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ABSTRACT: Decarbonizing power systems is a critical component of
climate change mitigation, which can have public health cobenefits by
reducing air pollution. Many studies have examined strategies to
decarbonize power grids and quantified their health cobenefits.
However, few of them focus on near-term cobenefits at community
levels, while comparing various decarbonization pathways. Here, we use
a coupled power system and air quality modeling framework to quantify
the costs and benefits of decarbonizing the Texas power grid through a
carbon tax; replacing coal with natural gas, solar, or wind; and
internalizing human health impacts into operations. Our results show
that all decarbonization pathways can result in major reductions in CO2
emissions and public health impacts from power sector emissions,
leading to large net benefits when considering the costs to implement
these strategies. Operational changes with existing infrastructure can serve as a transitional strategy during the process of replacing
coal with renewable energy, which offers the largest benefits. However, we also find that Black and lower-income populations receive
disproportionately higher air pollution damages and that none of the examined decarbonization strategies mitigate this disparity.
These findings suggest that additional interventions are necessary to mitigate environmental inequity while decarbonizing power
grids.
KEYWORDS: power system decarbonization, PM2.5 exposure, public health, cost-effectiveness, environmental justice

■ INTRODUCTION
Global climate change has profound impacts on ecosystems,
human health, and the economy.1−5 To reduce these negative
impacts, nearly 200 countries adopted the Paris Agreement to
reduce global greenhouse gas (GHG) emissions in an effort to
limit the global temperature rise to 2 °C above preindustrial
levels. Many low- or zero-emission pathways have been
proposed to achieve this goal.6,7

The power sector is one of the largest sources of GHG
emissions. In the United States, electricity production
contributes approximately 25% of national GHG emissions.8

Strategies and technologies to reduce carbon emissions from
power generation have been extensively explored, and the
challenges associated with decarbonizing this sector have been
identified in prior studies.9−13 Many federal, state, and local
policies have been implemented to increase renewable energy,
reducing CO2 emissions from power plants.14,15 As carbon
capture and storage (CCS) technology has yet to be deployed at
a significant scale, reducing power sector emissions is
predominantly achieved by shifting coal to natural gas or
displacing either fossil fuel with renewable energy. These climate
change mitigation strategies also have cobenefits to air quality
from decommissioning or reducing the operations of coal power

plants, which in turn reduces local and regional air pollutant
emissions.
There is high interest in quantifying the air quality cobenefits

of climate change mitigation strategies to inform policy-
making.16−18 However, individuals may benefit to varying
degrees from these strategies, resulting in an inequitable energy
transition.19 Air pollution associated with the consumption of
goods and services in the U.S. is largely attributable to the non-
Hispanic white majority, but racial and ethnic minorities
experience higher pollution levels.20 Although pollutant
concentrations in the U.S. have decreased over the past three
decades, these exposure disparities persist.21,22 Nearly all
emission sectors contribute to the PM2.5 exposure disparity
affecting racial minorities.23 Exposure to PM2.5 specifically
caused by electricity generation is highest among Black
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Americans, even when controlling income differences.24 Prior
studies also show that the health benefits of emissions mitigation
strategies adopted by the power sector have strong spatial
heterogeneity.25,26 Without specific interventions to ensure an
equitable energy transition, air quality impacts may be
concentrated in certain areas,27 which may lead to greater
inequalities in air pollution exposure.
In this study, we quantify the human health cobenefits that

can be achieved in the near term under several power system
decarbonization approaches for the Texas power system. The
Texas power grid is significant for several reasons. Texas has the
second-largest population and the highest population growth
among U.S. states. Texas’s population has a high degree of racial
and ethnic diversity, with people of color accounting for the vast
majority of the state’s population growth during the past
decade.28 Additionally, ERCOT is a large and predominantly
isolated power grid, enabling us to build a power system model
that is both highly detailed and computationally tractable [as in
analyses by Arbabzadeh et al. (2019), de Sisternes et al. (2016),
and Craig et al. (2018)11,29,30]. This allows us to study health
benefits distribution at the census-tract level and among
different population groups, considering race and ethnicity,
income, and age. To do this, we combine a state-of-the-science
air quality model and a unit commitment and economic dispatch
model and consider decarbonization approaches ranging from
immediate operational changes to new infrastructure possible
within 10 years.
We calculate and compare the reductions in human health

