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A. EA4ST Description and Assumptions

EA4ST represents decisions that generation investors/owners, system operators, and electricity users
each make to maximize the sum of the net benefits for themselves. To do this, the model requires
extensive input data and assumptions. This section briefly explains key features of our modeling.

The model uses a representation of the U.S. electric grid reduced to roughly five thousand nodes and
twenty thousand transmission segments. Power flow through the transmission segments is
represented using a standard linear approximation of the physics of alternating-current power flow,
known as a “DC linear approximation” (Yang et al. 2017). These equations assume that the power
flow through each alternating-current transmission segment is a linear function of the net injection of
power at each node in its region (its “interconnection” in power sector parlance).

EA4ST simulates the operation of the electricity system in a set of 52 representative hours of the year.
The use of a set of 52 representative hours instead of more, such as all of the hours of a year, keeps
the model solvable within a day. Because of its detail and the tens of thousands of buildable or retirable
generating units in the model, the model has approximately ten million optimization variables and ten
million constraints. With more representative hours, it would have proportionately more variables and
constraints. These 52 hours were carefully selected to mimic the frequency distributions of load, solar
resource, and wind resource in the historical period 2008-2010, which at the time of our dataset
construction in 2020 was the only period for which detailed location-by-location, hour-by-hour wind,
solar, and load data were available for both the U.S. and Canada, to our knowledge. The representative
hours are grouped into 16 representative days, which allows for the simulation of diurnal energy
storage. Five of these days represent non-extreme conditions and are comprised of six evenly spaced
representative hours. The remaining 11 days represent periods of potential extreme scarcity (high load,
low sun, low wind, or a combination) in some parts of the U.S. and Canada and consist of only two
hours (the most and least extreme hour in that day). These 11 extreme days are a carefully selected set
that represents every kind of extreme scarcity condition in every NERC region of the U.S. and Canada.
Using these representative periods with appropriate weights based on the frequency of hours with
similar characteristics, E4ST is able to represent the joint probability distribution of electricity demand,
wind, and sun across time and space in a typical year, including the extreme scarcity hours. Appendix
D3 of Shawhan et al. (2020) describes the selection and weighting of the representative hours.

Expected U.S. electricity consumption is drawn from the Annual Energy Outlook 2021 reference case
projection for 2035. Then it’s increased to account for additional expected load as a result of the
Inflation Reduction Act, based on modeling done by Energy Innovation Policy and Technology,
LLC.!

Wholesale electricity prices are calculated as the locational marginal prices, which are the marginal cost
of supplying electricity at each node in the transmission system. Electricity user prices are adjusted
from the wholesale prices to also include distribution charge, taxes and fees, rebates of transmission

! Bistline et al (2024) use a similar approach to compute load growth by 2035 as a result of the Inflation Reduction Act
subsidies for end-use electrification.



merchandising surplus to users, rebates of net earnings of cost-of-service-regulated generating units
to users, and any policy costs (such as renewable energy credit prices) that should be paid by users to
generators. The electricity transmission and distribution cost paid by consumers varies by state.

State renewable portfolio standards (RPSs), clean energy standards (CESs), and technology carveouts
as of July 2022 are included in our modeling, based on information from the Lawrence Berkeley
National Laboratory’s State Renewable Portfolio Standards Status Update (Barbose 2021). In states
where an RPS or CES ends or plateaus before 2050, we assume it will instead keep increasing at the
rate it has been, representing states’ pattern of extending clean energy commitments, to avoid biasing
upward our estimate of the emission-reduction effects of allowing CCUS. We also model the Regional
Greenhouse Gas Initiative (RGGI) as a power sector CO; cap for the RGGI states.” California’s AB32
is represented as a carbon price. We maintain these state and regional policies in all four simulations.
Some of them are slack in all four simulations, some of them are slack only in the two simulations
with a U.S. national CO, cap, and some of them are not slack in any of the simulations.

The investment in, retirement of, and operation of generating units depends on the revenues and costs
of the units. For existing electricity generators, we use historical costs and emissions rates provided by
the S&P Global/SNL database. We use unit-specific variable costs, fixed costs, and fuel costs to
determine the profit-maximizing operation and retirement of each existing generator. For new and
potential new generators, we use cost assumptions in the NREL Annual Technology Baseline
(Vimmerstedt et al. 2022). Typical cost and performance characteristics used for each newly buildable
generator are reported in Table A. 1 below. The costs vary by region, according to the assumptions of
the Electricity Market Module of the National Energy Modeling System (U.S. EIA 2022).

Other additional information about the E4ST model, including more detailed documentation,
codebase, and publications in which the model has been used, can be found at Resources for the
Future (2023) or via links provided there.

2 In RGGI we included New Jersey and Virginia but not Pennsylvania. At the time of the modeling, it seemed likely that
either Pennsylvania or Virginia would not be part of RGGI.
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Table A. 1. Typical Cost and Performance Assumptions for New Technologies Buildable in
the E4ST Model.

. Assumed
Total Cost . Levelized .
. Annual Variable Heat Rate Capacity
to Build cost of .
(ml fixed costs cost (MMBtu / Factor in
mln energy
$/MW) $/MWh MWh LCOE
spw G/ ) s/mw) .
calculation
Fossil-gas Turbine 0.76 21000 47.22 9.72 57.00 85%
Fossil-gas Combined Cycle 0.89 28000 27.37 6.36 39.31 85%
Fossil Gas with Carbon Capture
1.37 58971 31.41 6.88 51.96 85%
and Storage
New Nuclear 7.35 145960 2.84 10.44 83.27 92%
Solar 0.75 14721 - - 37.47 20%
Wind 0.94 37489 - - 38.75 30%
Offshore Wind 2.72 81471 - - 76.28 40%
Battery 0.83 20980 83.18 - 158.92 17%

Note: All dollar values are in 2020 dollars. We assume an economic lifetime of 30 years and a capital recovery factor of
6.8% for all buildable technologies. Battery variable cost is based on the average wholesale price of electricity which
determines the cost to charge.



