Impact of Carbon Dioxide Removal Technologies on Deep Decarbonization of the Electric
Power Sector
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Supplementary Note 1: Model Detail and Assumptions

EPRI’s U.S. Regional Economy, Greenhouse Gas, and Energy (REGEN) model finds intertemporally
cost-optimal electric sector pathways given assumptions about policies, technologies, and markets. Many
capacity planning models (and nearly all integrated assessment models) do not adequately capture the
spatial and temporal complexity of high renewable and very low CO; systems [1, 2, 3]. REGEN’s large
geographical scope and hourly temporal resolution allow the model to evaluate how the costs of electric
sector technologies compare with their value, which can change in different locations, times, and
deployment levels and can be difficult to capture in models with lower temporal resolution [4].
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Supplementary Figure 1. Regional aggregation of REGEN for this study. The Lower 48 U.S. states
are grouped into the 16 regions above. Source data are provided as a Source Data file.
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Regional biomass supply feedstocks are shown in Supplementary Supplementary Figure 2 and are derived
from the Forest and Agriculture Sector Optimization Model with Greenhouse Gases (FASOM-GHG).
Additional detail on the forestry and agricultural biomass supply modeling is provided in Appendix B of
the detailed REGEN documentation [4]. Note that the high fixed O&M costs for BECCS in Table 1 (main
text) are due to the materials handling requirements for biomass; to the maintenance costs for the
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crushers, shredders, and pulverizers; and to diseconomies of scale if future plants are the size of current
biomass combustion plants.
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Supplementary Figure 2. Regional power sector biomass supply curves. Delivered biomass costs for
electricity production are based on the Forest and Agriculture Sector Optimization Model with
Greenhouse Gases (FASOM-GHG). State mappings are shown in Supplementary Figure 1. Source data
are provided as a Source Data file.

The modeling incorporates two configurations for CCS-equipped natural gas capacity: natural gas
combined cycle (NGCC) with post-combustion capture and oxy-combustion with an advanced power
cycle. Technological cost and performance assumptions are based on Johnson and Swisher [5] and are
summarized in Supplementary Table 1. Given these parameters, the scenarios in this analysis that include
CCS-equipped gas in the least-cost mix generally select the oxy-combustion configuration with a higher
capture rate.

Supplementary Table 1. Assumptions for carbon-capture-equipped natural gas technologies.
Assumptions are based on Johnson and Swisher [5]. All values are expressed in 2018 U.S. dollars and are
for n"-of-a-kind units.

Post-Combustion Oxy-Combustion
Capital Cost $2,152/kW $2,302/kW
Investment Lifetime 50 years 50 years
Capture Rate 90% 97%
Heat Rate 7.4 MMBtu/MWh 7.4 MMBtu/MWh
Fixed O&M Cost $47/KW-yr $44/kW-yr
Variable O&M Cost $8.10/MWh (excluding fuel) $3.14/MWh (excluding fuel)



Supplementary Figure 3 compares the “Reference” and “Breakthrough” battery costs with 2018 U.S.
averages and values from NREL’s Annual Technology Baseline (ATB) 2020.
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Supplementary Figure 3. Battery storage energy and capacity costs in the “Reference” and
“Breakthrough” scenarios. Reference costs are based on EPRI [6]. Costs from NREL’s Annual
Technology Baseline (ATB) 2020 are also shown. Source data are provided as a Source Data file.

For hydrogen pathways, the model independently optimizes the capacity of hydrogen production via
electrolysis, hydrogen storage, and generation from hydrogen turbines. The assumed electrolysis capital
costs of $200/kW are at the lower range of current estimates (Supplementary Figure 4), though there is
considerably uncertainty in the literature about current and future costs. Note that the costs at the bottom
of the range come from BloombergNEF [7] projections for alkaline electrolysis systems, which assumes
that costs for Western manufacturers approach levels of Chinese-made electrolyzers as production
achieves greater scale. The cost of electricity is endogenously determined from the grid mix in the model.
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Supplementary Figure 4. Electrolysis system capital costs alkaline (blue) and proton exchange

membrane (gold) technologies in the current literature. Cost projections come from a range of journal

articles and reports. Source data and references are provided as a Source Data file.

REGEN models transport of captured CO- to injection sites where it is stored in saline aquifers
(Supplementary Figure 5). Additional information about the CO- transport/storage formulation and
assumptions in REGEN can be found in the detailed model documentation [4].
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Supplementary Figure 5. Average CO, transport and storage costs by state. Values include inter-
regional transport for states without storage capacity. Blue shading shows locations of saline aquifers.