impacts associated with the following power sector CO2
emission reduction approaches: carbon-pricing at (1) $40 and
(2) $80 per ton of CO2 using existing power infrastructure; (3)
redispatching existing power plants after internalizing health
damages associated with SO2 and NOx emissions. In addition to
these operational strategies, we also consider replacing coal
generators with (4) natural gas plants, (5) solar power, and (6)
wind power. Each scenario is designed to maintain comparable
power system functionality, which requires using energy storage
for the wind and solar energy pathways. Across all scenarios, we
estimate the cobenefits of near-term decarbonization and assess
public health impacts across demographic groups. We compare
commonly used decarbonization strategies by jointly consider-
ing their relative climate benefits, health cobenefits, and
additional costs. We also show the persistence of disparity in
air pollution exposure after decarbonizing the power grid in
Texas, highlighting the need for additional policies specifically
designed to ensure a just energy transition.

■ METHODS
Power System Description. The analysis is conducted for

the power system served by the independent system operator in
Texas�the Electric Reliability Council of Texas (ERCOT)�
which has a mix of coal, natural gas, and nuclear power plants, as
well as high penetration of wind power. A detailed description of
the power system model used in the project is included in the
Supporting Information. Due to its reliance on fossil fuels, Texas
has the highest power sector emissions of SO2 andNOx across all
states.31 Additionally, it has limited transmission interconnec-
tion to other regions, offering an isolated system for analysis. To
represent the intrastate transmission system, we use a zonal
power system configuration consistent with the National
Renewable Energy Laboratory’s (NREL) Regional Energy
Deployment System (ReEDS).32 In ERCOT, the majority of
fossil fuel-fired power plants are located in eastern Texas, close

to population centers, while most wind generation is located in
the west. Transmission of renewable energy in the state from
west to east is limited by the capacity of transmission lines
connecting the two regions.33 Nameplate capacity of coal-fired
power plants in Texas started to drop in 2016.34 To study the
potential health impacts before recent decarbonization efforts in
ERCOT, we use data in 2015 to build proposed scenarios, which
are introduced in detail in the following section.

Scenario Design.We simulate power generation, emissions,
and health impacts in ERCOT under seven scenarios. The
business-as-usual (BAU) scenario reflects operations in ERCOT
in 2015 without additional CO2 mitigation measures. Here, unit
commitment and economic dispatch of electricity generation are
determined by the physical constraints and the operational costs
of electricity generating units (EGUs), including fuel, operation
and maintenance (O&M), and start-up costs.
To decarbonize the grid, we first consider operational changes

that can be implemented using existing infrastructure. The
carbon-pricing (CP) scenarios examine the operational
response to carbon taxes of $40/ton and $80/ton of CO2
(CP40 and CP80) applied to combustion emissions. Unit
commitment and economic dispatch of generation are
reoptimized including this carbon emission cost associated
with coal and gas combustion. Existing facilities in the current
power system are retained to estimate the immediate benefits of
operational changes that could be achieved through a price
placed on carbon emissions. In a separate scenario, health
damage internalization (HDI), we explicitly consider the
monetized costs of air-pollution-related human health damages
associated with power plant emissions in the optimization.
Specifically, we consider the impacts of fine particulate matter
(PM2.5) on premature mortality, which accounts for the vast
majority of the public health costs of air pollution.35−37

Temporally and spatially varying health damage costs at the
unit level are quantified by a dispersion model with simplified
chemistry and then integrated into unit commitment and
economic dispatch decisions. Similar to CP40 and CP80, no
new infrastructure is added. Due to the higher health impacts
associated with generation from coal-fired EGUs, this scenario
tends to reduce carbon emissions by reducing electricity
generated by coal combustion. Additional details of this
approach are included in the Supporting Information and
were discussed by Luo et al.38

