC: CO4 Used or Utilized 35 26 130

DAC: CO4 Sequestrated 50 36 180

Supplementary Table 10. Production Tax Credits for Carbon Capture (45Q)"%.

Because LCCDR embeds available policy support as co-product revenue,
tary Table 11]isolates the 45Q) contribution for the eligible pathways and reports the policy-
free net cost. The 45Q credit is the levelized value of the 12-year statutory credit window,
discounted and re-annualized over the project lifetime (see ; because it is paid
per ton of CO, captured and geologically stored, the levelized credit is essentially constant
across project configurations that share a policy vintage ($78/tCO5 pre-tax equivalent for
the BECCS cases). DAC has no marketable co-product, so once the 45Q credit is removed
its policy-free LCCDR equals LCCDR™; BECCS additionally earns electricity co-product
revenue, which is retained in both columns. BiCRS and ERW are treated as not 45Q-eligible
at the project configuration boundary, so their policy-free cost equals the LCCDR reported
in and they are omitted here.

Without 45Q, BECCS BEL1 rises from $89 to $171/tCO, and loses its base-case edge
over BiCRS BC2 ($107). The low-cost, low-leakage end (ERW dunite) and the high-cost
end (Frontier DAC) are unchanged by the removal of 45Q). Procurement comparisons across
jurisdictions with different support regimes should therefore take policy dependence explicitly

into consideration.
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Technology 1D LCCDR  45Q credit LCCDR (no 45Q)

(8/tCO2)
S-DAC SD1 Frontier 1076 —341 1416
S-DAC SD2 Commercial-Grid 492 —305 796
S-DAC SD3 Renewable-Coupled 426 —268 694
L-DAC LD1 Frontier 671 —278 950
L-DAC LD2 Commercial-Grid 290 —260 549
L-DAC LD3 Renewable-Coupled 245 —231 476
BECCS BE1 Greenfield-Wood 89 —82 171
BECCS BE2 Greenfield-CropResidue 109 —84 193
BECCS BE3 Greenfield-EnergyCrop 123 —84 207

Supplementary Table 11. 45Q policy-support exclusion. For each 45Q-eligible
project configuration, the table shows LCCDR, the levelized 45Q credit at its effective per-
net-ton value CPR, and the policy-free LCCDR (no 45Q). The statutory 45Q credits of
$180/tCO2 (DAC) and $85/tCO, (BECCS) are fixed per ton captured and stored. Once
levelized, tax-adjusted, and allocated over net removal, they are worth more per net ton
as leakage rises. Values are derived in this work (see [Methods]); BICRS and ERW are not
(currently) 45Q-eligible.

2.1 Observed Market-Price Data

We use the 2025 data of disclosed CDR.fyi transactions™. Transaction volumes and commit-
ments reflect a January 2026 snapshot of the CDR.fyi database. The disclosed-
price sample underlying was retrieved in March 2025, as later snapshots did no
longer contain price information. We remove fully duplicated records and observations with-
out a disclosed positive price, a positive purchased volume, or a method that maps to one of
the four pathways. The transaction price per ton equals the disclosed contract value divided
by purchased volume. We group biochar carbon removal, biomass direct storage, and bio-oil
sequestration as BiCRS; map reported BECCS and DACCS transactions to BECCS and
DAC; and group enhanced weathering and mineralization methods as ERW. To limit the
influence of extreme disclosed values, we winsorize the pooled price distribution at its 1st
and 99th percentiles. estimates densities on log prices both with purchased volume
as the weight and without weights, so that the second panel assigns equal weight to each

transaction.
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3 Sensitivity Analysis

[Supplementary Figure 1| reports a one-at-a-time robustness check using the ranges in

plementary Table 12 The ranges are literature-anchored where a published interval is

available and otherwise labeled explicitly as project-finance, project-availability, logistics,
cost-estimate, or market-price assumptions. We observe that plant cost and capacity fac-
tor dominate DAC costs. Capacity factor, plant cost, and biomass feedstock cost dominate
BECCS. Plant cost and capacity factor dominate BiCRS. ERW remains governed primarily
by the grain-size/weathering-yield trade-off. This check goes in a different direction from
Figure 7. Here we change one input at a time around the base configuration per pathway.
Its endpoints diagnose the main cost drivers. Varying them together could lead to a further

overlap with observed prices.
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Supplementary Table 12. Ranges for parameter sensitivity. Low and high values
are one-at-a-time stress points, not confidence bounds or joint scenarios. Sources are cited
where a published range is used; otherwise the row is explicitly labeled as a configuration or

financing assumption.

Case Parameter Low Base High  Basis

S-DAC SD2 Cost of capital 7% 10% 12%  project-finance assumption; see |Supplementary Ta-|

S-DAC SD2 Pl 0.70 1.00 1.35 -

- t t . . .
ant cos x x x

S-DAC SD2 Variable cost 0.70x  1.00x 1.40x
722

S-DAC SD2 T&S cost $10 $21 $35

S-DAC SD2 Capacity factor 65% 85% 95%  project-availability assumption

L-DAC LD2 Cost of capital 7% 10% 12% project-finance assumption; see [Supplementary Ta-|