Source: EPRI [4].



Time-synchronized hourly load comes from the REGEN end-use model, which characterizes the
economic and behavioral incentives for end-use technology adoption and captures heterogeneity across
households, industries, and regions [4, 8]. The end-use model scenario is a dynamic model run where we
use the 2050 hourly load profile results to describe electricity demand for the scenarios run with the
single-year (static) electric sector model. To reflect the deep decarbonization context of the power sector
sensitivities, the end-use model scenario assumes federal CO; pricing of $50/t-CO, in all sectors and
regions beginning in 2020, escalating at the model’s discount rate of seven percent per year. The scenario
also includes accelerated capital stock turnover for heavy-duty vehicles and industry. These assumptions
give rise to extensive electrification with 67% load growth national between 2015 and 2050.
Supplementary Figure 6 illustrates hourly load shape changes for California. The same regional load
profiles are used for all electric sector scenarios.
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Supplementary Figure 6. Hourly load shape from California in 2015 and 2050. Profiles are outputs
from the REGEN end-use model [4]. Source data are provided as a Source Data file.

Supplementary Figure 7 shows non-electric CO, emissions by sector for this deep decarbonization
scenario. Gross CO; emissions decline 71% by 2050 relative to 2005 levels, and residual emissions come
from hard-to-decarbonize end uses such as aviation and high-temperature industrial processes. The
negative emissions from DAC and BECCS in the “140% Cap” scenario leads to approximately net-zero
economy-wide CO; emissions by 2050 in this scenario.
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Supplementary Figure 7. CO, emissions by sector over time. Results are outputs from the REGEN
end-use model [4]. Source data are provided as a Source Data file.



Supplementary Note 2: Additional Results

2.1. Investment and Generation Results

Supplementary Figure 8 shows generation and capacity across different CO, cap scenarios without CDR
technologies. Least-cost strategies to 80% reductions continue current trends of expanding solar, wind,
and battery storage and maintaining hydro, nuclear, and gas capacity. For deeper decarbonization targets,
dispatchable very-low-CO; options play an important role. Advanced nuclear and hydrogen turbines are
deployed here given their costs and value (117 and 612 GW in 100% cap scenario, respectively), but
least-cost portfolios are region-specific (Supplementary Figure 10 and Supplementary Figure 11) and are
sensitive to assumptions about the cost and performance of nascent technologies [9]. Wind and solar
shares generally plateau around 80% generation shares, but saturation levels vary by region and policy
target. Gas generation falls faster than capacity, and the presence of many lower utilization options near
100% decarbonization increases marginal abatement costs (Supplementary Figure 15).

Generation Capacity

9,000 3,500
Solar

8,000 Wind
3,000
M Battery

7,000
2,500 I cAEs

H,/Electrolysis
Il Pumped Hydro
B NGGT

NGCC CCS

3000 N - - M NGCC
|
oo [ H N
— mm == . Nuclear New

6,000

g
o
Q
[}

5,000

Capacity (GW)

>
[=)
S
=]

Generation (TWh)
-
u
o
o

500
1,000

T HAEEEN 0

Ref 80% 90% 95% 99%  100% Ref 80% 90% 95% 99%  100%

M Nuclear Existing

M Hydro

Supplementary Figure 8. National generation (left) and capacity (right) by technology and electric
sector CO; cap scenario (% reduction from 2005 levels). Scenarios without CDR technologies are
shown. Source data are provided as a Source Data file.

Supplementary Figure 9 shows changes to the generation and capacity mix when CDR is available
relative to the scenarios without CDR technologies.
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Supplementary Figure 9. Differences in generation (a, top panel) and capacity (b, bottom panel)
relative to the scenario without CDR by technology and scenario. “Cap” refers to the electric sector
CO;, cap policy in terms of percentage reductions relative to 2005 levels. Positive (hegative) values
indicate increases (decreases) in the scenario with CDR availability relative to one without CDR. Source
data are provided as a Source Data file.

The competitiveness of renewables and other low-carbon resources varies by region and scenario. Wind
and solar shares generally rise with more stringent CO- limits (Supplementary Figure 10).
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Supplementary Figure 10. Share of wind, solar, and battery generation (% in-region generation)
for different model regions (dots), grouped by policy and technology scenario. “Cap” refers to the
electric sector CO- cap policy in terms of percentage reductions relative to 2005 levels. Technology
scenarios assume reference (“Ref”) or breakthrough (“BT”) renewables and energy storage costs. Source
data are provided as a Source Data file.

