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Editor's summary

The success of measures to mitigate environmental damage can be hard to assess. The advent of
new modeling tools brings us closer to estimates that are reproducible and do not need expen-
sive and time-consuming computing. Henneman et al. found that coal-burning power stations
emit fine particulates (PM; ;) containing sulfur dioxide that are associated with higher mortality
than other types of PM; 5 (see the Perspective by Mendelsohn and Min Kim). Using a reduced-
form atmospheric model combined with historical Medicare data from the US, the authors iden-
tified the coal-burning power plants associated with the greatest mortality and estimated the
effect that closure or scrubber installation has had on reducing it. This type of approach can
provide a rapid indication of the effectiveness of environmental protection measures to inform
ongoing policy decisions. —Caroline Ash

Abstract

Policy-makers seeking to limit the impact of coal electricity-generating units (EGUs, also known
as power plants) on air quality and climate justify regulations by quantifying the health burden
attributable to exposure from these sources. We defined “coal PM, 5” as fine particulate matter
associated with coal EGU sulfur dioxide emissions and estimated annual exposure to coal PM; s
from 480 EGUs in the US. We estimated the number of deaths attributable to coal PM; s from
1999 to 2020 using individual-level Medicare death records representing 650 million person-
years. Exposure to coal PM; s was associated with 2.1 times greater mortality risk than exposure
to PM; s from all sources. A total of 460,000 deaths were attributable to coal PM, s, representing
25% of all PM; s-related Medicare deaths before 2009 and 7% after 2012. Here, we quantify and
visualize the contribution of individual EGUs to mortality.
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RELATED PERSPECTIVE

Measuring the impacts of air pollution
BY ROBERT MENDELSOHN, SEUNG MIN KIM « SCIENCE - 24 NOV 2023

Air pollution exposure is associated with adverse health effects and increased risk of death (1-4).
Coal electricity-generating units (EGUs), or power plants, are a major contributor to poor air quality
(5-7). Coal, historically a relatively inexpensive fuel, is burned to provide electricity worldwide even
as the US and other nations continue to debate whether it should remain a part of the energy port-
folio amid public health and climate concerns. Global coal use for electricity generation is projected
to increase (8), and ongoing instability has pushed European nations to increase coal use (9, 10).
Although coal EGU air pollution emissions have declined in the US in recent decades (I1), defining
the health burden posed by coal EGUs and the benefits of actions that have reduced EGU emissions
remains paramount to informing public health, climate, and energy policies in the US (12) and
worldwide.

Previous studies that quantified the mortality burden from coal EGUs in the US (13-18) relied on es-
timated concentration response functions (CRFs), which assume that fine particulate matter (PM; s)
from coal emissions has the same toxicity as PM; 5 from all sources. However, evidence indicates
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higher relative morbidity or mortality risk than that to other PM, s constituents or PM; ; from other
sources per unit concentration, although uncertainty remains (26, 27). The limited regional (19-22)
and temporal (23-25) scope of previous studies, along with the lack of availability of coal-specific
exposure estimates, has hindered the adoption of coal-specific PM; ; CRFs in mortality burden cal-
culations, likely leading to underestimates of the mortality burden associated with coal EGUs. In ad-
dition, previous studies lack targeted evidence regarding which coal EGUs are most responsible for
increased mortality risk, and this information is needed to inform policies.

To estimate the number of deaths associated with exposure to coal PM; : from EGUs, we conducted
a national-scale study of individual-level health records covering >650 million person-years in the
US Medicare population (>65 years of age) from 1999 to 2016 (unless otherwise noted, populations
throughout this study refer specifically to the Medicare population) (28). We defined “coal PM, 5” as
PM; s from coal EGU SO, emissions. We estimated coal PM; s using the HYSPLIT with Average
Dispersion (HyADS) model, which accounts for date-specific atmospheric transport of PM, s to
characterize exposure to PM, s from individual EGUs (29-32). We used HyADS, a reduced complex-
ity model, to estimate 22 years of exposure to coal PM; s (from 1999 to 2020) from each of 480 US
EGUs. These calculations would have required multiple orders of magnitude more computation time
using a typical full-scale chemical transport model.

Our study offers the following contributions. First, we estimated and compared mortality risk
associated with exposure to coal PM; s versus total PM; s from all sources, showing that previous
analyses underestimated the mortality burden from coal EGUs in the US. Second, we calculated the
number of deaths linked to each of the 480 coal EGUs, ranking each with respect to its contribution
to the mortality burden and tracking its contribution to the overall mortality burden over time amid
implementation of emissions controls and retirements. Third, we documented the spatial distribu-
tion of the mortality burden across the US.

Results

Changes in exposure to coal PM, 5 over time

By averaging ZIP (postal) code levels of coal PM; 5 across the conterminous US, we found that the
annual average coal PM, s declined from 2.34 pg m> (range, 0.01 to 8.80) in 1999 to 0.07 ug m™>
(range, 0.00 to 0.39) in 2020 (Fig. 1). Coal PM; 5 was elevated in the eastern US relative to the west-
ern US, with annual average concentrations exceeding 4 pg m~> in multiple ZIP codes in all years
from 1999 to 2008. Coal PM; 5 exposure is a combination of emissions from nearby and distant
EGUs (figs. S1 and S2).
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Fig. 1. ZIP code-level coal PM, 5 over time.

Box plots (median, first, and third quartiles are shown as horizonal lines and outliers as dots) summarize the distribution of
ZIP code levels of coal PM5 5. Map areas shown in white do not have ZIP codes. Plots were produced in R using ggplot2;
spatial information comes from the USAboundaries package.

Coal PM, 5 CRF

The Medicare dataset contains records of 32.5 million deaths from 1999 to 2016 (table S1), with the
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annual number of deaths increasing and death rates decreasing across the study period (fig. S3). We
found that a 1 pg m™ increase in annual average coal PM, s was associated with a 1.12% increase in
all-cause mortality [relative risk (RR): 1.0125; 95% confidence interval (CI): 1.0113 to 1.0137]). This
risk is ~2.1 times greater than the RR associated with exposure to PM; 5 from any source (1.0060 per
png m~>3; 95% CI: 1.0053 to 1.0067), which was estimated by Wu et al. in 2020 in the same Medicare
cohort using an analogous statistical model (4).

Number of excess deaths attributable to coal PM, 5

For each year from 1999 to 2020, we estimated the excess number of deaths attributable to coal
PMj, s relative to what would have occurred assuming zero SOy emissions from coal EGUs (i.e., coal
PMj; 5 = 0). Summing over the study period, we estimated that 460,000 (95% CI: 420,000 to 500,000)
deaths would have been avoided if all coal EGU SO, emissions were eliminated (Fig. 2 and table S2).
Annual excess deaths attributable to coal PM; 5 were highest between 1999 and 2007, averaging
more than 43,000 deaths per year for a total of 390,000 (95% CI: 360,000 to 430,000). After 2007, an-
nual excess deaths declined substantially, reaching 1600 (95% CI: 1400 to 1700) in 2020. The total
number of deaths in the Medicare population for the period 1999 to 2020 was 38.6 million (we pro-
jected annual deaths in each ZIP code for the period 2017 to 2020 as the average from 2014 to 2016;
fig. S3). Therefore, Medicare deaths associated with coal PM, s exposure represent 1.2% (95% CI: 1.1
to 1.3%) of all Medicare deaths. Changes in baseline mortality rates had a much smaller influence
than changes in coal PM; s on the variability in annual deaths associated with coal PM, s since 1999
(figs. S4 and S5).

®»
1

Risk Ratio
% Coal PMy5 (this study)

"/, PMzs(Wu et al., 20204)
PM, 5 (Krewski et al., 200933)

Vi
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Annual Excess Deaths (10,000)

o
1

2000 2005 2010 2020

Fig. 2. Annual number of excess deaths attributable to coal PM, 5, estimated using the RR for coal PM, 5 from this study
and RRs for total PM, 5 from the literature.