L-DAC LD2 Plant cost 0.70x  1.00x 1.35x
722

L-DAC LD2 Variabl t 0.70 1.00 1.40

ariable cos x x x

L-DAC LD2 T&S cost $10 $21 $35

L-DAC LD2 Capacity factor 65% 85% 95%  project-availability assumption

BECCS BE1 Plant cost 0.80x 1.00x 1.25x

BECCS BE1 Biomass cost $50 $75 $103  biomass-price stress assumption; the high endpoint re-
flects EU forest-residue pricing

BECCS BE1 Upstream emissions  0.80x  1.00x 1.20x +20% feedstock carbon-intensity stress, informed
by the delivered woody-residue range, around the
component-built base of 40.8 kgCOgze/dry t

BECCS BE1 Capture efficiency 85% 90% 95% _—

BECCS BE1 Capacity factor 65% 84% 90%  project-availability assumption

BiCRS BC2 Plant cost 0.75x  1.00x 1.35x engineering cost-estimate assumption

BiCRS BC2 Feedstock cost $27 $36 $45  feedstock-price assumption (+25% on the base value)

BiCRS BC2 Feedstock emissions  0.50x  1.00x 2.00x feedstock-logistics assumption

BiCRS BC2 Biochar revenue $50 $100  $150  market-price stress assumption

BiCRS BC2 Capacity factor 65% 90% 95%  project-availability assumption

ERW Basalt EB2 Cost of capital 5% 8% 10% project-finance assumption; see |Supplementary Ta-|

ERW Basalt EB2 Plant cost 0.75x  1.00x  1.40x _

ERW Basalt EB2 Grain size 5 7 10 -

ERW Basalt EB2 Transport distance 50 100 250 regional-logistics assumption

ERW Basalt EB2 CDR yield 0.70x 1.00x 1.30x ___

ERW Dunite ED2  Cost of capital 5% 8% 10% project-finance assumption; see [Supplementary Ta-|

ERW Dunite ED2  Plant cost 0.75x 1.00x 1.40x _

ERW Dunite ED2  Grain size 20 30 50

ERW Dunite ED2  Transport distance 50 100 250 regional-logistics assumption

ERW Dunite ED2 CDR yield 0.70x 1.00x 1.30x

55156
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Supplementary Figure 1. Sensitivity of LCCDR. Each panel shows the LCCDR re-
sponse to the low and high endpoint for each parameter in [Supplementary Table 12| changing
one input at a time. Bars are colored by the sign of the parameter—cost relationship (blue:
net cost rises; orange: net cost falls as the input increases). Circles and squares mark the
low and high input endpoints, and the dotted vertical line marks the base value.
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4 Biomass Sensitivities

4.1 Biogenic Carbon Accounting

The standard convention treats biogenic carbon released without capture (uncaptured biomass-
combustion flue gas for BECCS, syngas-combustion COs for BICRS) as carbon-neutral, con-
sistent with the biomass having drawn the same carbon from the atmosphere during growth.
The variant leakage factor ay;, re-includes these flows in the attributable-emissions total.
Re-including them raises « from 4.6-7.2% to 14.1-16.4% across the BECCS project config-
urations and from 4.9-11.2% to 24.8-38.1% for BiCRS, lifting the corresponding LCCDR
by $10-$14/tCO, (BECCS) and $26-371/tCO, (BiCRS). |Supplementary Figure 2| visualizes

the shift for each project configuration.

2501| e BECCS
BiCRS

O biogenic-included (apjo)
2251 ® biogenic-neutral (base)
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)
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Supplementary Figure 2. Effect of the biogenic carbon-accounting boundary.
For each BECCS (green) and BiCRS (orange) project configuration, the arrow runs from
the biogenic-neutral base case («) to the full biogenic-included accounting (au,). It indicates

the increase in the leakage factor a and the net cost LCCDR that results from counting the
uncaptured biogenic CO5 produced when the biomass is combusted.
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4.2 Higher Biomass Carbon Intensity

Next we examine how raising the biomass upstream carbon intensity impacts LCCDR and

LCCDR™*. |[Supplementary Figure 3| portrays BE3 energy-crop (miscanthus) and BC3 crop-
residue (corn stover) cases. Holding each case’s cost base fixed, both LCCDR and LCCDR™*

rise convexly with the upstream carbon intensity and diverge as the net-removal denominator
(1—«) approaches zero. The reported base cases sit well to the left of this rise, so both retain
a large margin before net removal collapses; that margin is what a potential counterfactual
land-use boundary erodes for the energy-crop cases. The figure also shows that, absent policy
support, low-carbon feedstocks are more economically processed via BiCRS and high-carbon
feedstocks via BECCS. The crossover point is around 348 kgCOqe/dry t (19 gCOqe/MJ),

which is well above the base-case corn-stover and miscanthus values.
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Supplementary Figure 3. LCCDR response to biomass upstream carbon in-
tensity. Main-case LCCDR (a) and LCCDR™ (b) for the BE3 energy-crop (miscanthus,
BECCS) and BC3 crop-residue (corn stover, BiCRS) cases, as biomass upstream carbon
intensity increases. Markers denote the reported base cases.