B. Coal Retrofit Functions

For coal-fueled electricity generating units retrofitted with CO; capture, the current leading technology
options for capturing CO; are two post-combustion capture options: the use of amine gases or
membranes. These technologies may also be cost-competitive for new generating units. There are at
least three additional options that could be competitive for new generating units but probably not for
retrofits: the use of a supercritical CO; cycle, fuel cells, or gasification of the fuel. Gonzales et al. (2020)
further describes CCUS and the available technology options.

Cost and performance characteristics of coal CCUS retrofits are determined based on the
characteristics of the existing generating unit. To do so, we use equations derived from the coal CCUS
retrofit cost estimates used in the EPA’s Integrated Planning Model (U.S. EPA 2021), specifically
Chapter 6, Table 6-2 in the Platform v6 documentation. Inputs to the functions are capacity in MW
(“avgcap”) and heat rate (“ht”) in MMBtu/MWh. The equations follow. “FOM” is fixed operating
and maintenance cost. “VOM?” is variable operating and maintenance cost. If an existing generating
unit is retrofitted, the calculated incremental costs are added to the existing costs of the generating
unit. The capacity and heat rate penalty are applied as scalars such that the net capacity decreases
because of the additional CCUS load and the heat rate increases to match the increased fuel use per
MWh of electricity exported to the grid.

[1] Capital Cost (221‘;3;) = 2496.4444 — 6.9022 = avgcap + 0.003544 * avgcap?® + 267.3333 = hr

[2] FOM (%—yr) = 48.503704 — 0.116685 * avgcap + 0.0000598148 * avgcap? + 3.000000 * hr

3] VoM () = 14281 — 0.0060963 * avgcap + 0.0000031481 « avgcap? + 04233333333 * hr

[4] Capacity penalty (%) = 49.2333 — 0.112000 * avgcap + 0.0000533333 = avgcap? + 2.4333333333 =
hr

[5] Heat Rate Penalty (%) = 89.774 — 0.2513148 = avgcap + 0.00012907 * avgcap? + 5.00000 * hr

We also apply the heat rate penalty to the pollution emissions rates. For instance, if the heat rate
penalty is 30%, then we assume that carbon and local pollutants’ emissions are 30% higher per MWh
than without the heat rate penalty.
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C. Emissions Rates from CCUS Power Plants

Table 2 in the main paper summarizes the upper- and lower-bound emissions rate changes assumed
for SO,, NOx, PM,s, and NH; for electric generating units that adopt CCUS. The percentages in this
Table represent the percentages of emissions rates per MMBtu of the same generating units before
retrofitting (in the case of coal) and of new plants without CCUS (in the case of fossil gas). CCUS
increases heat required per MWh of net generation, so 100% implies that the emissions rate per MWh
of net electricity generation would increase.

These emissions rates were taken from existing literature, Department of Energy (DOE) front end
engineering design (FEED) studies on existing and proposed CCUS plants, and consultation with
experts. Each emissions rate was determined using a unique process, which is detailed below. The
upper-bound emissions rate assumptions often reflect either no change in the emissions rate, or a
technical limit on the emissions type, such as the necessary removal of SO, before CO, capture. The
lower-bound emissions rate assumptions often reflect the reported emissions rates in the FEED
studies, which show a promising reduction in many pollutants. Emissions are dependent on the type
of carbon capture that is used as well as plant-specific configuration and emissions restrictions. The
range between the lower- and upper bounds encompasses the uncertainties about what CCUS
technologies will be used and about the stringency of emissions regulations that will apply to
generators with CCUS.

As noted in the body of the paper, the main results presented in the paper use the midpoint set
between the upper-bound and lower-bound rates. Section V in the main paper tests the sensitivity of
the positive aggregate monetized impact of CCUS deployment to assuming the upper- and lower-
bound rates.

Beyond local pollutant emissions rates, we assume a heat rate of 6.88 MMBtu/MWh for new fossil-
gas plants with CCUS, based on the expert elicitation reported in Shawhan et al. (2021), and a heat
rate of 6.36 for new fossil-gas plants without CCUS (Vimmerstedt et al. 2022). We assume 90% CO»
capture rate for both coal CCUS and fossil-gas CCUS.

i. Coal CCUS Retrofits

Upper bounds

PM;;: The European Environment Agency (2020) indicates that adopting CCUS can have little effect
on primary PM» s emissions rate per unit of heat input. Amine CO, capture systems can tolerate normal
concentrations of PMas and can allow it to pass through the CO; capture system and be emitted into
the atmosphere. Reported projected PMz ;s emissions per unit of heat input do not change at the FEED
Dry Fork project (Merkel et al. 2022). However, they are projected to increase by an unstated amount
at the FEED San Juan site (Crane 2022) because of the addition of another cooling tower, which can
increase PMas emissions because some of the dissolved solids in cooling water that escapes and
evaporates in the air become airborne particulate matter. The San Juan front-end engineering design
(FEED) study does not estimate the extent to which PMas emissions will increase, but the San Juan
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project will be similar to the Petra Nova project (Kennedy 2020). Based on data reported in the EPA’s
eGrid (U.S. EPA 2020) for the years 2016 and 2018, the Petra Nova PM. s emissions rate per MMBtu
increased by approximately 4% between 2016 (the last full year before its CCUS retrofit) and 2018
(the first full year after its CCUS retrofit). Based on this finding, we estimate that if a high proportion
of facilities add cooling towers when they retrofit for carbon capture, as the Petra Nova capture project
did, and if the EPA does not prevent emissions increases, then average PM,5 emissions per unit of
heat input could increase by 4%.