All excess deaths are estimated relative to zero coal PMs 5. The area filled by horizontal hashing indicates deaths estimated
using RRs derived from this study (bounds represent 95% Cl). Areas filled by vertical and diagonal hashing correspond to
deaths estimated using RRs for total ambient PM, 5 exposure from the literature (4, 33). The gray shaded region from 2017
to 2020 represents years for which ZIP code-specific baseline death rates were assumed from the 2014 to 2016 average.
This figure was produced in R using ggplot2.

The estimated RR for coal PM; 5 from the statistical model was higher than the previously estimated
RRs for total PM, s exposure that are often used for risk assessments, implying that the number of
excess deaths attributable to coal EGUs was underestimated in prior studies (13-18). For example,
by combining coal PM, s exposure with two RRs for total PM; 5 previously used in risk assessments,
1.0060 per 1 pg m™> (95% CI: 1.0053 to 1.0067) estimated for the Medicare population (4) and 1.6%
per 10 pg m™> (95% CI: 1.4 to 1.8) estimated for the general population (33), we estimated 240,000
(95% CI: 220,000 to 260,000) and 200,000 (95% CI: 130,000 to 280,000) excess deaths from coal
EGUs, respectively (Fig. 2).

We compared mortality from coal PM; s estimated in the main analysis with an aggregate health
hiirden accnciated with tatal PMa - fram all eniircec TTeino the RR rennrted hv Wit et al (4 for the
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Medicare population and the same annual PM, s exposure used in that analysis, we calculated
2,000,000 excess deaths due to ambient PM; 5 from 2000 to 2016 relative to a PM; s concentration of
0 (a portion of these excess deaths is attributable to natural emissions sources). Thus, our estimates
imply that exposure to coal PM; s was associated with 25% of all PM; s-related Medicare deaths
from 2000 to 2008 and with 7% of all PM; 5 deaths from 2013 to 2016 (fig. S6).

Individual EGU contributions to mortality burden

We identified 138 of the 480 coal EGUs that were associated with >1000 excess deaths across the
study period and 10 EGUs that were associated with >5000 deaths (Fig. 3). Although EGUs east of
the Mississippi River were associated with the greatest numbers of deaths because of their high
emissions and proximity to population centers, each geographical region contained at least one
EGU associated with >400 deaths. The distribution of EGU-specific deaths was heavily skewed; 91%
of the total deaths were associated with EGUs that accounted for 50% of nationwide coal EGU SO,
emissions during the study period. Normalizing excess deaths by energy produced may rank EGUs
differently.
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Fig. 3. Excess deaths associated with individual coal EGUs from 1999 to 2020.

EGUs (N = 480) are organized by region to improve interpretability, and the facilities associated with the most deaths are la-
beled. Inset: total SO, emissions by location from 1999 to 2020 (hexagonal grids may include multiple EGUs) and regional
boundaries. Plots were produced in R using ggplot2; spatial information comes from the USAboundaries package.

Figure 4 shows the temporal trend in the number of deaths associated with each EGU, highlighting
the two most harmful coal EGUs within each region. Large declines in the number of deaths corre-
sponded with SO, emission control installations and facility retirements. For example, for the
Keystone facility in Pennsylvania, the average annual number of attributable deaths was 640 (95%
CI: 580 to 700) before 2008, but declined to 80 (95% CI: 70 to 90) after scrubber installations in 2009
to 2010. We developed an interactive tool to examine individual EGUs and their contributions to
state-specific Medicare deaths in relation to SO, emissions control installations and unit retire-
ments (34).
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Fig. 4. Total annual excess deaths associated with each of the coal EGUs in each region, with the two most harmful facili-
ties highlighted.

Scrubber installations designate the earliest year that a scrubber was installed at one or more of each EGU’s units [facility
information from (46)]. Plots were produced in R using ggplot2.

Sensitivity of results to unmeasured confounding

The stratified Poisson regression for estimating the CRF was chosen based on its use in previous
health impact studies of exposure to total PM; 5 in the Medicare population. The log-linear CRF im-
plied by the model was chosen to facilitate the source-specific attribution of health impacts, but it
may not reflect the true relationship between coal PM; s and mortality risk across all exposure lev-
els during the study period. Although the stratified Poisson model adjusts for many confounders
and has been shown in the context of total PM; ;s exposure to be robust to a variety of strategies for
confounding adjustment, we cannot rule out the possibility that unmeasured factors related to mor-
tality risk vary systematically with coal PM; 5 in a manner not captured by observed characteristics
in the model. Using the E-value (34, 35), we found that a potential confounder would need to have
an association with both mortality rate and coal PM; 5 of 1.125 (lower confidence interval: 1.118) on
the RR scale to explain away the association between mortality and coal PM, .

To explore the potential confounding by air pollution sources other than coal PM; s, we performed
several additional sensitivity analyses. We present coal PM; s RRs from models that adjust for total
PMj, s, residual PM; s (total PM; s minus coal PM; 5) as a marker for all other sources, NO, as a
marker for primary traffic-related air pollution, and both NO, and residual PM; s (table S3).
Adjusting for total PM, s attenuated the risk of coal PM; s substantially, which is consistent with
coal PMj; 5 being captured by the total PM; s metric. When including residual PM, s and/or NO,, we
found a slight attenuation in RR from the main model, and the RR for coal PM, s remained higher
than the RR for total PM; s found by Wu et al. (4). Including markers for other PM; 5 sources as con-
founders introduced important limitations, as explained in the supplementary text. Furthermore,
we implemented a “first-differences” analysis of within—-ZIP code changes over time to adjust for
observed and unobserved differences across ZIP codes (fig. S7). This analysis addresses possible
threats to validity caused by confounding differences across different locations, providing strong
evidence that areas experiencing larger decreases in coal PM, s also experienced larger decreases in
mortality rates. Results from this analysis support the validity of the primary analysis to quantify
the mortality burden with a relative risk adjusted for individual- and ZIP code-level confounders
measured throughout the entire study period.

Sensitivity of results to HyADS characterization of coal PM, 5

HyADS rescales air parcel location counts extracted from HYSPLIT to coal PM, ;5 using a single
year’s chemical transport model output, which may introduce errors. Our comparisons (30) of coal
PM, s with coal PM, s source impacts from year 2006 Hybrid CMAQ-DDM, a full form model (FFM)
bias corrected against observations, confirmed that the spatial pattern is well captured and that er-
ror and bias are within the typical range of FFMs (although the bias-corrected CMAQ-DDM itself
has uncertainty). Because we expected potential errors in coal PM; 5 to be smaller in years sur-
rounding the year when the scaling was performed, we retrained the Poisson regression model three
times using data only from subsets of the total years available (1999 to 2003, 2004 to 2007, and 2008
to 2016). The estimated RRs from coal PM; s were comparable but slightly larger than in the main
analysis from the 1999 to 2003 and 2004 to 2007 models, with a more pronounced difference in RR
from the 2008 to 2016 model (table S3). The change in RR across different periods may be consis-
tent with either genuine changes in risk or deterioration of HyADS’ performance in years further
from the vear on which the scaling was based (2005).
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To explore sensitivity to the process for scaling HyADS to coal PM, s, we estimated the RR and cor-
responding excess deaths from coal EGUs using unscaled air parcel counts for each ZIP code output
by HyADS and found similar estimates of attributable deaths (650,000; 95% CI: 590,000 to 710,000).
Comparing coal PM; s estimates against observed sulfate PM, s at rural monitors indicated that
HyADS may have underestimated exposure and exaggerated exposure declines during the study pe-
riod (a portion of this decline in coal PM; s is attributable to decreasing EGU contributions to total
US SO, emissions). A sensitivity analysis using a sulfate-adjusted coal PM; s metric (fig. S8) esti-
mates a mortality RR of 1.0147 (95% CI: 1.0135-1.0158) and 790,000 (95% CI: 720,000-850,000) ex-
cess deaths. These findings indicate that, to the extent that HyADS might underestimate coal-
derived PM; s and exaggerate exposure declines, it provides a conservative estimate of the mortality
burden associated with exposure to SO, emissions from coal EGUs. Future studies may use newly
developed approaches for estimating CRFs that account for uncertainty in air pollution exposure
(36).