In a different set of scenarios, we consider the implications of
near-term decarbonization requiring new capital investment.
Namely, we model the retirement and replacement of ERCOT’s
coal power fleet. Under the coal replaced by gas (CRG)
scenario, coal is replaced with natural gas, which has a lower CO2
emissions intensity. Some decarbonization pathways consider
natural gas as a transitional fuel towards a net zero-emission
future, decreasing carbon emissions while providing the system
flexibility needed with high penetration of renewable en-
ergy.39−41 Under this scenario, all coal-fired EGUs are replaced
by natural gas combined-cycle (Gas-CC) EGUs with the same
capacity at the same location to avoid additional transmission
infrastructure. The average heat rate and carbon intensity of
existing Gas-CC units built after 2010 in ERCOT are used for
the newly added Gas-CC EGUs.We also consider replacing coal
with renewable energy. Coal replaced by solar (CRS) retires all
coal and adds solar power at the same location. The nameplate
capacity of new solar power is selected to provide the same
energy (MWh) as the replaced coal generation. To maintain a
resource adequacy level comparable to the BAU case, the
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equivalent firm capacity of the solar power is calculated, and
additional energy storage is incorporated such that the solar
power and storage provide the same firm capacity as the replaced
coal power. Under the coal replaced by wind (CRW) scenario,
coal is substituted by wind power. Similar to CRS, annual wind
generation in this scenario matches the displaced coal
generation, with new energy storage added to maintain
equivalent levels of firm capacity. A key difference between the
CRS and CRW scenarios is that new wind generation is located
in western Texas due to the high-quality resource availability.
The capacity of transmission lines connecting eastern and
western Texas is increased to maintain a transmission limit
proportional to the BAU case.
Unit Commitment and Economic Dispatch. Electricity

generation is determined by the unit commitment and economic
dispatch model under all scenarios. However, different scenarios
include different terms in their objective functions (Table 1),

including fuel cost (Fj, $/MWh), variable O&M cost (Rj,
$/MWh), carbon emission costs (CPj, $/MWh), start-up costs
(Tj, $/start), marginal health damage costs (Hj,h, $/MWh),
electricity generation (zj,h, MWh), and a binary startup variable
(vj,h, 0 or 1) for each EGU j at hour h, across all EGUs (J) and
hours (H) considered.
For the BAU, CRG, CRS, and CRW scenarios, the model

minimizes the system’s operational costs, including fuel, variable
O&M, and start-up costs. We assume that renewable energy has
no variable operational costs. Under the CP scenarios, we add
carbon emission costs to the objective function, calculated from
the carbon tax applied, EGU efficiency, and fuel carbon
intensity. In the HDI scenario, health damage costs of SO2
and NOx emissions are included in the objective function.
Unlike the carbon pricing scenarios, health damage costs vary by
time and location. To capture seasonal variability, electricity
dispatch under the BAU, CP, CRG, CRS, and CRW scenarios is
simulated for four months in 2015�January, April, August, and
October. Due to the high computational costs of simulating
spatially and temporally varying marginal health damage costs,
the analysis of theHDI scenario is limited to January and August.
The model, while simplified compared with those used in real

power markets, captures the most important constraints in
electricity generation, including constraints on unit commit-
ment, the balance between load and generation, generator up-/
downtime, operational range, ramping, and transmission
capacity. These constraints are further detailed in the
Supporting Information.
Determination of Solar, Wind, and Energy Storage

Capacity. The System Advisor Model (SAM)43 developed by
the National Renewable Energy Laboratory is used to calculate
the nameplate capacity of renewable energy needed to generate
the same energy produced by coal-fired EGUs, as

renewable nameplate capacity (MW)
annual generation by coal (MWh)

annual energy yield of renewable resource (MWh/MW)
=

(4)

SAM uses typical meteorological year data from the National
Solar Radiation Database (NSRDB) and the Wind Integration
National Dataset (WIND) Toolkit for solar and wind resources,
providing location-specific values of energy yield reflective of
local meteorological conditions. Wind farms or photovoltaic
(PV) panels have different energy yields, with SAM providing
values based on the location and corresponding meteorological
conditions. Energy storage capacity under different scenarios is
determined by the nameplate capacity of replaced coal, the
nameplate capacity of renewable energy, and the capacity value
(CV) of renewable energy added to the grid, as

storage capacity (MW) coal nameplate capacity (MW)

renewable nameplate capacity (MW) renewable CV (%)