Least-cost decarbonization pathways differ by region and policy stringency. Supplementary Figure 11
presents regional generation shares under the 100% cap scenario without CDR. Regions with lower-
guality renewable resources in the Eastern U.S. deploy larger amounts of nuclear. Models without
regional resolution (e.g., global integrated assessment models that may only represent the U.S. or North
America as a single region) understate cost and value heterogeneity.
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Supplementary Figure 11. Generation shares (% in-region generation by technology) by region for

the 100%o electric sector CO- cap scenario without CDR. Regional definitions are shown in

Supplementary Figure 1. Source data are provided as a Source Data file.

If the choice set of technologies to meet the net-zero policy target is restricted to renewables only, the
least-cost mix relies most heavily on both diurnal and seasonal storage to manage synoptic and seasonal

variability (Supplementary Figure 12). The increases in installed capacity, energy storage, and

transmission lead incremental policy costs to increase 45% relative to the technology-neutral 100% cap.
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Supplementary Figure 12. National capacity, generation, disposition, and room cap for the 100%
electric sector CO; cap scenario with renewables only. Reference technology costs are used. Source
data are provided as a Source Data file.
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With CO, caps beyond 80%, the extent of storage deployment increases, and the composition of the
storage portfolio shifts toward longer-duration options (Supplementary Figure 13). Battery storage
deployment is extensive in all scenarios, and cost reductions can increase capacity installations nearly
eightfold in the reference case. Longer-duration energy storage technologies typically have low
utilizations and higher capital costs, leading to lower marginal value per unit of capacity and making their
economics challenging unless very high renewables or deep decarbonization policies are in place [10, 11].
These factors contribute to the high cost of these systems and their displacement when CDR is available.
Note how the cost-minimizing mixes typically entail higher hydrogen turbine output relative to the sizing
of the electrolysis input.
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Supplementary Figure 13. Energy storage capacity and duration by technology across different
electric sector CO- reduction targets (% reduction from 2005 levels). Sensitivities include reference
(left) and breakthrough (right) renewables and battery cost assumptions. Scenarios without CDR are
shown. Source data are provided as a Source Data file.

Supplementary Figure 14 explores the design space for BECCS and how plausible cost and efficiency
assumptions impact BECCS deployment (left) and the CO, allowance price (right). BECCS cost and
performance assumptions have moderate impacts on deployment, though the variation across a wide
parameter range is a small fraction of total installed capacity, as BECCS capacities are between 0 and 41
GW for the sensitivities (national capacity is above 2,000 GW in all scenarios, as shown in
Supplementary Figure 8). Inefficient BECCS could lower abatement costs when carbon removal is more
valuable than electricity generation [12], as CO; prices are lower with higher BECCS heat rates.
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Supplementary Figure 14. BECCS capacity (left) and CO, allowance price (right) for 1009 electric
sector CO, cap scenarios (DAC+BECCS). Bars represent sensitivities to the BECCS heat rate and
capital costs. Reference cost and heat rate assumptions are based on Johnson and Swisher [5].
Sensitivities come from the literature survey in the recent Energy Modeling Forum 33 study on Bio-
Energy and Land Use [13]. Source data are provided as a Source Data file.

Gas capacity factors decline for higher CO; reductions, as shown in Supplementary Figure 15. CDR
keeps more natural gas capacity online with higher capacity factors. CDR replaces low-utilization, low-
CO; assets with higher-utilization ones. DAC is only deployed in worlds with high enough CO prices to
run with very high capacity factors. BECCS deployment is limited by monthly availability factors but
would otherwise run with very high capacity factors.
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Supplementary Figure 15. Capacity factor by technology and electric sector CO; reduction scenario
(% reduction from 2005 levels). Lines represent different CDR availability sensitivities. Source data are
provided as a Source Data file.