We used SO, emissions from coal to derive coal PM; s because of evidence that secondary PMj s
from SO, emissions constitutes most of the ambient PM; s from coal EGUs during the study period
(13, 17, 37). Because SO, emissions and related atmospheric physical-chemical processes that in-
crease ambient PM; s are correlated with complementary processes of other species, e.g., primary
PM, s and NOy, coal PM; s captures the influence of these other species. Although primary PM; s
emissions are not measured at each EGU, estimated nationwide annual primary PM; s EGU emis-
sions are correlated (R% = 0.97) with measured nationwide annual SO, emissions (38). Sensitivity
analyses using observed sulfate and comparisons with alternative modeling strategies revealed
broad consistency with the primary analysis, particularly in EGU relative rankings by excess deaths,
indicating bounds on uncertainties associated with the diversity of technologies and assumptions
available for assessing exposure to EGU SO, emissions.

Comparison with deaths estimated using a chemistry-transport air quality model

Although it is impossible to directly validate the estimated number of excess deaths attributable to
coal PM, s, we compared our results with analogous coal EGU health burdens derived using atmo-
spheric sensitivities from an FFM. Using GEOS-Chem adjoint PMj; s sensitivities (1.3) and the coal
PMj; 5 RR from the main analysis, we estimated 20,000 (95% CI: 19,000 to 22,000) and 13,000 (95%
CI: 12,000 to 14,000) excess deaths in 2006 and 2011, respectively (these years were chosen to span
emissions reductions after 2006 and to align with previously published GEOS-Chem adjoint results).
These values are comparable, although smaller (especially in 2006) than the excess deaths esti-
mated from coal PM; s exposure in this study of 35,000 (95% CI: 32,000 to 38,000) and 15,000 (95%
CI: 13,000 to 16,000) in 2006 and 2011, respectively. Correlations between the number of deaths as-
signed to each coal EGU by HyADS and GEOS-Chem adjoint were high (R? > 0.85) for all EGUs and
for EGUs in most regions (fig. S9 and table S4), and the two models rank ordered EGUs similarly by
their associated deaths (fig. S10). Mean differences in nationwide HyADS EGU-specific death esti-
mates relative to the chemical transport model were higher in 2006 (71% for all EGUs) than in 2011
(15%). Although GEOS-Chem adjoint results from the 2 years available are difficult to project to all
22 years of this study, and because chemical transport models, including GEOS-Chem, have uncer-
tainties due to potential bias in emissions inputs, model parameterizations, and meteorology,
agreement between the models at levels consistent with previous studies (39) increases confidence
in the results reported here.

Implications

We conducted the longest-term national study to date estimating the excess number of deaths asso-
ciated with exposure to SO, emissions from US coal EGUs. A key innovation in this study is the
combined use of coal EGU-specific exposure estimates and individual-level health data on the same
population during the same time period to estimate the mortality burden. This approach has been
hampered until now by the limited availability of large-scale health databases and source-specific
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combination of dispersion-based and chemical transport models in epidemiological and risk assess-
ment for well-characterized sources.

We found that, over the past two decades in the US, coal PM, s was associated with 460,000 extra
deaths, constituting >22% of total excess deaths attributable to PM; s. We also found that the mor-
tality burden of coal PM, s has been underestimated using traditional impact assessments that rely
on CRFs for total PMy s mass (13, 16—18, 39-41). The elevated mortality RR associated with annual
exposure to coal PMj; s aligns with previous evidence of increased relative health risks associated
with coal-related PM, s or sulfur or sulfate exposure per unit concentration (19-25), although other
studies have found little evidence of increased risk related to secondary sulfate PM; s or PM; 5 asso-
ciated with coal (26, 27). Large decreases in annual deaths across the study period highlight the suc-
cess of emissions reductions brought about by regulations under the 1990 Clean Air Act
Amendments. Although coal use in the US has remained low, global use is expected to increase and
plateau by 2025 (8), suggesting the potential for high mortality costs from coal for years to come.

We used SO, emissions from coal to derive coal PM; s5; however, we cannot conclude that the por-
tion of ambient PM, 5 associated with SO, emissions emitted from coal power plants is more or less
harmful than ambient PM, s from other species emitted from coal power plants. Disentangling the
mortality risks of the various PM; s species emitted from coal EGU emissions is not possible within
our modeling framework because of the high correlation between species emitted from coal EGUs
such as NO, and primary PM, 5. Given how we estimate exposure to “coal PM; s,” our finding of a
higher mortality risk of exposure to coal PM, s relative to other PM; s suggests the potential for
population health benefits of reducing SO, emissions from coal power plants, for example, by in-
stalling emissions control devices or shutting coal facilities completely. Full separation of the
health impacts of various emitted species from coal EGUs is of additional interest to policy-makers
because of the varying technologies available to reduce EGU emissions of specific pollutants, and it
should be considered in future studies.

HyADS benefits from well-characterized source locations and emissions, along with the relatively
slow atmospheric transformation of emitted SO, to particulate sulfate. Expanded incorporation of
information from observation and chemical transport model-based source apportionment tech-
niques in reduced complexity models may enable linkages between emitted species beyond SO, at-
mospheric processes, exposure, and health outcomes. Although source-specific PM; s cannot be di-
rectly measured, observation-based receptor methods for PM; s source apportionment (42) could
provide an approximate ground truth (albeit with their own uncertainties) for evaluating modeled
source-specific exposure. Advanced sensitivity approaches incorporated within chemical transport
models, such as GEOS-Chem Adjoint used here, and sensitivity methods such as the direct decou-
pled method (DDM) (4.3) or the integrated source apportionment method (ISAM) (44) offer model-
based approaches that more explicitly incorporate atmospheric chemistry and physics. Expanding
computational capacity will make comparisons with these types of models in applications with
many sources increasingly feasible.

These results advance the growing body of evidence showing varying toxicity of PM; s originating
from different sources. Although the US and other countries continue to regulate total ambient
PMj; s concentrations, entities such as the EPA Clean Air Scientific Advisory Committee have specif-
ically cited a need for research to assess health effects associated with changes in PM; 5 composi-
tion and sources over time as an important consideration for future PM; 5 policy assessments (45).
Our findings have implications for current air pollution risk assessments, which incorrectly assume
equal toxicity for ambient PM; s from all sources and for all locations. The research platform that
we used to quantify exposure associated with individual coal EGUs, which accounts for pollution
transport and location relative to population centers, can support more efficient regulatory efforts
by producing targeted evidence of how individual EGU sources contribute to the existing health
burden.

A AII“AIIIIAJ“MA“‘A

https://www.science.org/do1/10.1126/science.adf4915

5/12/25, 14:33


https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R13
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R13
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R13
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R16
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R16
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R16
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R18
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R18
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R18
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R39
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R39
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R39
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R41
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R41
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R41
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R19
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R19
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R19
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R25
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R25
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R25
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R26
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R26
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R26
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R27
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R27
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R27
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R8
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R8
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R8
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R42
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R42
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R42
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R43
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R43
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R43
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R44
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R44
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R44
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R45
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R45
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R45

Mortality risk from United States coal electricity generation | Science https://www.science.org/do1/10.1126/science.adf4915

90of 13

ACRKIIUWICUYIIICIIW

We thank S. Jin of the Georgia Institute of Technology for work on the interactive data visualization
development.