=

×
(5)

The duration of energy storage under all scenarios is 4 h. TheCV
of solar and wind energy in Texas is calculated by applying the
net load curve approximation approach used in ReEDS.42

Air Pollution from Electricity Generation. Under each
scenario, electricity generated from each EGU is determined by
the power system model with corresponding constraints and
objective functions. Hourly SO2 and NOx emissions from each
fossil fuel-fired generator are calculated from annual average
emission rates and hourly electricity generation at the unit
level.44 These hourly emissions are combined with those from
other sectors, such as transportation and agriculture, by the
Sparse Matrix Operator Kernel Emissions (SMOKE) system to
prepare emission inputs for air quality modeling.45 The
Community Multi-scale Air Quality Modeling system (CMAQ
version 5.3) is used to simulate ambient PM2.5 concentration.
Additional details about the CMAQ configuration used are
provided in the Supporting Information. When compared with
concentrations recorded by the Air Quality System (AQS)
network,46 the ability of the model to reproduce observed 24 h
average PM2.5 concentrations meets recommended statistics and
benchmarks for photochemical model performance (Table S1).
In this analysis, the BAU scenario serves as the base case;

concentration differences between BAU and other scenarios are
considered to be the air quality benefits of the different
decarbonization strategies. To quantify the health impacts of
electricity generation, we use the Environmental Benefits
Mapping and Analysis Program�Community Edition (Ben-
MAP-CE version 1.5.0.4) to estimate air pollution-related
mortality.47 We use the log-linear concentration-response
function developed by Krewski et al. (2009) to estimate
premature deaths for different age, racial, and income-level
groups.48 This function, representing national estimates of the
risk of death from ambient PM2.5 pollution, has been widely used
in studies quantifying health impacts caused by power plant
emissions.49,50 BenMAP estimates age- and county-specific
mortality data in 2015 based on 2012−2014 data from the
Centers for Disease Control’s (CDC) WONDER database
(http://wonder.cdc.gov). Additionally, BenMAP uses race-,
ethnicity-, and age-stratified incidence rates from theWONDER
database. In our results, we compare census-tract-level mortality
differences across race and ethnicity, age, and income level,

Table 1. Objective Functions under Different Scenarios

scenario(s) objective function

BAU, CRG, CRS, CRW F R z Tvmin ( )
h

H

j

J

j j j h j j h
1 1

, ,[ + + ]
= = (1)

CP40, CP80 F R z Tvmin ( CP )
h

H

j

J

j j j j h j j h
1 1

, ,[ + + + ]
= = (2)

HDI F R H z Tvmin ( )
h

H

j

J

j j j h j h j j h
1 1

, , ,[ + + + ]
= = (3)
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relying on demographic data from the Integrated Public Use
Microdata Series (IPUMS), CDC, and BenMAP.51−53

■ RESULTS
Renewable and Energy Storage Capacity. The average

annual yield of wind power, calculated from 2015 wind capacity
and wind generation in ERCOT, is 2,770 GWh/GW,
representing a 32% capacity factor. Due to limited solar
generation in ERCOT, the average annual yield of solar power
is calculated using Typical Meteorological Year data at the
location of coal-fired power plants and estimated at 2100 GWh/
GW, corresponding to a 24% capacity factor (AC power). Total
generation from the coal-fired power plants in 2015 was 97,655
GWh. To replace the electricity produced by coal-fired EGUs,
35.8 GW of wind or 47.2 GW of solar (AC nameplate capacity)
is needed (Table S2). Solar power has a higher CV than wind
power because solar energy is available during peak demand
hours (3−7 pm) and less solar generation exists in the current
power system (Table S2). The capacity of energy storage added
to meet the peak power demand under the CRW and CRS
scenarios is 19.5 and 15.1 GW, respectively, with a 4 h duration.
We assume that the energy storage is sited in the balancing zones
where renewable energy exists.
To maintain a transmission limit similar to that of the BAU

scenario, the capacity of transmission lines connecting eastern
and western Texas is increased proportionally based on the
nameplate capacity of current and added wind energy under the
CRW scenario. The new transmission capacity is 3.2 times as
large as the capacity in 2015 (Table S3).
Reductions in Emissions and PM2.5 Concentrations.