NO.: In the CCUS FEED studies submitted to DOE to date, the San Juan generator is projected to
have no change, or at least no increase, of NO, emissions per unit of heat input (Crane 2022). The
Dry Fork generator is projected to have a 9% decrease in NOy per unit of energy input (Merkel et al.
2022). The European Environment Agency (2020) and the Petra Nova project (Kennedy 2020)
indicate that adopting CCUS can have little effect on the NO, emissions rate per unit of heat input.
Amine CO; capture systems can tolerate normal concentrations of NOy and can allow most of it to
pass through the CO; capture system and be emitted into the atmosphere. Consequently, our upper
bound assumption is that NO, emissions rate per unit of heat input remains unchanged.

We note that, given the regulatory practices of the U.S. EPA, this is a pessimistic assumption. The
EPA is unlikely to allow power plants that adopt CCUS to retain the same NO, emissions rates per
unit of energy input they had before adopting CCUS because they are likely to have higher heat rates
and higher capacity factors after adopting CCUS, implying that their annual emissions would increase
if they kept the same emissions rate per unit of energy input, which might violate other EPA
regulations of NOj levels. Based on our modeling, we project that, on average, coal power plants that
adopt CCUS will have to reduce their NO, emissions rates per unit of heat input by nearly 50% to
prevent the adoption of CCUS from increasing total electric sector NOy emissions relative to what
they would be without the adoption of CCUS.

SO,: Amine-based CO; capture systems are fouled by SO, and the planned membrane-based system
captures SO2, so both types emit neatly zero SO». The SO, value in the Dry Fork FEED study, which
will use a membrane-based capture technology, is the highest of the three values in the coal CO»

capture FEED studies submitted to the US DOE since 2017 (Merkel et al. 2022). It is 2.53% of that
generatotr’s pre-retrofit SO, emissions rate, which we have rounded up to 3%.

NH;: In the U.S,, the Environmental Protection Agency typically requires sources of particulate-
forming emissions, such as ammonia, to meet an emissions standard based on what it deems to be the
most effective available emissions control technology. Ammonia emissions rates from CO; capture
systems are highly controllable (Heo et al. 2015). It would be unusual for the U.S. EPA to allow an
existing source, such as a power plant, to raise its permitted emissions rate, and the many U.S. power
plants with catalytic and non-catalytic emissions reduction systems already commonly have ammonia
emissions concentration limits in place, typically of 2 to 10 ppm (Majewski 2022; U.S. EPA 2003).
Consistent with these patterns, the owners of the coal-fueled San Juan generating station seem to be
planning to leave their permitted ammonia concentration limit of 7 ppm unchanged as they add carbon
capture to the plant (Crane 2022). Regulations and control systems usually result in emissions
concentrations considerably lower than the limits (Sorrels et al. 2019). Additionally, in the six power
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plant CO; capture projects that have submitted FEED studies to the U.S. DOE since 2017, the highest
ammonia emissions rate after the addition of CO; capture is 0.006 Ibs per MMBtu. These facts strongly
suggest that the U.S. EPA will ultimately set ammonia emissions concentration limits that will keep
ammonia emissions concentrations below 10 ppm at power plants with carbon capture. Therefore,
we assume 10 ppm as a high bound emissions rate. Conversion from ppm to pounds per MMBtu
assumes 15% O,, which is standard practice for EPA regulation (Schrader 2005), and an Fy of 8710
for fossil gas and 9780 for coal (U.S. EPA 2023a). The formula used is (Santa Barbara County,
Pollution Control District 2023):

Ib 1 ol oht) < 20.9
—_— = * * * (—Mm83 —
MMBeu _ PP™ motarwetg «* Qo9 —wno,

Applying this formula yields an emissions rate for coal CCUS of 0.0155 Ibs/MMBtu.

)

*
molar volume

Lower bounds

PM.;;s: The Boundary Dam project (SaskPower 2018) reports that PMa s emissions are reduced to 30%
of non-retrofitted rates. We use 30% as the assumed lower bound, though we note that lower is
conceivable. PMy; is damaging to membrane-based CO; capture systems, such as the one planned for
use at the Dry Fork coal power plant, so membrane-based CO, capture might be expected to have a
lower PM,s emissions rate. No expected PM»;s emissions rate reduction is reported in the Dry Fork
FEED study, but that may be because the generating unit already has an extremely low PM, s emissions
rate (less than 4% of the PM.,s emissions rate of the Petra Nova generating unit) (Kennedy 2020).

NO.: The Boundary Dam project (SaskPower 2018) reports a 50% reduction in NOx emissions. We
use this as the lower bound, but we note that lower is possible.

SO;: The Boundary Dam report by Saskpower states that CCUS projects are “capable of reducing the
SO, emissions from the coal process by up to 100 percent” (SaskPower 2018). We use 0% as the lower
bound.

NH;: Membrane-based CCUS does not produce ammonia (Purswani and Shawhan 2023), so we use
a lower bound of 0%.

ii. Fossil-gas CCUS

Upper bounds

PM;;s: Amine CO; capture systems can tolerate normal power plant flue concentrations of PMzs and
can allow it to pass through the CO; capture system and be emitted to the atmosphere. There is no
change in reported projected PMa s per unit of heat input at the Elk Hills project (Bhown 2022). There
is also no change in reported projected PM.s per hour at the Sherman project (Elliott 2021). None of
the other power plant FEED studies submitted by the time of this writing gives PMas both before
and after adding CO; capture. We therefore assume an upper bound of 100%.
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NO,: Amine CO; capture systems can tolerate normal flue concentrations of NOy and can allow it to
pass through the CO; capture system and be emitted to the atmosphere. We therefore assume an
upper bound of 100% for NOx rate per unit of heat input for new gas-fueled generators.