Supplementary Figure 16 shows generation by technology and CO- cap scenario for the CDR
sensitivities. BECCS deployment slows beginning at 110% reductions, and overall BECCS deployment is
a modest but important part of the generation mix to reach net negative emissions goals (123 TWh for the
100% cap, and 260 TWh for the 140% cap). DAC demand leads to relatively small growth (relative to
other factors that impact load levels such as electrification, as shown in Figure 7 in the main text) and
does not significantly shift generation shares.
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Supplementary Figure 16. National generation by technology and electric sector CO; cap scenario
(% reduction from 2005 levels). Scenarios with DAC and BECCS (DAC only) shown on the left (right)
panel. Source data are provided as a Source Data file.
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Supplementary Figure 17 illustrates DAC and BECCS deployment across different levels of policy
stringency. With reference costs, BECCS deployment saturates at 110% CO- reductions (with a BECCS
removal capacity of 436 Mt-CO,/yr) as marginal biomass feedstock costs increase, and DAC becomes the
least-cost CDR technology for additional emissions reductions. This crossover point is reached at 105%
(with a BECCS removal capacity of 218 Mt-CO,/yr) reductions with low biomass resource availability
and 90% reductions (with a BECCS removal capacity of 21 Mt-CO>/yr) with low DAC costs.
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Supplementary Figure 17. CO, removal capacity for DAC (top panel) and BECCS (bottom panel)
by electric sector CO; reduction level (% 2005 levels) and CDR availability scenario. Scenario
assumptions are described in Methods. Results are outputs from the REGEN model [4] detailed in
Methods and Supplementary Note 1. Source data are provided as a Source Data file.

The levelized cost of net CO, removal for BECCS and DAC are compared in Supplementary Figure 18
and Supplementary Figure 19, respectively, for the 140% electric sector CO- cap scenario. A key
difference is that BECCS produces firm negative-CO; electricity generation as a coproduct, though the
value of carbon removal is higher than the value of electricity in this example. In equilibrium, the net
value of CO; removal per ton equals the levelized cost per ton for deployed technologies. For scenarios
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and regions where both BECCS and DAC are deployed (e.g., the South Atlantic region below and
illustrated in Figure 8 in the main text), the equilibrium levelized costs of net CO, removal are equal for
BECCS and DAC.
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Supplementary Figure 18. Levelized cost of net CO, removal (2018 USD per metric ton of net CO;
captured per year) for BECCS by region. Reference BECCS assumptions are based on Johnson and
Swisher [5], which are shown in Table 1 (main text). Values shown for the 140% electric sector CO; cap
scenario with DAC and BECCS. “Coproduct Value” refers to the electricity produced from BECCS in
addition to CO, removal. Source data are provided as a Source Data file.
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Supplementary Figure 19. Levelized cost of net CO; removal (2018 USD per metric ton of net CO>
captured per year) for DAC by region. DAC assumptions are based on Larsen, et al. [14], which are
shown in Table 1 (main text). Values shown for the 140% electric sector CO; cap scenario with DAC and
BECCS. Source data are provided as a Source Data file.

Biomass supply and use in the 100% and 140% CO. reduction scenarios are shown in Supplementary
Figure 20.
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Supplementary Figure 20. Biomass supply and use by region. Values shown for the 100% and 140%
electric sector CO; cap scenario with DAC and BECCS. Cumulative biomass supply by step in the
piecewise linear supply curve (Supplementary Figure 2) are shown as red dashes. Source data are
provided as a Source Data file.

2.2. Economic Impacts

Power sector cost structures shift toward capital expenditures and away from fuel and operating costs,
which is a feature of both supply- and demand-side technologies under deeper decarbonization scenarios
[15]. Both CO- caps and renewable mandates entail capital-intensive systems. CDR availability lowers
costs, but having both DAC and BECCS is only slightly lower cost than DAC alone.
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Supplementary Figure 21. Electric sector costs (billion $/yr) by category across decarbonization
scenarios and CDR availability sensitivities. “Cap” refers to the electric sector CO> cap policy in terms
of percentage reductions relative to 2005 levels. Results are based on a seven percent discount rate.
Source data are provided as a Source Data file.

CDR lowers the costs of achieving policy goals, but a full benefit-cost assessment requires estimation of
non-electric costs offset through CDR. Policy costs increase approximately linearly in abatement owing to
DAC flattening cost curve.
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Supplementary Figure 22. Incremental policy cost across different CO; reduction targets and
assumptions about CDR availability. “RPS Only” limits the choice set of eligible technologies to
renewables only. Source data are provided as a Source Data file.

Supplementary Figure 23 illustrates how the availability of CDR technologies can flatten the marginal
abatement cost curve by providing a backstop mitigation option. For very high emissions abatement,
CDR provides a ceiling on marginal abatement costs, which drop from p: to p.. At the same time, the total
cost savings from CDR availability decreases by the red shaded area in Supplementary Figure 23.
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Supplementary Figure 23. Stylized marginal abatement cost curve example. Impacts of carbon
dioxide removal (CDR) are shown as the marginal abatement cost curve shifts from MAC; (without
CDR) to MAC; (with CDR), and marginal abatement costs drop from p1 to p..
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