Funding: This work was supported by the National Institutes of Health (grant NTHRO1ES026217 to
C.Z. and grants ROIMDO012769, RO1ES028033, 1RO1ES030616, 1R0O1AG066793,
1R0O1IMDO016054-01A1, 1RO1ES 034373-01, 1IRF1AG080948, and 1R01ES029950 to F.D.); the US
Environmental Protection Agency (EPA) (grant 835872 to C.Z., F.D., and L.H.); EmPOWER Air Data
Challenge (L.H., C.Z., and J.R.); the Alfred P. Sloan Foundation (grant G-2020-13946 to F.D.); and
The Health Effects Institute (HEI) (grant R-82811201 to L.H. and grant 4953 to C.Z.). The manu-
script contents are solely the responsibility of the grantee and do not necessarily represent the offi-
cial views of the EPA. Further, the EPA does not endorse the purchase of any commercial products
or services mentioned in the publication. Research described in this article was conducted under
contract to the HEI, an organization jointly funded by the EPA and certain motor vehicle and engine
manufacturers. The contents of this article do not necessarily reflect the views of HEI, or its spon-
sors, nor do they necessarily reflect the views and policies of the EPA or motor vehicle and engine
manufacturers.

Author contributions: Conceptualization: L.H., C.Z.; Funding acquisition: C.Z.; Investigation:
L.H., I.D.; Methodology: L.H., C.C., I.D., C.Z., F.D.; Project administration: F.D., C.Z.; Supervision:
C.Z.; Visualization: L.H., J.R., C.Z.; Writing — original draft: L.H., C.Z.; Writing - review and editing:
L.H.,C.C,,I.D,,].R,,E.D., C.Z.

Competing interests: The authors declare no competing interests.

Data and materials availability: The online data exploration tool is available online (47). Code to
support analyses in this work is documented on GitHub (48). Coal PM; s source impacts and coal
EGU information are available for download from the Open Science Framework (49). CMS Medicare
datasets, in accordance with the data use agreement, must be acquired from the Centers for
Medicare & Medicaid Services (28). Instructions for acquiring CMS data and code for processing this
data are available on GitHub (50).

License information: Copyright © 2023 the authors, some rights reserved; exclusive licensee
American Association for the Advancement of Science. No claim to original US government works.
https://www.science.org/about/science-licenses-journal-article-reuse. In the interest of rapid dis-

semination of results with immediate public health relevance, the author will make the Author
Accepted Manuscript (AAM) version available under a CC BY public copyright license.

Supplementary Materials

This PDF file includes:

Materials and Methods
Supplementary Text
Figs. S1to0 S10

Tables S1 and S2
References (51-64)

DOWNLOAD 212 MB

Other Supplementary Material for this manuscript includes the following:
MDAR Reproducibility Checklist

DOWNLOAD 146.93 KB

5/12/25, 14:33


https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R47
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R47
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R47
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R48
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R48
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R48
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R49
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R49
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R49
https://www.cms.gov/
https://www.cms.gov/
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R50
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R50
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R50
https://www.science.org/about/science-licenses-journal-article-reuse
https://www.science.org/about/science-licenses-journal-article-reuse
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R51
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R51
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R51
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R64
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R64
https://www.science.org/doi/10.1126/science.adf4915#core-collateral-R64
https://www.science.org/doi/suppl/10.1126/science.adf4915/suppl_file/science.adf4915_sm.pdf
https://www.science.org/doi/suppl/10.1126/science.adf4915/suppl_file/science.adf4915_sm.pdf
https://www.science.org/doi/suppl/10.1126/science.adf4915/suppl_file/science.adf4915_sm.pdf
https://www.science.org/doi/suppl/10.1126/science.adf4915/suppl_file/science.adf4915_mdar_reproducibility_checklist.pdf
https://www.science.org/doi/suppl/10.1126/science.adf4915/suppl_file/science.adf4915_mdar_reproducibility_checklist.pdf
https://www.science.org/doi/suppl/10.1126/science.adf4915/suppl_file/science.adf4915_mdar_reproducibility_checklist.pdf

Mortality risk from United States coal electricity generation | Science

10 of 13

References and Notes

https://www.science.org/do1/10.1126/science.adf4915

1 D. W. Dockery, C. A. Pope 3rd, X. Xu, J. D. Spengler, J. H. Ware, M. E. Fay, B. G. Ferris Jr., F. E. Speizer, An association be-
tween air pollution and mortality in six U.S. cities. N. Engl. J. Med.329, 1753-1759 (1993).

((J GOTO REFERENCID e CROSSREF e PUBMED e WEB OF SCIENCE ¢ GOOGLE SCHOLAR

2 F.Laden,]. Schwartz, F. E. Speizer, D. W. Dockery, Reduction in fine particulate air pollution and mortality: Extended
follow-up of the Harvard Six Cities study. Am. J. Respir. Crit. Care Med.173, 667-672 (2006).

CROSSREF ¢ PUBMED e WEB OF SCIENCE e GOOGLE SCHOLAR

SHOW ALL REFERENCES

eLetters (0)

elLetters is a forum for ongoing peer review. eLetters are not edited, proofread, or indexed, but they are screened.
elLetters should provide substantive and scholarly commentary on the article. Neither embedded figures nor
equations with special characters can be submitted, and we discourage the use of figures and equations within
elLetters in general. If a figure or equation is essential, please include within the text of the eLetter a link to the fig-
ure, equation, or full text with special characters at a public repository with versioning, such as Zenodo. Please

read our Terms of Service before submitting an eLetter.

<SUBMIT A RESPONSE TO THIS ARTICLE>

No elLetters have been published for this article yet.

Recommended articles from TrendMD

Measuring the impacts of air pollution
Robert Mendelsohn, Science, 2023

Deadly air pollution is blowing into your state from a surprisingly
large source
Erik Stokstad, Science Now, 2020

Hidden Health Benefits of Greenhouse Gas Mitigation
Luis Cifuentes, Science, 2001

Health Hazard: Pulmonary Reactions to Coal Dust. A Review of
U.S. Experience. Marcus M. Key, Lorin E. Kerr, and Merle Bundy,
Eds. Academic Press, New York, 1971...

Science, 1972

Exploiting Wind Versus Coal
Mark Z. Jacobson, Science, 2001

Powered by

Progress in the epidemiological studies on coal mine dust exposure
with workers' health damage

CMA Publishing House, 2022

Epidemiological research progress on the impact of pollutants emit-
ted from coal-fired power generation on the cardiopulmonary health
of the population

Wan Shuhui, CMA Publishing House, 2024

Environmental analysis of coal mining using Bradley—Terry model

Hasanuzzaman Hasanuzzaman, Management of Environmental
Quality, 2021

World Health Organization air quality guidelines 2021: implication
for air pollution control and climate goal in China

Haidong Kan, CMA Publishing House, 2022

Health Risk Assessment of Air Pollution Based on Energy-
Environment Scenario Simulation in Urumgqi City