4.3 Energy-Crop Land-Use Change

Our LCCDR metric excludes counterfactual debits and credits by design (see [section 2)).
To show the effect of this boundary choice, we quantify the potential impact for the sin-
gle most exposed project configuration: BE3 EnergyCrop (dedicated miscanthus), the only

project configuration in the main analysis that could plausibly displace food or carbon
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stocks. We add an indirect land-use-change (iLUC) debit on top of the base cultiva-
tion/harvest/transport emissions (76.9 kgCOqe/dry t), holding every other BE3 input fixed.
Because the BECCS model charges upstream emissions per dry ton of biomass, we con-
vert literature iLUC factors using the workbook-calibrated miscanthus higher heating value
(19.16 GJ/t), so 1 gCOse/MJ corresponds to 19.16 kgCOqse/dry t. The debit raises the
leakage factor a and therefore both LCCDR™ and LCCDR.

iLUC counterfactual iLUC debit Total upstream a LCCDR

(gC0O2e/MJ)  (kgCOge/dryt) (%) ($/tCO2)
Marginal / low-iLUC-risk land (base) 0 76.9 7.2 123
Grassland direct LUC (modest) 10 268.5 20.0 143
Cropland iLUC (mid range) 30 651.7 45.7 211
Cropland iLUC (high) 50 1034.9 714 401

Net-removal threshold o = 100% at ~ 72 gCOye/MJ

Supplementary Table 13. Counterfactual iLUC debit on BECCS energy-
crop configuration. The iLUC debit is added to the base upstream emis-
sions (76.9 kgCOge/dry t) and converted at the miscanthus HHV (1 gCOge/MJ =
19.16 kgCOqe/dry t). All other BE3 inputs are held at their main values. Beyond a debit
of ~72 gCOze/MJ (~1,460 kgCOqye/dry t total upstream) the leakage factor reaches 100%.

Three points follow. First, the result is robust to a modest penalty. Siting on marginal or
degraded land can reduce displacement risks. The EU Renewable Energy Directive (RED II)
provides criteria for classifying some biomass as “low-iLUC-risk”. BE3 then stays close to
its main $123/tCO,. Even a modest grassland direct-LUC debit of 10 gCOqe/MJ leaves
BE3 at $143/tCO,, still far below DAC. Second, the exposure becomes material under a
cropland-displacement counterfactual. At 50 gCOge/MJ (within the 95% interval of Plevin
et al.®#3 for food-crop iLUC), a reaches 71% and LCCDR rises to $401/tCOs, above the L-
DAC commercial case. Third, the net-removal denominator (1 — «) reaches zero at an iLUC
debit of roughly 72 gCOqe/MJ; beyond this the energy-crop configuration emits more than

it sequesters. The central and upper food-crop iLUC estimates from the biofuel literature,

124 123
1 I,

namely ~104 gCOse/MJ for corn ethano and an upper bound near 340 gCOqe/M

123" all lie above

with one-time grassland-conversion carbon debts on the order of 130 tCO4/ha
this threshold. This shows that a single unverifiable counterfactual could swing the energy-
crop project configuration from a $123/tCO;y removal to a net emitter depending on an
assumed siting that audited markets cannot confirm. The same logic applies symmetrically

to credits, where we likewise exclude the residue-diversion avoided-decomposition credit that
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would lower BiCRS and crop-residue BECCS costs, which we consider a promising area for

future research.

4.4 Bio-oil-only Credit Eligibility

The main BiCRS results assume that the permanence adjusted biochar and all geologically
injected bio-oil are both eligible for removal credits. We test an alternative market boundary
in which only bio-oil is credit-eligible. The physical system is unchanged: biochar is still
produced, transported, applied, and sold as a soil product. Its sales remain a co-product
revenue stream, and all project costs and attributable emissions remain within the vertically
integrated boundary. This changes the price that must be earned on each bio-oil ton sold

for the project to break even.

Project configuration Credited removal o LCCDR~- LCCDR LCCDR™

(%) ($/net credited tCO2)
Favorable-Wood Both streams 4.91 93.2 98.0 129.5
Bio-oil only 10.01 189.8 210.9 278.7
Realistic-Wood Both streams 5.22 101.5 107.1 138.6
Bio-oil only 10.64 206.7 231.3 299.5
Conservative-Residue Both streams 11.21 144.8 163.0 220.7
Bio-oil only 21.52 278.1 354.3 479.6

Supplementary Table 14. BiCRS sensitivity to bio-oil-only credit eligibility. This
table reports the effect of crediting bio-oil only under a slow pyrolysis setting, as in the three
project configurations. Bio-oil-only rows report prices per net credited bio-oil ton while
retaining physical biochar sales revenue and all integrated-project costs and emissions.

Restricting eligibility to bio-oil raises the break-even credit price by 115-117% across the
three project configurations. For Realistic-Wood, the price increases from $107 to $231 per
net credited ton. Its gap relative to the $89/tCO, BECCS Wood base case LCCDR would
then widen from $18 to $142 per ton.

5 Hourly Electricity Prices and Operating Schedules

The main calculations summarize operation using technology-specific annual capacity factors.
This note tests whether hourly electricity prices alter that simplification for DAC, where

electricity is an operating cost, and BECCS, where electricity is a co-product.
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5.1 DAC hourly utilization

For DAC, we solve the utilization choice over the hourly grid-price vector to optimize the
lowest investor break-even removal price. The contribution margin remains positive for far
more hours than the maintenance-constrained operating schedule permits. The optimizer
therefore selects the maximum technically achievable utilization, and price-responsive cur-

tailment does not change the reported LCCDR.