SO;: According to its FEED study, the projected SO, emissions rate of the Dry Fork coal-fueled
generator with carbon capture using MTR membrane-based capture system is 0.0017 lbs/MMBtu
(Merkel et al. 2022). This value gives us a threshold for allowable SO, emissions rates going into CO,
capture systems. Fossil-gas combined cycle SO, emissions rates are almost always below that
threshold, so, in our set of high emission assumptions, CO; capture systems would be able to tolerate
existing fossil-gas combined cycle SO, emissions rates and SO, emissions rates per unit of heat input
would not be reduced by CCUS.

NH;: We follow the same approach detailed above for the NH; upper bound under the Coal CCUS
retrofit section. Therefore, we assume 10 ppm as a upper-bound emissions rate. Converting to pounds
pet MMBtu yields an emission rate of 0.0138 1bs/MMBtu.

Lower bounds

PM;;s, NO,, SO;, and NH;: According to a testing project done by NET Power (Cusano 2021),
plants using oxy-combustion can be built to produce zero or essentially zero amounts of PM,s, NOx,
SO,, and ammonia.
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D. Emissions Rates for Plants without CCUS

Beyond the CCUS generation described in the section above, we assume emissions rates for some
pollutants and types of plants for which we did not have unit-by-unit historical emissions rate
measurements or estimates. This was the case for the ammonia emissions rates of coal-fueled
generators and all emissions rates of new fossil gas-fueled generators. These assumed emissions rates
are indicated in Table A. 2. The process and sources followed to derive these rates are noted below.

Table A. 2. Assumed Emissions Rates of Plants Without CCUS, when Empirical Rates
Unavailable

Emissions Type Emissions Rate (Ibs/MMBtu)
Coal power plants without CCUS NH; 0.00055

PM:s 0.0054 (CC), 0.0126 (GT), 0.007(other)
New fossil-gas CC plant without NOx 0.0075
CCus SO, 0.0006

NH; 0.00240

Coal power plant without CCUS — NH;: We derived this average emissions rate from these data:
Total 2020 Ammonia emissions from coal electricity generation were 2,273 short tons (U.S. EPA
2023c). The 2020 Coal consumption for electricity generation was 8,224,162 billion Btus (U.S. EIA
2023).

New fossil-gas plant without CCUS — PM;s: We derive average rates from existing fossil-gas
generators, whose emissions rates are provided in the EPA eGRID data (U.S. EPA 2020). We only
use data from the new generators (went online on or after 2015), and distinguish between combined
cycle (CC), simple-cycle gas turbine (GT), and other fossil-gas generation types. We average the
emissions rates from the existing generators, weighting by heat input.

New fossil-gas plant without CCUS — NO.: We adopt the emissions rate in Sargent and Lundy
(2020).

New fossil-gas plant without CCUS — SO,: 0.0006 1bs/MMBtu is the average SO, emissions rate
for fossil-gas combined cycle generation in our dataset of existing generators.

New fossil-gas plant without CCUS — NHj: We derived this average emissions rate from these
data: 2020 Ammonia emissions from fossil-gas electricity generation were 14,802 short tons (U.S. EPA
2023c). 2020 fossil-gas consumption for electricity generation was 12,314,201 billion Btus (U.S. EIA
2023).
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E. Process to Assess Pollution Mortality-Related Impacts

This section details the steps taken to evaluate mortality-related impacts associated with changes in
pollution concentrations.

To estimate mortality-related impacts, we use empirical estimates of concentration-response (C-R)
functions, which map changes in PMz 5 exposure to mortality. Specifically, we use the general form of
damages for any relative risk function that INMAP adopts to estimate pollution-related mortality for
demographic group i living in census block group b, M;, (Goodkind et al. 2019):

M;, = Popip, - Aip - [RRyp — 1] (1]

The first term in equation [1] is Popy,, the count of individuals from group i living in census block
group b. We obtain these data from the 2012-2016 ACS.

The second term in equation [1] is 4;3, the baseline mortality rate from group i living in census block
group b. We obtain all-cause mortality rate data from the Centers for Disease Control and Prevention.
As we compare mortality changes across socioeconomic groups, we use age-adjusted mortality rate
estimates, which control for different age structures across counties that might affect mortality rates
in these counties. Aggregate mortality rate data is made publicly available only at the county level;
therefore, we assume the same mortality rate for all block groups b in a county c: 4;, = ;. Vb € c.

Finally, the third term in equation [1] is RRj, the relative risk of mortality group i living in census block
group b associated with changes in pollution exposure. To estimate it, we adopt a linear C-R function
that assumes a constant relative risk for a given change in PM»;s concentration (APM, 5). The relative
risk of mortality is then given by the following expression:

RR;, = explyp - APM, 5} (2]

Where y;, are empirical coefficients estimating the mortality impacts of a PMa;s increase for the
population of group i living in census block group b. As noted in the paper, we adopt recently
estimated coefficients from Di et al (2017), which indicate that an increase in PM,s concentration of
10 ug/m3 raises the mortality risk by 7.3% on average. This estimate is similar to others commonly
used in the literature (such as Krewski et al (2009), 6% increase, and Lepeule et al (2012), 14%). In
Section V of the paper, we check how sensitive our estimation of mortality impacts is to the
consideration of these different estimates.