Sun Hui, Journal of Medical Imaging and Health Informatics, 2016

5/12/25, 14:33


https://www.science.org/doi/suppl/10.1126/science.adf4915/suppl_file/science.adf4915_mdar_reproducibility_checklist.pdf
https://www.science.org/doi/suppl/10.1126/science.adf4915/suppl_file/science.adf4915_mdar_reproducibility_checklist.pdf
https://www.science.org/doi/suppl/10.1126/science.adf4915/suppl_file/science.adf4915_mdar_reproducibility_checklist.pdf
https://www.science.org/content/page/terms-service
https://www.science.org/content/page/terms-service
https://www.science.org/doi/10.1126/science.adf4915#core-R1-1
https://www.science.org/doi/10.1126/science.adf4915#core-R1-1
https://www.science.org/doi/10.1126/science.adf4915#core-R1-1
https://www.science.org/doi/10.1126/science.adf4915#core-R1-1
https://www.science.org/doi/10.1126/science.adf4915#core-R1-1
https://www.science.org/doi/10.1126/science.adf4915#core-R1-1
https://doi.org/10.1056/NEJM199312093292401
https://doi.org/10.1056/NEJM199312093292401
https://doi.org/10.1056/NEJM199312093292401
https://pubmed.ncbi.nlm.nih.gov/8179653/
https://pubmed.ncbi.nlm.nih.gov/8179653/
https://pubmed.ncbi.nlm.nih.gov/8179653/
https://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&DestApp=WOS_CPL&UsrCustomerID=5e3815c904498985e796fc91436abd9a&SrcAuth=atyponcel&SrcApp=literatum&DestLinkType=FullRecord&KeyUT=WOS%3AA1993MK09600001
https://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&DestApp=WOS_CPL&UsrCustomerID=5e3815c904498985e796fc91436abd9a&SrcAuth=atyponcel&SrcApp=literatum&DestLinkType=FullRecord&KeyUT=WOS%3AA1993MK09600001
https://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&DestApp=WOS_CPL&UsrCustomerID=5e3815c904498985e796fc91436abd9a&SrcAuth=atyponcel&SrcApp=literatum&DestLinkType=FullRecord&KeyUT=WOS%3AA1993MK09600001
https://scholar.google.com/scholar_lookup?title=An+association+between+air+pollution+and+mortality+in+six+U.S.+cities&author=D.+W.+Dockery&author=C.+A.+Pope&author=X.+Xu&author=J.+D.+Spengler&author=J.+H.+Ware&author=M.+E.+Fay&author=B.+G.+Ferris&author=F.+E.+Speizer&publication_year=1993&journal=N.+Engl.+J.+Med.&pages=1753-1759&doi=10.1056%2FNEJM199312093292401&pmid=8179653
https://scholar.google.com/scholar_lookup?title=An+association+between+air+pollution+and+mortality+in+six+U.S.+cities&author=D.+W.+Dockery&author=C.+A.+Pope&author=X.+Xu&author=J.+D.+Spengler&author=J.+H.+Ware&author=M.+E.+Fay&author=B.+G.+Ferris&author=F.+E.+Speizer&publication_year=1993&journal=N.+Engl.+J.+Med.&pages=1753-1759&doi=10.1056%2FNEJM199312093292401&pmid=8179653
https://scholar.google.com/scholar_lookup?title=An+association+between+air+pollution+and+mortality+in+six+U.S.+cities&author=D.+W.+Dockery&author=C.+A.+Pope&author=X.+Xu&author=J.+D.+Spengler&author=J.+H.+Ware&author=M.+E.+Fay&author=B.+G.+Ferris&author=F.+E.+Speizer&publication_year=1993&journal=N.+Engl.+J.+Med.&pages=1753-1759&doi=10.1056%2FNEJM199312093292401&pmid=8179653
https://doi.org/10.1164/rccm.200503-443OC
https://doi.org/10.1164/rccm.200503-443OC
https://doi.org/10.1164/rccm.200503-443OC
https://pubmed.ncbi.nlm.nih.gov/16424447/
https://pubmed.ncbi.nlm.nih.gov/16424447/
https://pubmed.ncbi.nlm.nih.gov/16424447/
https://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&DestApp=WOS_CPL&UsrCustomerID=5e3815c904498985e796fc91436abd9a&SrcAuth=atyponcel&SrcApp=literatum&DestLinkType=FullRecord&KeyUT=WOS%3A000236182100014
https://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&DestApp=WOS_CPL&UsrCustomerID=5e3815c904498985e796fc91436abd9a&SrcAuth=atyponcel&SrcApp=literatum&DestLinkType=FullRecord&KeyUT=WOS%3A000236182100014
https://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&DestApp=WOS_CPL&UsrCustomerID=5e3815c904498985e796fc91436abd9a&SrcAuth=atyponcel&SrcApp=literatum&DestLinkType=FullRecord&KeyUT=WOS%3A000236182100014
https://scholar.google.com/scholar_lookup?title=Reduction+in+fine+particulate+air+pollution+and+mortality%3A+Extended+follow-up+of+the+Harvard+Six+Cities+study&author=F.+Laden&author=J.+Schwartz&author=F.+E.+Speizer&author=D.+W.+Dockery&publication_year=2006&journal=Am.+J.+Respir.+Crit.+Care+Med.&pages=667-672&doi=10.1164%2Frccm.200503-443OC&pmid=16424447
https://scholar.google.com/scholar_lookup?title=Reduction+in+fine+particulate+air+pollution+and+mortality%3A+Extended+follow-up+of+the+Harvard+Six+Cities+study&author=F.+Laden&author=J.+Schwartz&author=F.+E.+Speizer&author=D.+W.+Dockery&publication_year=2006&journal=Am.+J.+Respir.+Crit.+Care+Med.&pages=667-672&doi=10.1164%2Frccm.200503-443OC&pmid=16424447
https://scholar.google.com/scholar_lookup?title=Reduction+in+fine+particulate+air+pollution+and+mortality%3A+Extended+follow-up+of+the+Harvard+Six+Cities+study&author=F.+Laden&author=J.+Schwartz&author=F.+E.+Speizer&author=D.+W.+Dockery&publication_year=2006&journal=Am.+J.+Respir.+Crit.+Care+Med.&pages=667-672&doi=10.1164%2Frccm.200503-443OC&pmid=16424447
https://doi.org/10.1056/NEJMoa1702747
https://doi.org/10.1056/NEJMoa1702747
https://doi.org/10.1056/NEJMoa1702747
https://pubmed.ncbi.nlm.nih.gov/28657878/
https://pubmed.ncbi.nlm.nih.gov/28657878/
https://pubmed.ncbi.nlm.nih.gov/28657878/
https://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&DestApp=WOS_CPL&UsrCustomerID=5e3815c904498985e796fc91436abd9a&SrcAuth=atyponcel&SrcApp=literatum&DestLinkType=FullRecord&KeyUT=WOS%3A000404259200005
https://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&DestApp=WOS_CPL&UsrCustomerID=5e3815c904498985e796fc91436abd9a&SrcAuth=atyponcel&SrcApp=literatum&DestLinkType=FullRecord&KeyUT=WOS%3A000404259200005
https://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&DestApp=WOS_CPL&UsrCustomerID=5e3815c904498985e796fc91436abd9a&SrcAuth=atyponcel&SrcApp=literatum&DestLinkType=FullRecord&KeyUT=WOS%3A000404259200005
https://scholar.google.com/scholar_lookup?title=Air+pollution+and+mortality+in+the+Medicare+population&author=Q.+Di&author=Y.+Wang&author=A.+Zanobetti&author=Y.+Wang&author=P.+Koutrakis&author=C.+Choirat&author=F.+Dominici&author=J.+D.+Schwartz&publication_year=2017&journal=N.+Engl.+J.+Med.&pages=2513-2522&doi=10.1056%2FNEJMoa1702747&pmid=28657878
https://scholar.google.com/scholar_lookup?title=Air+pollution+and+mortality+in+the+Medicare+population&author=Q.+Di&author=Y.+Wang&author=A.+Zanobetti&author=Y.+Wang&author=P.+Koutrakis&author=C.+Choirat&author=F.+Dominici&author=J.+D.+Schwartz&publication_year=2017&journal=N.+Engl.+J.+Med.&pages=2513-2522&doi=10.1056%2FNEJMoa1702747&pmid=28657878
https://scholar.google.com/scholar_lookup?title=Air+pollution+and+mortality+in+the+Medicare+population&author=Q.+Di&author=Y.+Wang&author=A.+Zanobetti&author=Y.+Wang&author=P.+Koutrakis&author=C.+Choirat&author=F.+Dominici&author=J.+D.+Schwartz&publication_year=2017&journal=N.+Engl.+J.+Med.&pages=2513-2522&doi=10.1056%2FNEJMoa1702747&pmid=28657878
https://www.science.org/servlet/linkout?suffix=e_1_3_2_5_2&dbid=4&doi=10.1126%2Fscience.adf4915&key=10.1126%2Fsciadv.aba5692&site=aaas-site
https://www.science.org/servlet/linkout?suffix=e_1_3_2_5_2&dbid=4&doi=10.1126%2Fscience.adf4915&key=10.1126%2Fsciadv.aba5692&site=aaas-site
https://www.science.org/servlet/linkout?suffix=e_1_3_2_5_2&dbid=4&doi=10.1126%2Fscience.adf4915&key=10.1126%2Fsciadv.aba5692&site=aaas-site
https://pubmed.ncbi.nlm.nih.gov/32832626/
https://pubmed.ncbi.nlm.nih.gov/32832626/
https://pubmed.ncbi.nlm.nih.gov/32832626/
https://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&DestApp=WOS_CPL&UsrCustomerID=5e3815c904498985e796fc91436abd9a&SrcAuth=atyponcel&SrcApp=literatum&DestLinkType=FullRecord&KeyUT=WOS%3A000552227800017
https://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&DestApp=WOS_CPL&UsrCustomerID=5e3815c904498985e796fc91436abd9a&SrcAuth=atyponcel&SrcApp=literatum&DestLinkType=FullRecord&KeyUT=WOS%3A000552227800017
https://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&DestApp=WOS_CPL&UsrCustomerID=5e3815c904498985e796fc91436abd9a&SrcAuth=atyponcel&SrcApp=literatum&DestLinkType=FullRecord&KeyUT=WOS%3A000552227800017
https://scholar.google.com/scholar_lookup?title=Evaluating+the+impact+of+long-term+exposure+to+fine+particulate+matter+on+mortality+among+the+elderly&author=X.+Wu&author=D.+Braun&author=J.+Schwartz&author=M.+A.+Kioumourtzoglou&author=F.+Dominici&publication_year=2020&journal=Sci.+Adv.&doi=10.1126%2Fsciadv.aba5692&pmid=32832626
https://scholar.google.com/scholar_lookup?title=Evaluating+the+impact+of+long-term+exposure+to+fine+particulate+matter+on+mortality+among+the+elderly&author=X.+Wu&author=D.+Braun&author=J.+Schwartz&author=M.+A.+Kioumourtzoglou&author=F.+Dominici&publication_year=2020&journal=Sci.+Adv.&doi=10.1126%2Fsciadv.aba5692&pmid=32832626
https://scholar.google.com/scholar_lookup?title=Evaluating+the+impact+of+long-term+exposure+to+fine+particulate+matter+on+mortality+among+the+elderly&author=X.+Wu&author=D.+Braun&author=J.+Schwartz&author=M.+A.+Kioumourtzoglou&author=F.+Dominici&publication_year=2020&journal=Sci.+Adv.&doi=10.1126%2Fsciadv.aba5692&pmid=32832626
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://rev.trendmd.
https://www.trendmd.com/how-it-works-readers
https://www.trendmd.com/how-it-works-readers
https://www.trendmd.com/how-it-works-readers
https://www.trendmd.com/how-it-works-readers
https://www.trendmd.com/how-it-works-readers