5.2 BECCS hourly-price diagnostic

The BECCS Wood base case values electricity co-product revenue at an annual-average
wholesale price of $44/MWh. We test this convention against an 8,760-hour Texas wholesale
price vector®?V for 2015-2024, which has a mean of $46.8/MWh. Under constant baseload
utilization the co-product revenue can be simplified via the mean price. The higher mean
of the hourly vector therefore lowers LCCDR via the co-product revenue by $1.47/tCO4 net
relative to the $44/MWh base case; the hourly price shape has no separate effect under
constant output.

We then impose a simple revenue-timing diagnostic. We assume that the plant operator
is a price taker with perfect foresight and concentrates electricity sales in the top 90%
of price hours, thereby assigning required downtime to the lowest-price hours. Removal
volumes, variable costs, and capacity charges remain at their base-case values. In this case,
the LCCDR falls by $5.15/tCO; net relative to the base case. We do not interpret this
calculation as an optimal BECCS dispatch schedule. The model does not resolve start-
up costs or ramping constraints at hourly resolution, so a formal dispatch optimum would
imply more operational precision than the current calibration supports. But the diagnostic
suggests that, under current market prices, the hourly pattern of electricity revenue would
not materially change BECCS operation. We note that this may change in the future, under
more volatile market prices and in particular with more hours with negative prices.

At $44/MWh, electricity revenue lowers BECCS Wood LCCDR by $24.52/tCOq net. The
levelized 45Q credit lowers it by $81.77/tCO2 net. Together they provide a $106.30/tCO4
revenue offset and reduce LCCDR from $195.67 without co-product or policy revenue to

$89.37. The tax credit accounts for 77% of this offset and electricity revenue for 23%.

[Supplementary Figure 4] shows this split across electricity prices. The small hourly-price

effects therefore do not imply that electricity revenue is unimportant for BECCS. They
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show that replacing the annual-average price with an hourly pattern, and concentrating

revenue in the higher-priced hours, does not materially change the base-case result.

[ Levelized 45Q policy credit
I Electricity co-product revenue

Co-product revenue ($/ton CO;)

0 20 40 60 80 100
Electricity price (USD/MWh)

Supplementary Figure 4. BECCS co-product revenue across electricity prices.
Electricity co-product revenue increases linearly with the electricity price when electricity
output per net ton of removal is held fixed. The levelized 45Q credit is independent of the
electricity price.

6 Cost Dynamics

Cost evolution is pathway-specific. We apply prospective learning to DAC, where repeated
plant deployment can plausibly reduce equipment and fixed operating costs, specifically for
modular S-DAC plants. For ERW, BECCS, and BiCRS, the more defensible near-term
dynamics concern changing inputs: grinding electricity for ERW, and feedstock, logistics,
and process integration for the biomass pathways. We therefore report a controlled ERW

clean-grid diagnostic below but do not impose generic technology-wide learning curves on
BECCS or BiCRS.

6.1 Future DAC Configurations

[Supplementary Table 16| separates four modeled configurations per DAC chemistry for a

1 Mt COy/yr plant. The current configurations are SD2/LD2 with commercial-grid power
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and SD3/LD3 with coupled renewables. The dated configurations are SD4/LD4 for the
mature 2030 case and SD5/LD5 for 2050; SD5 is all-electric, whereas LD5 retains natural-
gas heat with capture. SD3/LD3 isolates a cleaner energy supply without changing the plant
architecture. SD4/L.D4 and SD5/LD5 jointly change learning, process performance, energy

supply, project life, and T&S scale (Supplementary Table 15)). The 45Q credit is active in
the current and 2030 configurations and assumed to expire by 2050 (CPR = 0); LCCDR™*

therefore provides the consistent policy-free comparison.

Parameter SD4/LD4 (Mature-2030) SD5/LD5 (Long-term 2050)
Forecast Horizon 2030 2050

Cost assumption base base

Process energy inputs Electricity + thermal Electricity / Electricity + thermal
Electricity source Grid Wind & Solar

Thermal source Natural Gas — / Natural Gas

Grid Connection Yes Yes

Nameplate Capacity (Mt/yr) 1.0 1.0

T&S cluster size Medium Large

Learning Rates 0.12 / 0.08 0.12 / 0.08

Supplementary Table 15. Future-horizon DAC input settings. Input assumptions
for the Mature-2030 (SD4/LD4) and long-term 2050 (SD5/LD5) DAC project configurations,
complementing the current-project-configuration inputs in [Supplementary Table 6| In the
2050 column, entries of the form “S-DAC / L-DAC” mark where the chemistries differ: SD5
is all-electric on Wind & Solar, whereas LD5 retains captured natural-gas calcination heat.
Learning rates are prospective experience rates for capacity and fixed O&M?=.

In the following cost build-ups, the levelized cost of capture (LCOC) is the gross plant-gate
cost before transport and storage; adding s gives the reported gross cost.

The apparent increase from LD4 (LCCDR $111) to LD5 ($207) is policy-driven: LCCDR™*
falls from $313 to $207 after 45Q expires, not enough to offset the net 45Q effect. The
configuration comparison also shows why the paths should not be read as a pure learning
curve. Renewable coupling lowers both cost and leakage at SD3/LD3, while the dated cases
additionally change equipment cost, efficiency, lifetime, and T&S scale. Two drivers move
the main cost down between Current and 2050: (i) experience-curve learning on capacity
cost (c), and (ii) a cleaner electricity supply that shrinks the leakage factor a.