In the main results presented in the paper, we assume a constant ¥y, for all of the U.S. population
(thatis, ¥, =¥ Vi, b in equation [2] above), as well as the average mortality rate for all demographic
groups in a county (thatis, A;; = A, Vi in equation [1] above). This assumption allows us to attribute
differences in mortality impacts for different demographic groups to changes in exposure, given that
we are assuming an average response to a marginal change in exposure. However, recent literature has
highlighted that this assumption can yield biased estimations for specific groups (Spiller et al. 2021).
Indeed, Di et al (2017) find that every 10 pg/m? increase in PM,s concentration increases mortality

3 We use ACS data from 2016 to match other datasets used in the household finance incidence Section.
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risk by 20.8% for Black populations and by 11.6% for Hispanic populations, versus 7.3% on average
and 6.3% for White populations. Mortality rates also vary by demographic groups, with rates tending
to be higher than average for Black populations and lower than average for Hispanics. Table A. 4
summarizes concentration-response estimates and U.S. average mortality rates by race and ethnicity.
In Figure A. 10, we allow concentration-response estimates and mortality rates to vary by demographic
group, specifically for Black, Hispanic, and non-Hispanic White populations.
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F. Dimensions to Evaluate Distributional Impacts: Income and Race/Ethnicity

To evaluate the distributional impacts of CCUS deployment through an energy and environmental
justice lens, we would ideally compare communities that fall along a “disadvantage” spectrum. There
is no agreed-upon definition of what makes a community disadvantaged, and, indeed, these factors
might vary by locality (U.S. EPA 2023b). Some attempts to find a common metric for disadvantaged
communities from an environmental perspective—like the EPA’s EJScreen tool (U.S. EPA 2022) or
the CalEPA’s CalEnviroScreen (California EPA 2023)—consider a wide array of indicators to
determine disadvantage, including socioeconomic factors, environmental exposure, and communities’
sensitivity to this exposure. Recent works in economics have adopted these comprehensive metrics of
disadvantage, such as Campa and Muehlenbachs (2024) and Hernandez-Cortes and Meng (2023).

We use a narrower approach to proxy for disadvantaged communities and characterize them only by
income level and race/ethnicity. This approach allows us to evaluate the distribution of financial
impacts, considering that data on expenditure shares are readily available only along these dimensions.
Moreover, income and race/ethnicity, albeit not a comprehensive metric, are fundamentally related to
energy and environmental justice.

Therefore, despite focusing exclusively on income and race/ethnicity dimensions, our methodology
allows us to evaluate a wide range of both health and financial impacts on those groups and, thus, to
provide valuable insights on the distributional impacts of CCUS.
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G. Impact of CCUS Cost Sensitivities

For fossil-gas CCUS units, our high and low cost assumptions come from an expert elicitation. We
use values for the 10" percentile of the costs for the low estimate and the 90™ percentile of costs for
the high (Shawhan et al. 2021). For the high-cost case, we also assume a 12-year economic lifetime for
fossil-gas CCUS—instead of a standard 30-year economic life—to reflect that CCUS may only be
viable to operate with the 45Q tax credit, which only extends for 12 years for a given plant.

For retrofit coal CCUS, to calculate cost in the high- and low-cost cases, we apply cost multipliers to
the costs in the central cost case. Those multipliers are based on the ratio of costs in the high-,
medium-, and low-cost projections for retrofit coal CCUS in the 2023 Annual Technology Baseline
(ATB) (Mirletz et al. 2023). Because the retrofit costs from the ATB do not depend on plant
characteristics, using the relative cost ratios from the ATB in our modeling requires this multiplier
approach.

For the high-cost case, we add an additional storage cost per ton of CO» to represent constraints on
the rate at which the infrastructure for CO; capture, transportation, and sequestration can be built.
This cost adder is calibrated to reduce the total stored CO, from power generation to roughly 140
million metric tons per year, which comes from the assumptions in Jenkins et al (2023). This amount
is that source’s assumed upper limit on annual CO; sequestration (400 million metric tons) minus that
source’s projection of non-electric-sector CO; capture (260 million metric tons) in 2035. This cost
adder is given as part of the variable cost in Table A. 3.

Table A. 3. Typical Cost and Performance Assumptions for CCUS Units for the Year 2035:
Low-Cost and High-Cost Sensitivities

Totalcost — y (ual  Variable Capital ~ Levelized
Generation to build fixed ¢ ¢ Heat rate cost of
eneration type (million Z‘; /1\;8;)3 ($/C1(\)/IS\;/h) (MMBtu/ “’fz‘c’f(f:y energy
$/MW) ($/MWh)
Fossil Gas with CCUS 1.37 58,971 31.41 6.88 0.068 51.96
Low-Cost Fossil Gas with
COUS 1.29 44,660 30.1 6.42 0.068 47.94
High-Cost Fossil Gas with
CCUS 2.4 70,000 40.87 8 0.116 83.85
Coal N/A 57,953 26.41 10.12 N/A N/A
Coal CCUS Retrofit 1.67 45260 10.34 4.29 0.068 N/A
Incremental Costs
Low-Cost Coal CCUS 1.39 38,077 9.68 43 0.068 N/A
Retrofit Incremental Costs
High-Cost Coal CCUS 1.81 45240 21.12 3.23 0.068 N/A

Retrofit Incremental Costs

Note: The given costs of retrofitted coal CCUS are the average additional costs on top of the original costs of the coal
plant. The same is true for heat rate. These averages depend on which specific coal plants are retrofitted, which explains
how the average effect of retrofitting with CCUS can be smallest in the high-cost case. Capital recovery factor is higher
for high-cost fossil gas with CCUS because we assume a 12-year economic lifetime instead of 30-year one.
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The high-cost assumption leads to considerably less generation with CCUS, as shown in Figure A. 1.
Therefore, in this case, the incremental effect of CCUS is relatively small in either policy scenario.
Even with significantly less CCUS deployment, almost all the monetized impacts have the same signs
as in our central case, as shown in Figure A. 2, Figure A. 3, and Figure A. 4, and compared with Figure
4, Figure 6, and Figure 9 in the paper, respectively. There are just two exceptions. The first is that
producer profits under the Cap are positive in the low- and central-cost cases, but negative—albeit
very close to zero—in the high-cost case. The second is that aggregate effect for non-Hispanic White
people is positive in the low- and central-cost cases and negative in the high-cost case, but it is
extremely close to zero in all three cases.

