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ABSTRACT

Several recent journal articles developed mass balance models of bromide use in coal-fired
power plants and modeled impacts of bromide in flue gas desulfurization (FGD) wastewater
on surface water quality and formation of disinfection byproducts in drinking water treatment
systems. EPRI conducted a detailed review of several of these articles, focusing on the
methodology used to estimate the downstream bromide concentrations and potential health
risks. The assumptions used in the articles were evaluated based on information obtained from
recent surveys of power plant bromide usage and from a more detailed evaluation of the
bromide content of coals commonly burned for power production in the United States.
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EXECUTIVE SUMMARY

Deliverable Number: 3002017477
Product Type: Technical Update

Product Title: Impacts of Bromide from Power Plants on Downstream Disinfection
Byproduct Formation: A Literature Review

PRIMARY AUDIENCE: Environmental managers of coal-fired power plants
SECONDARY AUDIENCE: Environmental regulators and the public

KEY RESEARCH QUESTION

The objective of this project is to evaluate for accuracy the methodologies used in several recent peer-
reviewed articles to model the impact of bromide releases from coal-fired power plants on the formation of
disinfection byproducts in downstream drinking water treatment systems (DWTSs).

RESEARCH OVERVIEW

EPRI reviewed several articles that modeled the discharge of bromide from power plant flue gas
desulfurization (FGD) wastewater discharges, transport to downstream drinking water treatment intakes, and
potential human health risks due to formation of disinfection byproducts. Modeling the source term and
transport of substances for even a single well-characterized source and surface water body is difficult;
modeling at the watershed or national level requires many simplifying assumptions. The use of conservative
assumptions to compensate for uncertainty is a common approach in health risk assessments, where the
intent is to be protective of human health, but can lead to unrealistic outcomes when multiple conservative
assumptions are combined. EPRI’s review is intended to improve the accuracy of such Br discharge modeling
and inform future modeling efforts.

The following articles were the primary focus of this project:

Cornwell, D. A,, Baljit, K. S., Brown, R., and McTigue, N. E. 2018. “Modeling Bromide River Transport and Bromide
Impacts on Disinfection Byproducts.” Journal of the American Water Works Association, Volume 110, Issue 11,
November.

Good, K. D. and VanBriesen, J. M. 2016. “Current and Potential Future Bromide Loads from Coal-Fired Power Plants in
the Allegheny River Basin and Their Effects on Downstream Concentrations.” Environ. Sci. Technol. 2016, 50,
9078-9088.

Good, K. D. and VanBriesen, J. M. 2017. “Power Plant Bromide Discharges and Downstream Drinking Water Systems in
Pennsylvania.” Environ. Sci. Technol. 2017, 51, 11829-11838.
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Good, K. D. and VanBriesen, J. M. 2019. “Coal-Fired Power Plant Wet Flue Gas Desulfurization Bromide Discharges to
U.S. Watersheds and Their Contributions to Drinking Water Sources.” Environ. Sci. Technol., 53, 213—-223 and Supporting
Information.

Regli, S. et al. 2015. “Estimating Potential Increased Bladder Cancer Risk Due to Increased Bromide Concentrations in
Sources of Disinfected Drinking Waters.” Environ. Sci. Technol., 49, 13094-13102 and Supporting Information.

Additional literature and data sources were consulted as needed to evaluate the methodology and conclusions
of these articles.

KEY FINDINGS

The authors used information available at the time of publication to estimate downstream impacts for a large
number of U.S. coal-fired power plants. Because of more recent retirements of coal-fired units, changes in
power industry practices, and the use of conservative simplifying assumptions in the models, the articles
overestimate the regional or national impact of power plant bromide discharges. In particular:

e One-quarter of the power plants modeled by Good and VanBriesen (2019) and three of seven plants
on the Ohio River modeled by Cornwell et al. (2018) are no longer in operation or do not discharge
FGD wastewater to surface water.

e Based on recent surveys of power companies, the amount of bromide added to refined coal or for
mercury control in recent years by power plants that discharge to surface water is lower than assumed
by Good and VanBriesen (2019) and far lower than assumed by Cornwell at al. (2018).