High-temperature heat is a separate L-DAC design choice. Holding all other LD5 as-
sumptions fixed, retained natural gas with capture is the lowest-cost option, while concen-

trated solar heat delivers the lowest modeled leakage at substantially higher cost. A residual
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S-DAC: Solid Sorbent

in $/tCO4 SD2 SD3 SD4 SD5

Commercial-Grid  Renewable-Coupled Mature-2030 Long-term-2050
Cost of capacity, ¢? 264.09 264.09 109.38 63.64
Fixed operating cost, f9 79.71 79.71 33.01 19.21
Variable operating cost, w9 159.64 154.13 124.39 75.61
Transport & storage cost, s9 20.90 20.90 10.27 7.35
Gross cost, LCOC + s 524.34 518.83 277.05 165.81
Leakage factor, o 34.16% 25.26% 24.39% 8.96%
LCCDR™* 796.42 694.19 366.43 182.13
Effective 45Q per net ton —304.70 —268.41 —231.31 0.00
LCCDR 491.72 425.78 135.12 182.13

L-DAC: Liquid Solvent

in $/tCO4 LD2 LD3 LD4 LD5

Commercial-Grid  Renewable-Coupled Mature-2030 Long-term gas+CCS
Cost of capacity, ¢? 207.08 207.08 118.84 84.92
Fixed operating cost, f9 69.95 69.95 40.15 28.69
Variable operating cost, w9 72.14 62.83 67.14 54.57
Transport & storage cost, s9 20.90 20.90 10.27 7.35
Gross cost, LCOC + s 370.07 360.76 236.40 175.53
Leakage factor, 32.61% 24.17% 24.45% 15.03%
LCCDR* 549.12 475.77 312.90 206.57
Effective 45Q per net ton —259.51 —230.65 —201.89 0.00
LCCDR 289.62 245.13 111.02 206.57

Supplementary Table 16. LCCDR across DAC configurations. SD3/LD3 adds the
Renewable-Coupled configuration to the Commercial-Grid, Mature-2030, and long-term 2050
cases. The 2050 L-DAC case retains captured natural-gas calcination heat; SD5 is all-electric.
T&S cluster size scales from Small to Medium and Large in the dated configurations. The
effective 45Q row reports C'PR; the credit is active in the current and 2030 configurations
and expires by 2050. Cost components here are on the gross-capture basis; ¢f is the tax-
adjusted capacity cost, so the four gross components sum to the gross cost. The per-net
components in follow by dividing each by (1 —«). All LCC DR terms are equivalent
to the main body specification.

upstream-methane leakage keeps LD5’s a at 15%, above S-DAC’s all-electric 2050 case (9%),
which is why SD5 ($182) remains below LD5 despite S-DAC’s higher present-day cost. The
all-electric option is not automatically the lowest-leakage case for L-DAC because supplying
the full calcination load increases electricity-related upstream emissions.

Beyond the forecast-horizon trajectory, the renewable-coupling lever can be isolated at
the current project configurations: |[Figure 6| plots the post-T&S leakage factor a against

LCCDR for all five DAC project configurations and shows that the Renewable-Coupled
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Supplementary Figure 5. Future DAC Cost Dynamics Panel (a) shows the effect of
an 8-15% learning-rate to capacity and fixed operating costs for the base-cases, holding all
other variables fixed. Panel (b) connects the policy-free LCCDR™ values of the Commercial-
Grid, Mature-2030, and long-term 2050 configurations. It combines learning with process,
energy, lifetime, and T&S changes. Cumulative deployment follows the IEA-base estimates
of 1, 80, and 1,041 Mt®. Stars show the component-based estimates of Sievert et al. at
1 GtCO,/yr22: the dashed line marks the U.S. Carbon Negative Shot target®3.
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Supplementary Figure 6. Cost-vs-leakage trade-off across DAC projects. This
figure shows a against LCCDR for the five DAC project configurations, separately for S-
DAC (a) and L-DAC (b).

SD3/LD3 configuration sits below and to the left of the grid-only SD2/LD2 base: both

cheaper and cleaner per net ton of removed CO,.
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6.2 ERW Grinding Electricity

For ERW, grid decarbonization acts through the emissions denominator rather than a generic

equipment-learning curve. [Supplementary Table 17] sets grinding-electricity emissions to

zero while holding electricity price, rock properties, application rate, transport, co-product
revenues, and finance fixed. The resulting change is large for realistic basalt because fine
grinding is electricity-intensive, but small for realistic dunite under its higher modeled gross

removal yield.

a LCCDR ($/tCO2) Change
Project configuration Base grid Zero-emission grid Base grid Zero-emission grid §/tCOq
EB2 Basalt-Realistic 32.28% 7.97% 260.32 191.55 —68.77
ED2 Dunite-Realistic 3.92% 2.51% 47.78 47.08  —0.69

Supplementary Table 17. Controlled ERW clean-grid diagnostic. Only the emis-
sions intensity of grinding electricity changes, from 0.2744 to 0 kgCOqe/kWh; the electricity
price remains $0.0603/kWh and all other inputs are fixed. The calculation is an emissions-
intensity sensitivity, not a dated forecast and not an assumption of zero-cost electricity.

7 ERW Sensitivities

7.1 Deployment Conditions and Regional Effects

The ERW model does not resolve climate and soil conditions separately. Instead, these
conditions enter through the fixed weathering-rate constants. The constants adopted from
Strefler et al.® are reported for pH 7 and 25 °C. Our reported project configurations are
based on those reference-rate constants. We assume sufficient water availability throughout
the year as another deployment condition.