Mortality risk from United States coal electricity generation | Science https://www.science.org/do1/10.1126/science.adf4915

ADVERTISEMENT

CURRENT ISSUE

Enhanced ERK activity extends ketamine’s
antidepressant effects by augmenting synaptic
plasticity

BY Z. ZACK MA, NATALIE J. GUZIKOWSKI, ET AL.

Pseudogap and Fermi arc induced by Fermi
surface nesting in a centrosymmetric skyrmion
magnet

BY YUYANG DONG, YUTO KINOSHITA, ET AL.

Pancreatic cancer-restricted cryptic antigens are
targets for T cell recognition

BY ZACKERY A. ELY, ZACHARY J. KULSTAD, ET AL. Sign up for ScienceAdviser

Get Science's award-winning newsletter with the
latest news, commentary, and research, free to your
inbox daily.

SUBSCRIBE )

TABLE OF CONTENTS >

ADVERTISEMENT

LATEST NEWS

SCIENCESHOTS 12 MAY 2025 NEWS 12 MAY 2025

110f 13

Aztec empire sought obsidian from far
and wide to make ritual jewelry and
basic tools

SCIENCEINSIDER 10 MAY 2025

NIH’s key vaccine center slammed by
contract cuts

SCIENCEINSIDER 9 MAY 2025
Mosquito-borne viral disease sweeping

Al conjures up potential new antibody
drugs in a matter of months

SCIENCEINSIDER 9 MAY 2025

NSF slashes number of ‘rotators’ and
well-paid managers as part of
restructuring

SCIENCEINSIDER 9 MAY 2025
Gold standard or appalling? HHS's $500

Indian Ocean islands

million vaccine bet on inactivated
viruses puzzles field

RELATED JOBS

Open Pl Positions at SMART

Shenzhen Medical Academy of Research and Translation (SMART)

Shenzhen, Guangdong (CN)

SUSMAT Post-Doc Fellow: Development innovative biomass processing

for nanofibers extraction 13219

Mohammed VI Polytechnic University
Benguerir, Morocco

Scientist

ADVERTISEMENT

5/12/25, 14:33


https://www.science.org/toc/science/388/6747
https://www.science.org/toc/science/388/6747
https://www.science.org/toc/science/current
https://www.science.org/content/page/scienceadviser?intcmp=rrail-adviser&utm_id=recFUzjFNRznSEEDd
https://www.science.org/content/page/scienceadviser?intcmp=rrail-adviser&utm_id=recFUzjFNRznSEEDd
https://www.science.org/content/page/scienceadviser?intcmp=rrail-adviser&utm_id=recFUzjFNRznSEEDd
https://www.science.org/content/page/scienceadviser?intcmp=rrail-adviser&utm_id=recFUzjFNRznSEEDd
https://www.science.org/content/page/scienceadviser?intcmp=rrail-adviser&utm_id=recFUzjFNRznSEEDd
https://www.science.org/content/page/scienceadviser?intcmp=rrail-adviser&utm_id=recFUzjFNRznSEEDd
https://www.science.org/doi/10.1126/science.abb6748
https://www.science.org/doi/10.1126/science.abb6748
https://www.science.org/doi/10.1126/science.abb6748
https://www.science.org/doi/10.1126/science.abb6748
https://www.science.org/doi/10.1126/science.abb6748
https://www.science.org/doi/10.1126/science.abb6748
https://www.science.org/doi/10.1126/science.adj7710
https://www.science.org/doi/10.1126/science.adj7710
https://www.science.org/doi/10.1126/science.adj7710
https://www.science.org/doi/10.1126/science.adj7710
https://www.science.org/doi/10.1126/science.adj7710
https://www.science.org/doi/10.1126/science.adj7710
https://www.science.org/doi/10.1126/science.adk3487
https://www.science.org/doi/10.1126/science.adk3487
https://www.science.org/doi/10.1126/science.adk3487
https://www.science.org/doi/10.1126/science.adk3487
https://www.science.org/toc/science/current
https://www.science.org/toc/science/current
https://www.science.org/content/article/aztec-empire-sought-obsidian-far-and-wide-make-ritual-jewelry-and-basic-tools
https://www.science.org/content/article/aztec-empire-sought-obsidian-far-and-wide-make-ritual-jewelry-and-basic-tools
https://www.science.org/content/article/aztec-empire-sought-obsidian-far-and-wide-make-ritual-jewelry-and-basic-tools
https://www.science.org/content/article/aztec-empire-sought-obsidian-far-and-wide-make-ritual-jewelry-and-basic-tools
https://www.science.org/content/article/aztec-empire-sought-obsidian-far-and-wide-make-ritual-jewelry-and-basic-tools
https://www.science.org/content/article/aztec-empire-sought-obsidian-far-and-wide-make-ritual-jewelry-and-basic-tools
https://www.science.org/news/scienceshots
https://www.science.org/news/scienceshots
https://www.science.org/news/scienceshots
https://www.science.org/content/article/ai-conjures-potential-new-antibody-drugs-matter-months
https://www.science.org/content/article/ai-conjures-potential-new-antibody-drugs-matter-months
https://www.science.org/content/article/ai-conjures-potential-new-antibody-drugs-matter-months
https://www.science.org/content/article/ai-conjures-potential-new-antibody-drugs-matter-months
https://www.science.org/news/all-news
https://www.science.org/news/all-news
https://www.science.org/news/all-news
https://www.science.org/content/article/nih-key-vaccine-center-slammed-contract-cuts
https://www.science.org/content/article/nih-key-vaccine-center-slammed-contract-cuts
https://www.science.org/content/article/nih-key-vaccine-center-slammed-contract-cuts
https://www.science.org/content/article/nih-key-vaccine-center-slammed-contract-cuts
https://www.science.org/news/scienceinsider
https://www.science.org/news/scienceinsider
https://www.science.org/news/scienceinsider
https://www.science.org/content/article/nsf-slashes-number-rotators-and-well-paid-managers-part-restructuring
https://www.science.org/content/article/nsf-slashes-number-rotators-and-well-paid-managers-part-restructuring
https://www.science.org/content/article/nsf-slashes-number-rotators-and-well-paid-managers-part-restructuring
https://www.science.org/content/article/nsf-slashes-number-rotators-and-well-paid-managers-part-restructuring
https://www.science.org/content/article/nsf-slashes-number-rotators-and-well-paid-managers-part-restructuring
https://www.science.org/content/article/nsf-slashes-number-rotators-and-well-paid-managers-part-restructuring
https://www.science.org/news/scienceinsider
https://www.science.org/news/scienceinsider
https://www.science.org/news/scienceinsider
https://www.science.org/content/article/mosquito-borne-viral-disease-sweeping-indian-ocean-islands
https://www.science.org/content/article/mosquito-borne-viral-disease-sweeping-indian-ocean-islands
https://www.science.org/content/article/mosquito-borne-viral-disease-sweeping-indian-ocean-islands
https://www.science.org/content/article/mosquito-borne-viral-disease-sweeping-indian-ocean-islands
https://www.science.org/news/scienceinsider
https://www.science.org/news/scienceinsider
https://www.science.org/news/scienceinsider
https://www.science.org/content/article/gold-standard-or-appalling-hhs-s-500-million-vaccine-bet-inactivated-viruses-puzzles
https://www.science.org/content/article/gold-standard-or-appalling-hhs-s-500-million-vaccine-bet-inactivated-viruses-puzzles
https://www.science.org/content/article/gold-standard-or-appalling-hhs-s-500-million-vaccine-bet-inactivated-viruses-puzzles
https://www.science.org/content/article/gold-standard-or-appalling-hhs-s-500-million-vaccine-bet-inactivated-viruses-puzzles
https://www.science.org/content/article/gold-standard-or-appalling-hhs-s-500-million-vaccine-bet-inactivated-viruses-puzzles
https://www.science.org/content/article/gold-standard-or-appalling-hhs-s-500-million-vaccine-bet-inactivated-viruses-puzzles
https://www.science.org/news/scienceinsider
https://www.science.org/news/scienceinsider
https://www.science.org/news/scienceinsider
https://www.science.org/toc/science/current
https://www.science.org/toc/science/current
https://www.science.org/toc/science/current