In the low-cost case, the directions of all effects are the same as in the central-cost case.

The low-cost assumption leads to a small increase in retrofit-coal CCUS and a large increase in fossil-
gas CCUS generation compared to our central scenario. This change is due to the incremental cost
differences for additional CCUS generation. In our central case, the most ideal coal plant candidates
for retrofit are already chosen by the model to be retrofitted. Thus, building new fossil-gas CCUS is
now more economically viable than retrofitting additional existing coal plants, leading to a relatively
higher deployment of additional fossil-gas CCUS in the low-cost case than in the central case.

With low-cost CCUS, under Current Policies, the averted mortality due to CCUS deployment is only
slightly higher than in the central cost case because the additional CCUS generation is primarily
displacing additional fossil-gas generation without CCUS, which has a smaller impact on mortality
than displacing coal generation. The increases in averted mortality and energy cost savings are balanced
by the increase in government spending, so the aggregate benefits are roughly the same in the low-
cost case as the central case. This result suggests again that, under Current Policies, displacement of
coal without CCUS produces larger net benefits per MWh than does displacement of gas without
CCUS.

Under the Cap as well, low-cost CCUS produces approximately the same estimated net benefits as
central-cost CCUS, but the reason is different. Low-cost CCUS is built to a larger extent, requiring
more government incentives (a cost) and causing a larger increase in air pollution in light of the
relatively clean mix of other generation it displaces in the presence of the Cap. However, these higher
costs are almost exactly offset by the larger electricity bill savings it causes.

A-16



Figure A. 1. CCUS Cost Sensitivity — Changes in Generation Mix with CCUS
Panel A. Current Policies — Low-Cost CCUS
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Figure A. 2. CCUS Cost Sensitivity — Monetized Impacts of CCUS

Panel A. Current Policies — Low-Cost CCUS
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Figure A. 3. CCUS Cost Sensitivity — Income Quintile: Impacts of CCUS as Percentage of
Group Total Income
Panel A. Current Policies — Low-Cost CCUS
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Figure A. 4. CCUS Cost Sensitivity — Race & Ethnicity: Impacts of CCUS as Percentage of
Group Total Income

Panel A. Current Policies — Low-Cost CCUS
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H. Impacts of Allowing Just Coal CCUS or Just Fossil-gas CCUS

It is helpful to have estimates of the effects of coal CCUS alone and gas CCUS alone for two reasons.
First, a given proposed power plant CCUS project will generally be for just a coal-fueled or just a gas-
fueled generating unit. Second, the anticipated mix of coal- and gas-fueled power plant CCUS projects
that would be enabled or prevented by any given action, such as a change in federal regulations, might
be different from the mix in our main results, or unknown. The effects could therefore be any
combination of the effects of changing the amount of coal CCUS and changing the amount of gas
CCUS. In this section, we use our central emissions rate estimates for generation with CCUS.

Coal CCUS and fossil-gas CCUS displace markedly different mixes of other types of generation, as
shown in Figure A. 5 below. However, remarkably, the signs of almost all effects that we have
compared are the same, including the signs of all effects on income and race/ethnicity groups. Figure
A. 6, Figure A. 7, and Figure A. 8 show these effects. The signs of the effects of allowing coal CCUS
only or gas CCUS only are the same, and they are the same as the signs of allowing both (Figure 4,
Figure 6, and Figure 9 in the paper), with very few exceptions. We discuss this more below.

i.  Effects of Allowing Just Coal CCUS or Just Gas CCUS, Under Current Policies

Under Current Policies, the generation with CO; capture is 885 TWh in the case with both coal and
gas CCUS allowed, 719 TWh in the coal-CCUS-only case, and 445 TWh in the gas-CCUS-only case.
Under Current Policies, 27 of the 29 effects compared in the figures below have the same sign across
the gas-only, coal-only, and both-gas-and-coal cases.* For example, allowing CCUS, whether from
coal, from gas, or from both, has the following effects: it reduces emissions, reduces electricity bills,
increases producer profits, and increases government subsidies (a cost). It also disproportionately
helps low-income, Black, and Hispanic populations.

a. Effects of allowing CO; capture only by coal-fueled power plants, under current

policies

Seventy-two percent of the generation displaced by allowing coal CCUS retrofits is coal generation
without CCUS, in our modeling results, as shown in Figure A. 5. In approximately 85% of cases, the
coal generating unit that adopts CCUS would still operate in 2035, even without the CCUS, in our
modeling results.” This result reflects the fact that coal-fueled capacity that is most likely to add CO»
capture also tends to be the most likely to keep operating if CO, capture is not allowed, according to

4 Figure A. 6 shows global welfare effects, like Figure 10 in the main paper does. Figure A. 7 and Figure A. 8, like Figures
4,6, and 9 in the main paper, show effects for U.S. households only. Aside from including change in climate damages, the
other quantities included in global welfare effects that are not included in U.S. household welfare effects are non-U.S.
investors’ share of U.S. power plant profits and non-U.S. investors’ shares of increased (or decreased) U.S. tax liability to
pay for the 45Q and ITC/PTC incentives. These non-climate differences are relatively small and do not affect the signs
of any of the effects of allowing CCUS that are reported in Figure A. 6.