Within the continental United States, South Florida provides a close climatic analogue
for the temperature assumption. The 1991-2020 normal at Miami International Airport is
25.3 °C, with annual precipitation of 1,712 mm"2%. These conditions are close to the reference
temperature and humidity necessary, but naturally can only hint at site-specific dissolution
performance. Outside of the U.S., countries such as Brazil, Indonesia, and Malaysia exhibit
similarly suitable temperature and precipitation conditions.

For more realistic regional deployment, Strefler et al. also provide estimated adjustment

factors for the reference constants®®. They derive regional factors of 0.95 for their warm class
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and 0.35 for their temperate class from an Arrhenius adjustment normalized to 25 °C. The
calculation uses a common activation energy of 50 kJ/mol and annual mean air temperatures
of 24.3 °C and 10.2 °C, respectively. These simple bioclimate categories are based on growing

degree days and aridity. We use these factors as sensitivity diagnostics.

25 °C reference Warm-region Temperate-region

Project configuration factor 1.00 factor 0.95 factor 0.35
LCCDR (USD/tCOg)

EB1 Basalt-Favorable 125.1 132.0 384.7
EB2 Basalt-Realistic 260.3 281.1 6,485.3
EB3 Basalt-Conservative 340.1 370.1 No net removal
ED1 Dunite-Favorable 28.9 304 84.0
ED2 Dunite-Realistic 47.8 50.4 147.7
ED3 Dunite-Conservative 70.4 74.4 231.6

Supplementary Table 18. ERW temperature-rate diagnostic. LCCDR is recalcu-
lated after multiplying the weathering-rate constant by the regional factors®. Grain size and
all cost, emissions, logistics, and co-product inputs remain fixed at their reported project-
configuration values. The 1.00 column contains the unchanged main estimates. The other
columns are sensitivities, not rebased results or complete regional calibrations.

The warm-region factor raises LCCDR by 5-9% across the six configurations, leaving the
interpretation of the current reference-rate results largely unchanged for a warm and humid
deployment. The temperate factor has a much larger effect. The dunite range rises from
$29-$70 to $84-$232/tCO,. For basalt, the fixed process emissions become large relative
to gross removal: Basalt-Realistic retains only a small positive net-removal denominator,
while Basalt-Conservative becomes net-emitting. The resulting cost response is therefore
nonlinear.

Temperature alone does not determine land suitability. Precipitation seasonality, soil type,
irrigation, and the crop cycle can alter dissolution and carbon export under otherwise similar
temperature conditions®*”. The model also does not price land rent, farmer compensation,
irrigation, or site-specific monitoring. Warm and humid conditions make the reference-rate
assumption plausible, but do not guarantee that it will be realized. Conversely, we do not

model a regional LCCDR for arid or semi-arid sites because a temperature-only adjustment

would omit their hydrological constraints. [Supplementary Figure § below examines how

lower realized field rates affect the dunite economics.

67



7.2 Grain Size

Grain size is a decision variable with two opposing effects: finer grinding raises the specific
surface area and the modeled dissolution fraction w (more gross removal per ton of rock),

but is more electricity-intensive, so grinding cost and its attributable emissions rise.

a Basalt b Dunite
140 I

500 1 120 1

100 1

Base EB2 80 1

7 pm, $260

i
604 Base ED2 |
30 pm, $48 |

40 -

100+
201
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Target grain size P80 (um) Target grain size P80 (um)

Supplementary Figure 7. ERW grain-size sensitivity. LCCDR for the realistic base
case of each rock (basalt EB2, dunite ED2) as the target grain size Pyo varies, all other
inputs held fixed. Finer grinding raises the modeled dissolution fraction and gross yield but
is electricity-intensive; the credited first-year uptake is capped at the stoichiometric ceiling
(w <1). Open markers and dashed lines mark the base cases (EB2 at 7 pm, ED2 at 30 um).

sweeps the target grain size Py for the realistic base case of each rock, holding all
other inputs fixed. The curves reach their minimum at approximately 5.4 pm for basalt and
20.5 pm for dunite. Below these thresholds, the cap w < 1 prevents additional credited first-
year uptake, so finer grinding only adds energy cost and emissions. Basalt is far more grain-
sensitive than dunite because its lower stoichiometric sequestration potential (0.3 versus
1.1 tCO2/t rock) leaves a smaller net-removal denominator. Costs therefore rise steeply as
coarser grinding lowers the yield. The base cases (EB2 at 7 um, ED2 at 30 pum) sit close to
these cap-binding points.

7.3 Dunite Weathering Rates

The ED1, ED2, and ED3 LCCDR figures in[Table 2] depend on the assumed weathering-rate

constant. We therefore evaluate three alternative weathering-rates. The Lower-rate bound

uses the lower pH-7 dunite rate from Strefler et al.? (10729 mol m2 s7!). The Modeled rate
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is the default used for the main results (107%% mol m~2 s71). The Upper-yield cap maps the
upper ultrabasic CDR yield from Zhang et al.®® (1.1 tCO,/t rock), with annual dissolution
capped at 100% to respect the physical ceiling. All other inputs (grain size, application rate,
transport distance, energy source, taxes, and co-product revenues) remain at each project
configuration’s default. The field study of Beerling et al.®? is not used here because it reports
field CDR for basalt only.