Table 2 shows monthly average emissions from ERCOT under

the BAU and decarbonization scenarios. Emissions in January
and August are generally higher than those in April and October
due to greater electricity demand. The CRS and CRW scenarios
result in the greatest reductions in carbon emissions, as all coal-
fired power plants are replaced with zero-emission renewable
energy. The HDI scenario has the smallest reduction in carbon
emissions because the target of this strategy is to minimize
health impacts using existing facilities without an explicit goal to
reduce carbon emissions. The CP40 scenario yields a lower
carbon emission reduction than others, especially during
summer when electricity demand is high and some high-
emission EGUs are needed to meet these peak demand periods
(Table S7). Increasing the price of carbon to $80/ton (CP80)

decreases carbon emissions but still has higher average CO2
emissions than most other scenarios. However, emission
reductions under the CP scenarios are limited to operational
changes and do not reflect infrastructure investments that may
follow.
Compared with the decrease of CO2, emissions of SO2 and

NOx are reduced to a greater extent by the decarbonization
strategies, as coal-fired generators are responsible for the vast
majority of air pollutant emissions from the power sector,
especially those of SO2. The magnitude and distribution of SO2
andNOx emissions vary by decarbonization scenarios, leading to
differences in the PM2.5 concentration reductions attained under
each scenario. Figure 1 shows the distribution of monthly
average PM2.5 concentration decreases under the CP40, HDI,
and CRS scenarios during the winter and summer months
(additional scenarios are included in Supporting Information).
Most emission reductions occur in eastern Texas where most
coal-fired power plants are located. We also observe that in
August, the reduction in PM2.5 concentrations is significantly
higher and covers a larger area than in January, a consequence of
differences in electricity demand and meteorology across
months. The distribution of PM2.5 concentration decreases is
very similar under the CRG, CRS, and CRW scenarios for all
months considered.

Health Benefits. Across the six decarbonization scenarios,
the emissions reductions from electricity generation in ERCOT
range from 80 to 99% for SO2 and 30 to 83% for NOx. This
results inmarked decreases in PM2.5 concentrations in Texas and
associated negative health impacts. All demographic groups
(race, ethnicity, and income) benefit significantly under those
decarbonization scenarios. Mortality related to power plant
emissions in the demographic groups considered is reduced by
at least 79% under the carbon pricing scenarios, 78% under the
health damage internalization scenario, and 93% under the coal
replacement scenarios. Table 3 shows monthly avoided
premature deaths under each scenario. All decarbonization
strategies yield significant benefits to human health, reducing
mortality caused by power plant SO2 and NOx emissions by 69−
98%. The mitigation is achieved by reductions in SO2 and NOx
emissions, either through direct coal power replacement (CRG,
CRS, and CRW) or decreased generation from coal-fired plants.
The health benefits of carbon pricing depend on the

magnitude of the carbon tax selected. When the lower cost of
carbon emissions ($40 per ton) is used, average health
cobenefits are lowest among all decarbonization scenarios and
up to 20% less than those achieved under other scenarios in
August. However, a high carbon price ($80 per ton) still leads to
lower health cobenefits in August when electricity demand is
high, indicating limited potential for carbon pricing to decrease
power sector emissions solely through operational changes. The
HDI scenario leads to the lowest health benefits in January but
higher benefits in August due to varying health damage costs.
The CRW and CRS scenarios result in the lowest SO2 and NOx
emissions and most avoided deaths in all months considered,
with similar results achieved through solar or wind generation.
Due to seasonal variability in electricity loads and meteorology,
premature deaths vary significantly across the months examined.
High electricity demand and meteorology favoring PM2.5
formation lead to more deaths avoided by decarbonization in
August. Additionally, the limited availability of renewable energy
in October results in relatively lower mortality reduction rates
for the CRW and CRS scenarios during the month.