Mortality risk from United States coal electricity generation | Science

12 of 13

Henkel
Bridgewater, New Jersey, United States

MORE JOBS >

RECOMMENDED

LETTER  JULY 1986

Acid Deposition in the Western United States

LETTER  JULY 1986

Acid Deposition in the Western United States

POLICY FORUMS  MAY 1997
0Ozone Pollution in the Rural United States and the New NAAQS

LETTER  JULY 1986

Response: Acid Deposition in the Western United States

SPONSORED | WEBINAR SCIENCE AND LIFE 8 MAY 2025

Redefining Connection: How young people are shaping the future of the rare disease

community through technology and innovation

f X

View full text | Download PDF

EOLLOW US

©@ 8 N %

GET OUR NEWSLETTER

https://www.science.org/do1/10.1126/science.adf4915

NEWS

All News
Sciencelnsider
News Features

Subscribe to News from Science

News from Science FAQ

About News from Science

Donate to News

LIBRARIANS

Manage Your Institutional

Subscription

Library Admin Portal

Request a Quote

Librarian FAQs

CAREERS

Careers Articles
Find Jobs

Employer Hubs

ADVERTISERS

Advertising Kits

Custom Publishing Info

Post a Job

COMMENTARY

RELATED SITES

AAAS.org

AAAS Communities

EurekAlert!