Supplementary Table 19. Dunite weathering-rate sensitivity. Lower bound uses the

lower dunite rate from Strefler et al.®®. Modeled rate is the default used for the main results.
Upper-yield cap maps the upper ultrabasic CDR yield from Zhang et al.?% (1.1 tCOy/t rock).

Project configuration Weathering case Gross yield a LCCDR~ LCCDR LCCDR™
(tCO2/t rock) (%) (USD/tCO3)
ED1 Lower-rate bound 0.869 1.10 35.2 35.6 35.6
ED1 Modeled rate 1.069 0.90 28.6 28.9 28.9
ED1 Upper-yield cap 1.100 0.87 27.8 28.1 28.1
ED2 Lower-rate bound 0.559 4.82 56.5 59.3 59.3
ED2 Modeled rate 0.687 3.92 45.9 47.8 47.8
ED2 Upper-yield cap 1.100 2.45 28.7 29.4 29.4
ED3 Lower-rate bound 0.391 8.15 80.9 88.0 88.0
ED3 Modeled rate 0.481 6.62 65.7 70.4 70.4
ED3 Upper-yield cap 1.100 2.90 28.7 29.6 29.6

[Supplementary Table 19 shows two findings. First, the modeled low-cost, low-leakage

result is robust to the assumed weathering-rate. ED1 LCCDR rises only to $35.6/tCOy with
a = 1.1%, so it remains in the low-cost, low-leakage region. At the other end, the Upper-yield
cap binds at 100% annual dissolution, making ED1 essentially insensitive to rate increases
beyond the modeled rate. Second, the lower-rate bound raises ED3 from $70 to $88/tCO,
and increases a from 6.6% to 8.2%. Across all dunite configurations, the main-text range
would therefore widen from $29-$70/tCO; to $36-$88/tCO,. The ordering relative to basalt
and the other technology families is preserved. This check varies the weathering-rate constant

within the laboratory range reported at the reference temperature.

[Supplementary Figure §| tests lower realized field rates relative to the modeled laboratory

rate. Because process emissions are fixed per ton of rock, a slower field rate lowers gross
yield, raises a, and increases LCCDR. ED2 Realistic stays below the $100 target down to
50% of the modeled rate. ED1 Favorable reaches the target at 30%, while ED3 Conservative
reaches it at 72%. For ED2, fixed process emissions exceed gross removal below roughly 4%

of the modeled rate.
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Supplementary Figure 8. Dunite LCCDR under lower field weathering rates.
LCCDR for the three dunite project configurations as the field weathering rate falls below
the modeled value (markers at 100%). The dashed line marks the $100 Carbon Negative
Shot target. The dotted line marks the lower-rate laboratory bound from Strefler et al.®”.
Because process emissions are fixed per ton of rock, a lower field rate raises both the leakage
factor and the levelized cost.

7.4 MRV Costs

We further analyze the impact of adding specific MRV costs. Because ERW MRV costs are
charged per verified net ton, the broadest cost metric adjusts accordingly: LCCDRyry =
LCCDR 4+ m. Public registry fee schedules report pathway- and scale-dependent verification
or service fees, while ERW field MRV also depends on project-specific sampling density, ana-
lytical chemistry, and quantification uncertainty. We therefore treat m € {5, 10,20} USD/tCO,

L0304 This range mirrors registry and certification fee schedules; a com-

as a stress range
prehensive field sampling and laboratory program could exceed it. Even at m = $20/tCOs,
ED2 rises from $47.8 to $67.8/tCO5 and remains within the low-cost region of the project
configuration map.

Two further dunite-specific caveats bear on the ED1-ED3 figures: First, ultramafic rocks
contain nickel and chromium that can leach into agricultural soils at gigaton-scale application
rates, a trace-metal risk not present for basalt®?. Second, the cation-versus-carbon account-

ing debate® bears specifically on faster-weathering substrates such as dunite, where MRV
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Supplementary Table 20. ERW MRYV cost additions for dunite. The MRV cost is
applied directly to LCCDR because it is denominated per verified net ton.

Project configuration No addition +$5/t +$10/t +$20/t
LCCDR (USD/tCO2)

ED1 28.9 33.9 38.9 48.9
ED2 47.8 52.8 57.8 67.8
ED3 70.4 75.4 80.4 90.4

uncertainty around the gross-removal denominator is amplified relative to slower basalt de-
ployments. Both considerations argue for reading the low-cost results as a technical-potential
frontier instead of near-term deployable cost, consistent with the land-availability constraint

noted in the main text.

7.5 Removal Timing

The main ERW calculation recognizes wY ™, the modeled first-year uptake per ton of
applied rock, in the application year and does not credit later weathering of the residual

1.5% where the

rock. This differs from steady-state ERW assessments such as Strefler et a
weathered share of a standing rock stock is replenished and each replacement ton is effectively
valued against the full stoichiometric uptake Y™**. We represent the main specification as a
one-year crediting horizon. For the finite-horizon sensitivity, the model-implied uptake from

one application in year j is instead

;= Y"1 — w)?, j=0,1,...,

where w is the modeled annual dissolution fraction and Y™ is the rock-specific stoichio-
metric COq-uptake ceiling per ton of rock (0.3 tCOy/t rock for basalt and 1.1 tCOq/t rock
for dunite in our calibration). For a finite crediting and MRV horizon H, cumulative physical

and present-valued gross removal are

o1 H-1
=S v < =S
=0 7=0

with v = 1/(1 + r) and the ERW WACC r = 8%. Costs, co-product revenue, and
attributable process emissions remain in the application year; no uptake after H is credited.