Table 2. Monthly Average Emissions from ERCOT under All
Scenariosa

CO2 emissions SO2 emissions NOx emissions

scenarios 1000 tons tons tons

BAU 15,380 10,291 4554
CP40 12,206 (20.6%) 871 (91.5%) 2618 (42.5%)
CP80 12,087 (21.4%) 384 (96.3%) 2714 (40.4%)
HDIb 16,376 (12.9%) 3,150 (80.4%) 4375 (30.2%)
CRG 11,781 (23.4%) 42 (99.6%) 1592 (65.0%)
CRS 8229 (46.5%) 29 (99.7%) 1331 (70.8%)
CRW 7930 (48.4%) 28 (99.7%) 921 (79.8%)

aEmission reductions under decarbonization scenarios relative to
BAU are shown in parenthesis. bThe value for the HDI scenario is a
two-month average (January and August), while that for other
scenarios is a four-month average (January, April, August, and
October).
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To assess the cost-effectiveness of each decarbonization
strategy, we estimate their net benefits, considering operational
costs, new facility costs (for the CRG, CRS, and CRW
scenarios),54 social cost of carbon (at $55 per ton CO2, 2022
USD),55 and health damage costs from PM2.5 formed from

power plant emissions. Figure 2 shows a breakdown of the
monthly average costs and benefits of each scenario relative to
the BAU scenario. All strategies lead to major positive net
benefits, mainly driven by climate benefits from avoided CO2

emissions and health cobenefits from SO2 and NOx emission

Figure 1. January and August average PM2.5 concentration reductions under the CP40, HDI, and CRS decarbonization scenarios relative to the BAU
scenario. BAU: business as usual; CP40: carbon price at $40/ton of CO2; HDI: health damage costs internalization; and CRS: coal-fired generators
replaced by solar power.

Table 3. Monthly Premature Deaths in the U.S. Avoided by Decarbonizing ERCOTa

Jan Apr Aug Oct 4-month average 2-month averageb

CP40 16.0 (11.0, 21.5) 20.5 (9.7, 27.2) 40.6 (27.4, 53.7) 5.0 (3.3, 6.6) 20.5 28.3
92.8% 96.5% 75.0% 70.6% 82.4% 79.3%

CP80 16.4 (11.1, 21.8) 20.8 (14.0, 27.4) 44.7 (30.2, 59.1) 5.0 (3.3, 6.6) 21.7 30.5
95.2% 97.6% 82.6% 70.6% 87.1% 85.6%

HDI 12.0 (8.1, 15.8) 44.7 (30.2, 59.1) 28.3
69.6% 82.6% 79.4%

CRG 15.6 (10.6, 20.7) 20.4 (13.8, 27.0) 51.1 (34.5, 67.6) 4.9 (3.3, 6.5) 23.0 33.3
90.3% 96.1% 94.5% 69.4% 92.3% 93.5%

CRS 16.8 (11.3, 22.2) 20.9 (14.1, 27.7) 50.8 (34.3, 67.3) 5.9 (4.0, 7.8) 23.6 33.8
97.1% 98.4% 95.7% 82.4% 95.6% 96.0%

CRW 16.8 (11.4, 22.3) 20.9 (14.1, 27.7) 50.8 (34.3, 67.3) 5.9 (4.8, 9.3) 24.9 35.7
97.6% 98.4% 94.0% 83.5% 94.8% 94.9%

a95% confidence intervals are shown in parenthesis. Percentages are the reduction rates relative to the BAU scenario. b2-month average of January
and August values.
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reductions. Another significant benefit of the CRS and CRW
scenarios is fuel cost savings. Net benefits in January and August
are higher than those in April andOctober, mainly due to greater
health cobenefits (Figure S3).
Compared with others, the CRS and CRW scenarios have

additional costs from the energy storage required to maintain
reliable grid operations. However, such costs are dropping
rapidly, potentially leading to greater net benefits in the future.56