5 If EPA finalizes its 111(d) regulations in their form as of eatly 2024, in 2035 coal plants planning to retire by 2040 will
have to be retrofitted to co-fire with gas and those planning to exist beyond 2040 will have to be retrofitted with CCS.
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our modeling results. Consequently, a large portion of the non-CCUS coal-fueled generation displaced
is the generation that the same coal units would produce if they did not adopt CCUS. This increases
the emissions reductions and health benefits from allowing coal CCUS. Another eight percent of the
generation displaced is from fossil gas without CCUS. The net emissions effects are reductions of 0.6
short tons of COgze, 1.44 lbs of SO, and increases of 0.50 Ibs of NOx, 0.03 Ibs of PM,s, and 0.11 Ibs
of ammonia, per MWh of coal CCUS generation.

The effects of allowing coal CCUS only are similar to the effects of allowing both coal and gas CCUS.
Under Current Policies, the 29 effects all have the same signs and are almost identical. This reflects
the fact that, under Current Policies, coal CCUS has larger benefits and costs than gas CCUS, per
MWnh, and the fact that there is more generation from coal CCUS than from gas CCUS when both
are allowed, in our results.

b. Effects of allowing CO; capture only by gas-fueled power plants, under current

policies

In contrast to coal CCUS, which displaces mostly coal generation without CCUS, gas CCUS displaces
mostly gas without CCUS. With only gas CCUS allowed, only six percent of the generation displaced
by gas generation with CCUS is from coal. However, 83% of the generation displaced is from gas
without CCUS, even though the gas CCUS generating units are new, not retrofits. The net non-GHG
emissions effects are reductions of 0.27 short tons of COse, 0.13 1bs of SO,, 0.09 1bs of NOx, 0.02 1bs
of PM;s, and an increase of 0.03 Ibs of ammonia, per MWh of coal CCUS generation.

The effects of allowing only gas CCUS almost all have the same signs as the effects of allowing only
coal CCUS or both coal and gas CCUS, but are much smaller in magnitude. This is true even on a pet-
MWh basis. Per MWh, gas CCUS earns 70% less subsidy than coal CCUS does and reduces electricity
rates and pollution much less. Of the 29 effects we estimate, the two that do not have the same sign
are the net benefits for the overall U.S. population and the net benefits for non-Hispanic White people
(again, before counting climate benefits). Those net benefits are both slightly negative in the gas-
CCUS-only case but positive in the coal-and-gas-CCUS case. Panels B of Figure A. 6, Figure A. 7, and
Figure A. 8, and Panels A of Figure 4 and Figure 9 show this.

ii. Effects of Allowing Just Coal CCUS or Just Gas CCUS, Under a CO; Cap

With the Cap accompanying the Current Policies, the generation with CO, capture is 1218 TWh in
the case with both coal and gas CCUS allowed, 709 TWh in the coal-CCUS-only case, and 1022 TWh
in the gas-CCUS-only case. The binding cap causes CCUS to have less effect on emissions but to
reduce costs more since the cap is costly to meet and CCUS helps to meet it at lower cost.

Of the 29 effects shown in the figures, only one does not have the same sign across all three CCUS
cases (allowing coal CCUS only, allowing gas CCUS only, and allowing both). For example, allowing
CCUS in the presence of a Cap, whether from coal, from gas, or from both, has the following effects
for the U.S. population in the aggregate: it increases mortality, reduces electricity bills, increases

A-22



government subsidies (a cost), and produces a net estimated cost (i.e. estimated costs are greater than
estimated benefits) for the U.S. and global populations. Its estimated net cost per household, as a
percentage of income, is smaller for Black and Hispanic people than for White non-Hispanic people.
For U.S. households in the bottom income quintile, it produces a net benefit because that group has
a lower tax rate and pays for a disproportionately small portion of the government incentives for
CCUS, allowing the energy cost savings to dominate the other effects for that group.

a. Effects of allowing CO; capture only by coal-fueled power plants, under a CO;
cap
The binding Cap greatly changes the types of generation displaced by CCUS. Without the cap, coal
with CCUS mostly displaces coal without CCUS, as reported above. With the cap, coal with CCUS
must displace a blend of generation types that has the same net average CO,e emissions rate it has.
That blend is composed of 53% gas without CCUS, 31% solar, and 15% wind, as shown in Figure A.
5.

This change in generation increases emissions because the assumed emissions rates from the
generation with CCUS are greater than the average emissions rates of the displaced generation. The
net non-GHG emissions effects are increases of 0.02 lbs of SO, 1.48 Ibs of NOx, 0.14 lbs of PM,;
and 0.11 lbs of ammonia per MWh of coal CCUS generation.

Under a Cap, most of the benefits and costs of allowing coal CCUS only are smaller than the effects
of allowing both coal and gas CCUS, reflecting the nearly 40% reduction in total generation with
CCUS when only coal CCUS is allowed. The only exception is producer profits, which increase more
when only coal CCUS is allowed. The overall sum of estimated benefits and costs is approximately
the same when allowing only coal CCUS as when allowing both.

b. Effects of allowing CO; capture only by gas-fueled power plants, under a CO

cap
With only gas CCUS allowed, the displaced generation must be even cleaner than in the case with only
coal CCUS allowed. The displaced generation is composed of 51% gas without CCUS, 40% solar, and
9% wind. Moreover, the gas CCUS reduces the national CO; price enough to slightly increase the

amount of coal-fueled generation. The net non-GHG emissions effects are increases of 0.20 lbs of
SO,, 0.13 Ibs of NOx, 0.01 Ibs of PM.s, and 0.04 Ibs of ammonia per MWh of coal CCUS generation.