The case H = 1 therefore reproduces the main denominator wY™** exactly. We report H €
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{1,5,10,25} as the geometric schedule approaches its stoichiometric ceiling asymptotically
and actual uptake may remain (considerably) below that ceiling. The long-horizon endpoint
approximates the steady-state full-potential cost convention; it is therefore an upper-bound
removal (lower-bound cost) check. The horizons also have a market counterpart. Registries
credit ERW ex post for weathering measured in a monitoring period, under initial crediting
periods of ten years that can be renewed, twice under Puro.earth and without a stated

limit under IsometrictVHU=12s o

= 10 therefore corresponds to a single crediting period
and H = 25 to a renewed one. Neither registry credits a modeled multi-year uptake path
at application: Puro.earth permits model extrapolation only from one year to the next,
and Isometric requires model re-validation on data from the preceding twelve months in

every reporting period. This sensitivity isolates the crediting horizon conditional on w;

[Supplementary Figure 8| separately tests lower realized field rates.

Repeated application creates a separate standing-load amount. Let A denote annual rock
application per hectare. If residual rock follows the geometric cohort kinetics above, the peak
unweathered stock immediately after the nth application and before that year’s dissolution

1S:

1—(1—w)"

M,=AY (1-wk=A4

Cumulative throughput nA is therefore not the amount simultaneously present on the
field. Over 25 years the six project configurations process 500-1,250 t/ha, but their modeled
peak stocks would be only 32.7-57.3 t /ha. For EB2 and ED2, respectively, the peaks are 41.6
and 48.0 t/ha, below the 150 t/ha maintained-stock assumption used by Strefler et al.””.
Keeping those central cases below that screening benchmark requires realized dissolution
rates of at least 27.6% and 31.9% of their modeled rates. These calculations can only serve
as a sensitivity: our model has no endogenous saturation feedback. Strefler’s value is an
assumed standing-stock limit and the four-year repeated-application trial of Beerling et al.?"
does not establish performance over a 25-year project. The check shows why cumulative
throughput alone cannot establish saturation and why field realization, as discussed above,
remains the binding uncertainty:.

Under the current kinetic calibration, extending the horizon lowers LCCDR because the
additional credited residual uptake expands the net-removal denominator by more than

discounting reduces it. At H = 5, EB2 falls from $260.3 to $172.2/tCOy and ED2 from
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Supplementary Table 21. ERW repeated-application check. Cumulative throughput
is annual application multiplied by the 25-year project duration. Peak standing stock applies
the geometric cohort kinetics to residual rock and is compared with the 150 t/ha maintained-
stock assumption in Strefler et al.®®. The final column is the minimum realized dissolution
rate, as a share of the modeled rate.

Project Application 25-year throughput Modeled w Peak stock  Minimum rate

(t/ha/yr) (t/ha) (%/yr) (t/ha) (% of modeled)
EB1 50 1,250 87.3 97.3 38.2
EB2 30 750 72.1 41.6 27.6
EB3 20 500 61.1 32.7 21.1
ED1 50 1,250 97.2 51.4 34.3
ED2 30 750 62.5 48.0 31.9
ED3 20 500 43.7 45.7 29.5

$47.8 to $30.9/tCO,; changes after year 10 are negligible in the modeled schedules. The
99% thresholds span 2-9 years across the six project configurations; no complete-dissolution
year is defined, and the workbook’s exact-zero cells are numerical-underflow diagnostics
only. The long-horizon values approach the full-potential treatment used in steady-state
ERW assessments and should be read as maximum feasible removal under the modeled
weathering rates at the assumed grain sizes. They are not revised main estimates: they
presume continued verification and field realization of those rates. The main values retain
the one-year convention, which is conservative with respect to later residual crediting but
does not resolve whether the modeled application-year rate is achieved in the field.
Harmonizing the crediting horizon also moves our ERW estimates closer to published
ranges, although those ranges rest on different accounting conventions. At H = 25 our
values fall to $110-$178/tCO; for basalt and $28-$33/tCO, for dunite, below the $200
and $60/tCO; reported for the two rocks by Strefler et al.*”. A main difference is that a
steady-state supply curve that credits the rock mass weathering each year at its full stoi-
chiometric potential and that does not cover the COy emitted during mining, grinding, and
spreading. The basalt values also lie inside the $50-$200/tCO, range assessed by Fuss et
al.’8 a synthesis of the earlier literature, and the $80-$180/tCO, removal costs reported
for 2050 deployment by Beerling et al.?®. The remaining differences reflect input choices,
mainly grain size, transport distance, and electricity price, together with our deduction of

co-product revenue.
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Supplementary Figure 9. ERW removal crediting. Panels a and b show modeled
cumulative uptake relative to the stoichiometric ceiling for basalt and dunite. Panels ¢ and
d report the corresponding LCCDR after discounting each year’s credited uptake. Open
markers identify the main one-year convention; filled markers extend the crediting horizon
to 5, 10, and 25 years. Curves that visually meet the ceiling do so only at plotting precision;
the calculation retains a positive residual and does not assume complete physical uptake.
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