The net economic benefits of adding natural gas power are
similar to those of adding renewable energy, but result in
approximately half the CO2 reductions achieved under the CRS
and CRW scenarios. Although currently it is less costly to build
new natural gas power plants than wind farms or utility-scale PV
panels, renewables yield greater cost reductions from electricity
generation, carbon emissions, and health impacts. Given the
decreasing costs of renewable energy and energy storage, the

benefits of adding renewable power can be expected to grow and
exceed those of adding natural gas generation. In this study, we
do not consider the possibility of converting natural gas to
renewable energy or implementing CCS. It is notable that
monetized health cobenefits exceed the avoided social costs of
carbon emissions in all decarbonization scenarios, especially
during August when the electricity demand is high. This
emphasizes the importance of considering health cobenefits
when conducting cost-benefit analysis for decarbonization
policies.
When normalized by CO2 emission reduction, average net

benefits across scenarios vary from $40 to $135 per ton of CO2
emission reduced (Table S9). This value under the CP40, CP80,
and HDI scenarios, greater than the social cost of carbon when
priced at $55 per ton, indicates high potential benefits of
decarbonizing the power grid with operational changes using

Figure 2.Two-month (January and August) average net benefits of each decarbonization scenario. BAU: business as usual; CP40: carbon price at $40/
ton of CO2; HDI: health damage costs internalization; and CRS: coal-fired generators replaced by solar power. Costs and benefits are relative to the
BAU scenario and include electricity production costs, air pollution health impacts, carbon emissions, and costs of new generation facilities and
transmission lines. All costs and benefits are calculated in 2022 USD.

Figure 3. Disparity in mortality impacts of power sector SO2 and NOx emissions normalized by population among racial and age groups across
decarbonization scenarios.
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existing facilities. Due to new facility costs and more CO2
emission reductions, the CRS and CRW scenarios have lower
normalized net benefits. The variability in normalized net
benefits highlights the importance of considering the benefits of
decarbonization strategies from multiple aspects, beyond solely
focusing on CO2 emission reductions.
Exposure Inequity. To investigate inequity in exposure to

air pollution caused by power plant emissions and the potential
of decarbonization strategies to mitigate it, we compare
premature deaths associated with power sector emissions in
ERCOT among selected racial and ethnic groups, age groups,
and income levels with those of the total population. For each
population group, we define disparity in air pollution impacts as
the difference between the fraction of mortalities incurred by the
group and the fraction of the total population it includes,
normalized by the fraction of the total population

normalized group disparity
fraction of mortalities fraction of population

fraction of population
=

(6)

A positive disparity value indicates that a population group
receives disproportionately higher air pollution damages from
the power sector.
Figure 3 shows disparities in deaths attributable to ERCOT

power plant emissions distributed by racial, ethnic, and age
groups. Across all age groups and scenarios, non-Hispanic Black
residents consistently receive a higher fraction (20−50%) of the
damages relative to their share of the population. This inequity is
larger among younger age groups. Furthermore, all decarbon-
ization strategies except for the CP40 scenario increase disparity
among the non-Hispanic Black population by 5−10%. After
decarbonization, especially under the HDI and CRG scenarios,
most significant PM2.5 reductions occur near Texasmetropolitan
areas (Dallas, Houston, and Austin) and do not extend to areas
with large fractions of non-Hispanic Black residents in eastern
Texas, exacerbating the disparity. Among younger age groups,
Hispanic residents generally receive disproportionately high
damages from power sector emissions (a positive normalized
disparity in the 30−49 age group in Figure 3). However, older
Hispanic residents receive disproportionately lower damages (a
negative normalized disparity in the 70−99 age group in Figure
3), as much of this population is located in western and southern
Texas where PM2.5 levels are comparatively low. Under the
CRG, CRS, and CRW scenarios, power sector-related PM2.5
pollution nearly ceases in regions where many older Hispanic
residents live, allowing this group to benefit from disproportion-
ately fewer damages. Non-Hispanic white residents under 70
receive fewer damages relative to their population across all
scenarios, with this disparity growing slightly after decarbon-
ization.
We additionally divide all census tracts into higher- and lower-

income tracts based on median household income51 and find
that residents living in the 50% of census tracts with higher
income are subjected to lower rates of health damages from
power sector emissions (Figure 4). Similar to the mortality
impacts among racial and ethnic groups, decarbonization
scenarios can worsen this inequity. Although all proposed
decarbonization strategies achieve a significant decrease in the
mortality burden of power sector emissions, none of them
effectively mitigate existing disparities in air pollution exposure
across racial, ethnic, or income-level groups.