Science in the Classroom

JOURNALS

Science
Science Advances

Science Immunology

Science Robotics

Science Signaling

AUTHORS & REVIEWERS

Information for Authors

Information for Reviewers

Science Translational Medicine

Science Partner Journals

ABOUT US

Leadership
Work at AAAS

Prizes and Awards

HELP

FAQs

Access and Subscriptions

Order a Single Issue
Reprints and Permissions

TOC Alerts and RSS Feeds

Contact Us

5/12/25, 14:33


https://www.science.org/doi/full/10.1126/science.adf4915
https://www.science.org/doi/full/10.1126/science.adf4915
https://www.science.org/doi/full/10.1126/science.adf4915
https://www.science.org/doi/pdf/10.1126/science.adf4915
https://www.science.org/doi/pdf/10.1126/science.adf4915
https://www.science.org/doi/pdf/10.1126/science.adf4915
https://www.science.org/doi/full/10.1126/science.233.4759.11
https://www.science.org/doi/full/10.1126/science.233.4759.11
https://www.science.org/doi/full/10.1126/science.233.4759.10
https://www.science.org/doi/full/10.1126/science.233.4759.10
https://www.science.org/doi/full/10.1126/science.276.5314.916
https://www.science.org/doi/full/10.1126/science.276.5314.916
https://www.science.org/doi/full/10.1126/science.233.4759.12
https://www.science.org/doi/full/10.1126/science.233.4759.12
https://www.science.org/doi/full/10.1126/science.233.4759.12
https://www.science.org/doi/full/10.1126/science.233.4759.12
https://www.science.org/content/webinar/redefining-connection-how-young-people-are-shaping-future-rare-disease-community
https://www.science.org/content/webinar/redefining-connection-how-young-people-are-shaping-future-rare-disease-community
https://www.science.org/content/webinar/redefining-connection-how-young-people-are-shaping-future-rare-disease-community
https://www.science.org/content/webinar/redefining-connection-how-young-people-are-shaping-future-rare-disease-community
https://www.science.org/custom-publishing/webinars
https://www.science.org/custom-publishing/webinars
https://www.science.org/content/page/science-family-journals-social-media
https://www.science.org/content/page/science-family-journals-social-media
https://www.facebook.com/ScienceMagazine
https://www.facebook.com/ScienceMagazine
https://www.facebook.com/ScienceMagazine
https://www.facebook.com/ScienceMagazine
https://twitter.com/sciencemagazine
https://twitter.com/sciencemagazine
https://twitter.com/sciencemagazine
https://twitter.com/sciencemagazine
https://www.instagram.com/ScienceMagazine
https://www.instagram.com/ScienceMagazine
https://www.instagram.com/ScienceMagazine
https://www.instagram.com/ScienceMagazine
https://www.youtube.com/user/ScienceMag
https://www.youtube.com/user/ScienceMag
https://www.youtube.com/user/ScienceMag
https://www.youtube.com/user/ScienceMag
https://www.science.org/about/email-alerts-and-rss-feeds
https://www.science.org/about/email-alerts-and-rss-feeds
https://www.science.org/about/email-alerts-and-rss-feeds
https://www.science.org/about/email-alerts-and-rss-feeds
https://mp.weixin.qq.com/s?__biz=MzI3NDY3NzQ2Mg==&mid=100002815&idx=1&sn=2949c025a553ac718b9612a0473b9f60&chksm=6b1120465c66a9508b01eaef1589b15d440e50b189106c8c594de8c6471f696a978de952fb15&mpshare=1&scene=1&srcid=0716JJQ5V4cKbgMMsya2MQ0n&sharer_sharetime=
https://mp.weixin.qq.com/s?__biz=MzI3NDY3NzQ2Mg==&mid=100002815&idx=1&sn=2949c025a553ac718b9612a0473b9f60&chksm=6b1120465c66a9508b01eaef1589b15d440e50b189106c8c594de8c6471f696a978de952fb15&mpshare=1&scene=1&srcid=0716JJQ5V4cKbgMMsya2MQ0n&sharer_sharetime=
https://mp.weixin.qq.com/s?__biz=MzI3NDY3NzQ2Mg==&mid=100002815&idx=1&sn=2949c025a553ac718b9612a0473b9f60&chksm=6b1120465c66a9508b01eaef1589b15d440e50b189106c8c594de8c6471f696a978de952fb15&mpshare=1&scene=1&srcid=0716JJQ5V4cKbgMMsya2MQ0n&sharer_sharetime=
https://mp.weixin.qq.com/s?__biz=MzI3NDY3NzQ2Mg==&mid=100002815&idx=1&sn=2949c025a553ac718b9612a0473b9f60&chksm=6b1120465c66a9508b01eaef1589b15d440e50b189106c8c594de8c6471f696a978de952fb15&mpshare=1&scene=1&srcid=0716JJQ5V4cKbgMMsya2MQ0n&sharer_sharetime=
https://www.science.org/content/page/scienceadviser?intcmp=ftr-adviser&utm_id=recdExfxt1yeSJxzi
https://www.science.org/content/page/scienceadviser?intcmp=ftr-adviser&utm_id=recdExfxt1yeSJxzi
https://www.science.org/content/page/scienceadviser?intcmp=ftr-adviser&utm_id=recdExfxt1yeSJxzi
https://www.science.org/news
https://www.science.org/news
https://www.science.org/news/all-news
https://www.science.org/news/all-news
https://www.science.org/news/scienceinsider
https://www.science.org/news/scienceinsider
https://www.science.org/news/features
https://www.science.org/news/features
https://www.science.org/content/page/news-science-subscriptions?intcmp=footer-subscribetonews&utm_id=recziGpGO7jMVeez2
https://www.science.org/content/page/news-science-subscriptions?intcmp=footer-subscribetonews&utm_id=recziGpGO7jMVeez2
https://www.science.org/content/page/news-subscriber-faqs
https://www.science.org/content/page/news-subscriber-faqs
https://www.science.org/content/page/about-news-science
https://www.science.org/content/page/about-news-science
https://www.science.org/news/donate?intcmp=footer-donate&utm_id=recVQVKKRRLdidlGT
https://www.science.org/news/donate?intcmp=footer-donate&utm_id=recVQVKKRRLdidlGT
https://www.science.org/careers
https://www.science.org/careers
https://www.science.org/topic/article-type/careers-editorial
https://www.science.org/topic/article-type/careers-editorial
https://jobs.sciencecareers.org/
https://jobs.sciencecareers.org/
https://www.science.org/careers/employers
https://www.science.org/careers/employers
https://www.science.org/commentary
https://www.science.org/commentary
https://www.science.org/commentary/opinion
https://www.science.org/commentary/opinion
https://www.science.org/commentary/analysis
https://www.science.org/commentary/analysis
https://www.science.org/blogs
https://www.science.org/blogs
https://www.science.org/journals
https://www.science.org/journals
https://www.science.org/journal/science
https://www.science.org/journal/science
https://www.science.org/journal/sciadv
https://www.science.org/journal/sciadv
https://www.science.org/journal/sciimmunol
https://www.science.org/journal/sciimmunol
https://www.science.org/journal/scirobotics
https://www.science.org/journal/scirobotics
https://www.science.org/journal/signaling
https://www.science.org/journal/signaling
https://www.science.org/journal/stm
https://www.science.org/journal/stm
https://spj.sciencemag.org/
https://spj.sciencemag.org/
https://www.science.org/content/page/contributing-science-family-journals
https://www.science.org/content/page/contributing-science-family-journals
https://www.science.org/content/page/contributing-science-family-journals
https://www.science.org/content/page/contributing-science-family-journals
https://www.science.org/content/page/peer-review-science-publications
https://www.science.org/content/page/peer-review-science-publications
https://www.science.org/content/page/librarian-portal
https://www.science.org/content/page/librarian-portal
https://www.science.org/action/institutionAccessEntitlements
https://www.science.org/action/institutionAccessEntitlements
https://www.science.org/action/institutionAccessEntitlements
https://www.science.org/action/institutionAccessEntitlements
https://www.science.org/content/page/librarian-portal
https://www.science.org/content/page/librarian-portal
https://scienceaaas.org/request
https://scienceaaas.org/request
https://www.science.org/content/page/librarian-portal-frequently-asked-questions
https://www.science.org/content/page/librarian-portal-frequently-asked-questions
https://advertising.sciencemag.org/
https://advertising.sciencemag.org/
https://advertising.sciencemag.org/
https://advertising.sciencemag.org/
https://www.science.org/custom-publishing
https://www.science.org/custom-publishing
https://employers.sciencecareers.org/
https://employers.sciencecareers.org/
https://www.science.org/content/page/related-sites
https://www.science.org/content/page/related-sites
https://www.aaas.org/
https://www.aaas.org/
https://members.aaas.org/home
https://members.aaas.org/home
https://www.eurekalert.org/
https://www.eurekalert.org/
https://www.scienceintheclassroom.org/
https://www.scienceintheclassroom.org/
https://www.science.org/content/page/aboutus
https://www.science.org/content/page/aboutus
https://www.science.org/content/page/leadership-and-management
https://www.science.org/content/page/leadership-and-management
https://www.aaas.org/careers/workataaas
https://www.aaas.org/careers/workataaas
https://www.science.org/content/page/prizes-and-awards
https://www.science.org/content/page/prizes-and-awards
https://www.science.org/content/page/help
https://www.science.org/content/page/help
https://www.science.org/content/page/faqs
https://www.science.org/content/page/faqs
https://www.science.org/content/page/access-and-subscriptions
https://www.science.org/content/page/access-and-subscriptions
https://backissues.science.org/
https://backissues.science.org/
https://www.science.org/content/page/reprints-and-permissions
https://www.science.org/content/page/reprints-and-permissions
https://www.science.org/content/page/email-alerts-and-rss-feeds
https://www.science.org/content/page/email-alerts-and-rss-feeds
https://www.science.org/content/page/contact-us
https://www.science.org/content/page/contact-us
https://www.science.org/journal/science
https://www.science.org/journal/science
https://www.science.org/journal/science
https://www.science.org/journal/science
https://www.science.org/journal/science
https://www.science.org/journal/science
https://www.science.org/journal/science
https://www.science.org/journal/science
https://www.science.org/journal/science
https://www.science.org/journal/sciadv
https://www.science.org/journal/sciadv
https://www.science.org/journal/sciadv
https://www.science.org/journal/sciadv
https://www.science.org/journal/sciadv
https://www.science.org/journal/sciadv
https://www.science.org/journal/sciimmunol
https://www.science.org/journal/sciimmunol
https://www.science.org/journal/sciimmunol
https://www.science.org/journal/sciimmunol
https://www.science.org/journal/sciimmunol
https://www.science.org/journal/sciimmunol
https://www.science.org/journal/sciimmunol
https://www.science.org/journal/scirobotics
https://www.science.org/journal/scirobotics
https://www.science.org/journal/scirobotics
https://www.science.org/journal/scirobotics
https://www.science.org/journal/scirobotics
https://www.science.org/journal/scirobotics
https://www.science.org/journal/signaling
https://www.science.org/journal/signaling
https://www.science.org/journal/signaling
https://www.science.org/journal/signaling
https://www.science.org/journal/signaling
https://www.science.org/journal/signaling
https://www.science.org/journal/stm

Mortality risk from United States coal electricity generation | Science https://www.science.org/do1/10.1126/science.adf4915

© 2025 American Association for the Advancement of Science. All rights reserved. AAAS is a partner of HINARI, AGORA, OARE, CHORUS, CLOCKSS, CrossRef and COUNTER. Science ISSN
0036-8075.

Terms of Service | Privacy Policy | Accessibility

13 0f 13 5/12/25, 14:33


https://www.aaas.org/
https://www.aaas.org/
https://www.science.org/content/page/terms-service
https://www.science.org/content/page/terms-service
https://www.science.org/content/page/privacy-policy
https://www.science.org/content/page/privacy-policy
https://www.science.org/content/page/accessibility
https://www.science.org/content/page/accessibility