Allowing only gas CCUS, like allowing only coal CCUS, produces smaller benefits and costs than
allowing both, reflecting less overall generation with CCUS. It also produces smaller net costs. In the
presence of the COs cap, the only one of the effects in the figures that does not have the same sign
when CCUS is allowed for generation with coal only, gas only, and both, is the effect on producer
profits: allowing CCUS only for gas-fueled generation reduces it while allowing CCUS for coal-fueled
or both kinds of generation increases it.
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Figure A. 5. Just Coal or Fossil-gas CCUS — Changes in Generation Mix with CCUS
Panel A. Current Policies — Just coal CCUS
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Note: Figures show changes in generation sources resulting from allowing CCUS. Positive values represent increases

resulting from allowing CCUS, whereas negative values indicate that these generation sources decrease as a result of
allowing CCUS.
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Figure A. 6. Just Coal or Fossil-gas CCUS — Monetized Global Benefits and Costs of CCUS
Panel A. Current Policies — Just coal CCUS
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generator owners. Positive values represent net benefits relative to the case in which CCUS is not allowed, while negative
values are net costs.
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Figure A. 7. Just Coal or Fossil-gas CCUS — Welfare Effects by Income Quintile, as Percentage

of Group Total Income
Panel A. Current Policies — Just coal CCUS
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Figure A. 8. Just Coal or Fossil-gas CCUS — Welfare Effects by Race & Ethnicity Group, as
Percentage of Group Total Income
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Note: Figures show monetized impacts for different U.S. race/ethnicity groups of allowing CCUS. The race/ethnicity
groups are Black populations (left), non-Hispanic White populations (center), and Hispanic populations of any race (right).
Positive values represent net benefits relative to the case in which CCUS is not allowed, while negative values are net costs.
Figures are expressed as a percentage of the group’s total income.
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I. Other Figures

Figure A. 9. Spatial Distribution of Changes in Total PM,s Concentration (pg/m?)

Current Policies Additional Cap
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Figute maps the change in total PMz 5 concentration when CCUS is allowed. Units ate pg/m?. Positive values represent
increases in PMz s concentration when CCUS is included in the choice set of generation sources, whereas negative values
represent a decrease. Output for the Current Policies scenario is shown on the left, and for the Cap scenario on the right.
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Figure A. 10. Monetized Impacts of CCUS by Race and Ethnicity as Percentage of Group
Total Income, Using Group-Specific Concentration-Response Estimators and Mortality
Rates

Panel A. Current Policies
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Note: Figure shows monetized impacts for different race/ethnicity groups of allowing CCUS. The groups are Black
populations (left), non-Hispanic White populations (center), and Hispanic populations of any race (right). Pollution-related
mortality is computed using group-specific mortality rates and concentration-response estimates. Positive values represent
net benefits relative to the case when CCUS is not in the choice set, while negative values are net costs. Figures are
expressed as a percentage of the group’s total income. Panel A shows the output for the Current Policies scenario, and
Panel B for the Current Policies Plus a Cap scenario.
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Figure A. 11. All Income Quintiles: Impacts of CCUS as Percentage of Group Total Income
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Note: Figure shows monetized impacts of allowing CCUS by income quintile. Positive values represent net benefits relative
to the case when CCUS is not in the choice set, while negative values are net costs. Figures are expressed as a percentage
of the group’s total income.
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Figure A. 12. Race & Ethnicity by Region Under Current Policies: Impacts of CCUS as

Percentage of Group Total Income
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Note: Figure shows monetized impacts of allowing CCUS on populations of different races and ethnicities across census
regions. Positive values represent net benefits relative to the case when CCUS is not in the choice set, while negative values
are net costs. Figures are expressed as a percentage of the group’s total income.
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Figure A. 13. Race & Ethnicity by Region Under Additional Cap: Impacts of CCUS as
Percentage of Group Total Income
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Note: Figure shows monetized impacts of allowing CCUS on populations of different races and ethnicities across census
regions. Positive values represent net benefits when CCUS is allowed, while negative values are net costs. Figures are
expressed as a percentage of the group’s total income.
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Figure A. 14. Race & Ethnicity by Income Quintile Under Current Policies: Impacts of CCUS

as Percentage of Group Total Income
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Note: Figure shows monetized impacts of allowing CCUS on populations of different races and ethnicities in the top and
bottom income quintiles. Positive values represent net benefits when CCUS is allowed, while negative values are net costs.
Figures are expressed as a percentage of the group’s total income.
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Figure A. 15. Race & Ethnicity by Income Quintile Under Additional Cap: Impacts of CCUS

as Percentage of Group Total Income
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Note: Figure shows monetized impacts of allowing CCUS on populations of different races and ethnicities in the top and
bottom income quintiles. Positive values represent net benefits when CCUS is allowed, while negative values are net costs.
Figures are expressed as a percentage of the group’s total income.
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J. Other Tables

Table A. 4. Hazard Ratio for PM;; Increases and Mortality Rates by Race and Ethnicity

Hazard ratio Mortality rates
All 1.073 744
Black populations 1.208 890
Hispanic populations 1.116 532
White non-Hispanic populations 1.063 761

Note: Hazard ratios refer to mortality risk associated every 10 g /m? increase in PMa s concentration, as in Di et al (2017)
and reported by Spiller et al (2021). Mortality rates are deaths by 100,000 people. We use data on age-adjusted mortality
from all causes by county from the Centers for Disease Control and Prevention (data from 2007-2016). The table shows
averages weighted by population.

Table A. 5. Average Annual Capacity Factor by Technology and Scenario

Current Policies Additional Cap
Without CCS With CCS Without CCS With CCS

Coal 67% 50% 14% 26%

Fossil-gas Combined 41% 37% 36% 26%
Cycle

Coal CCUS Retrofit - 85% - 84%

Fossil-gas CCUS - 79% - 76%

Solar 23% 23% 21% 23%

Wind 40% 40% 38% 39%

Nuclear 92% 92% 92% 92%

Hydro 31% 31% 31% 31%

Note: Average annual capacity factors calculated as (yeatly generation)/(total capacity * 8760 hours/year).
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