■ IMPLICATIONS FOR DECARBONIZATION POLICY
AND PLANNING

We compare the emission reduction, health impacts, and
exposure inequity across six decarbonization scenarios that
could be implemented in the near term for Texas. Emission
reductions vary from 13 to 48% for CO2, 80 to 99% for SO2, and
30 to 80% for NOx. All strategies mitigate more than 80% of the
mortality associated with power plant SO2 and NOx emissions.
Coal-fired generation, responsible for most of the adverse health
impacts, is eliminated or greatly reduced under all scenarios.
Scenarios replacing coal generation with solar power yield the
greatest reductions in carbon emissions and negative health
impacts�a drop of nearly 50% in emitted CO2 and 95% in
premature deaths, compared with BAU operations. From 2015
to 2021, renewable penetration in ERCOT increased from 2% to
over 10%. Although more than 20% of the installed coal capacity
(4 GW) was retired, ERCOT has also added 4 GW of new
natural gas power.57,58 As a result, 13.6 GW of coal and 56.9 GW
of natural gas capacity remain in the power system,
demonstrating continued decarbonization potential.
The decarbonization scenarios considered include strategies

that rely on existing electricity generation facilities and can be
implemented through operational changes (CP40, CP80, and
HDI) and strategies that rely on new investments in generation,
achievable within a decade (CRG, CRS, and CRW). Replacing
coal-fired generation with renewable energy yields major
benefits to climate change mitigation, air quality, and electricity
production costs, but requires new construction, a challenge that
is particularly significant when major transmission investments
are needed. In contrast, the CP and HDI approaches require no
capital investment and could be implemented quickly. It is
important to note that our results for the CP and HDI scenarios
show the immediate benefits of an operational change (i.e.,
adding a price to emissions) using existing infrastructure. A price
on emissions sustained across multiple years may also result in
retirements of high-emitting units and additional investments in
renewable energy.While future capacity expansion is beyond the
scope of this study, our results for the CRW and CRS scenarios
offer insights into such impacts. CP and HDI can serve as
transitional strategies during the process of coal-fired power
plant retirement and renewable energy addition. The CRG
scenario reflects the current trend among utilities that are
retiring coal but adding natural gas in their operations to
maintain resource adequacy. Adding natural gas generators may
yield near-term GHG reductions and public health benefits, but
lead to carbon lock-in given their multidecadal lifetime, making

Figure 4. Disparity in mortality impacts of power sector SO2 and NOx
emissions normalized by population among income groups across
decarbonization scenarios.
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it harder to achieve deep levels of decarbonization. As the net
benefits of the CRG scenario are not significantly higher than
those of the CRS and CRW scenarios, retiring coal with natural
gas generation is unlikely to be an optimal long-term approach.
Under the BAU scenario, we find the projected mortality

associated with power sector SO2 and NOx emissions is
disproportionately higher among the non-Hispanic Black
population and lower-income residents, indicating the existence
of significant disparities in exposure to air pollution from the
current power system. All decarbonization scenarios show that
these disparities persist across racial, ethnic, age, and income-
level groups after decarbonization. Rather than mitigating the
inequity, in most cases, the decarbonization strategies
considered can exacerbate it, especially for non-Hispanic Black
residents. Although this study focuses on the Texas power
system, it demonstrates an important example of the persistence
of disproportionate negative impacts on certain populations
when disaggregated impacts of decarbonization are not explicitly
considered. Many global regions are beginning to decarbonize
their power grids. Early identification of potential environmental
justice issues is essential to achieve equitable decarbonization
outcomes. The results of this study call for greater consideration
of the environmental justice implications of decarbonizing
power systems. Most existing power system models optimize
based on the costs. Here, we monetize negative impacts on
climate and public health so that power system operations take
these externalities into account. However, integrating environ-
mental justice dimensions into power systemsmodeling remains
a challenge. New tools and frameworks able to internalize
demographic inequities in power system operations are needed
to ensure just energy transition.
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