¢ On a nationwide basis, the concentrations of bromide in coal are lower than the values used by Good
and VanBriesen (2019) to model downstream population vulnerability and much lower than assumed
by Cornwell et al. (2018).

e Good and VanBriesen (2016, 2019, and 2017 by reference) present an equation with an error in
calculating coal tonnage, which—if actually used in modeling bromide mass loadings to surface
water—would overestimate the mass of bromide by 14% for bituminous coal, 88% for subbituminous
coal, 130% for lignite coal, and 42% for refined coal. Cornwell et al. (2018) cites the Good and
VanBriesen (2016) methodology; therefore, it is possible that Cornwell et al. (2018) also contains the
error. EPRI has received confirmation that the Good and VanBriesen (2016) article has this error and
will continue to investigate whether it impacts the conclusions of the other articles and the model
results.

e Good and VanBriesen (2019) procedures for estimating bromide concentrations in native and refined
coal based on coal rank overestimate mass loadings to surface water by 5-58% for the modeling
scenario used to evaluate downstream population vulnerability. These overestimates are in addition
to the overestimates associated with the error in the coal tonnage calculation.

e The hydrologic modeling performed by Good and VanBriesen (2019) used a modeling approach that
may have underestimated dilution. Cornwell et al. (2018) focused on low flow conditions, which may
be appropriate for modeling potential short-term exceedances of drinking water disinfection byproduct
(DBP) limits but not for evaluating long-term health risk. Neither model was validated with in-stream
monitoring data.

e The assumption by Good and VanBriesen (2019) that the bromide concentration in water at the intake
of a drinking water treatment plant is proportional to population risk is not valid. Many factors within
the treatment plant and in the water distribution system influence the levels of DBPs reaching the
consumer.

e The surface water bromide concentrations that Regli et al. (2015) and Good and VanBriesen (2019)
consider significant for cancer effects from exposure to trihalomethanes (THMs) and population
vulnerability to DBP in drinking water are within the range of concentrations observed in relatively
uncontaminated (reference) water bodies. The fact that it is very common for surface waters to exceed
the calculated thresholds of concern suggests that additional research is needed on sources of
bromide and the relationship among bromide, DBP formation, and health effects.
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e The use of conservative assumptions to compensate for uncertainty in complex watershed scale
modeling of fate and transport of pollutants is a common approach in health risk assessments, where
the intent is to be protective of human health. This report stresses caution with this approach because
it can lead to unrealistic outcomes when multiple conservative assumptions are combined. It is hoped
that the observations in this report will assist in improving future modeling efforts by identifying areas
in which more recent data (for example, bromide addition rates), a more detailed analysis of existing
data (such as coal subrank shipments), a more sophisticated approach (hydrologic modeling), and
validation of the models would improve the analysis.

A more accurate approach than modeling to determine impacts of upstream bromide sources on a
downstream drinking water facility is a watershed approach, using monitoring data from each source, site-
specific hydrologic data, and measurement of bromide and DBPs in downstream drinking water treatment
system influent and water delivery systems.

WHY THIS MATTERS

The element bromine and its ionic form bromide are common in the environment. Sources of bromide include
natural geologic formations (seawater and saline groundwater), industrial sources such as coal combustion
and oil recovery wastewaters, and municipal sources such as road salt and municipal wastewater. When
water is chlorinated during drinking water disinfection, bromide in the water can attach to natural organic
matter, forming brominated DBPs. Bromide is present in coal, and some power plants add bromide to the coal
or boiler to improve the capture of mercury in pollution control devices. When flue gases pass through a wet
FGD scrubber designed to capture gases such as sulfur dioxide, a portion of the bromide is captured in the
scrubber water and may then be discharged to surface water. Owners of power plants, DWTSs, and the public
would benefit from more accurate information on bromide concentrations, impacts of DWTS processes on
DBP formation and removal, and potential human health impacts.

HOW TO APPLY RESULTS

Conclusions of this report will assist power plant owners, decision makers from regulatory agencies, and the
public in better understanding the potential impacts of bromide on DBP formation in drinking water treatment.

EPRI CONTACTS: Naomi Goodman, Senior Technical Leader, ngoodman@epri.com; Jeff Thomas, Senior
Technical Leader, jthomas@epri.com

PROGRAMS: Water Quality Assessment, P196A; Effluent Guidelines and Wastewater Monitoring, P196B
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ACRONYMS AND ABBREVIATIONS

BOP balance of plant

DBP disinfection byproduct

DWTS drinking water treatment system
EEMS emission-economic modeling system
EGU electricity generating unit

EIA Energy Information Agency

EPA U.S. Environmental Protection Agency
EPRI Electric Power Research Institute

ESP electrostatic precipitator

FGD flue gas desulfurization

GW gigawatt

HAA haloacetic acid

HAA4 haloacetic acids, 4 unregulated species
HAAS haloacetic acids, 5 regulated species
HUC hydrologic unit code

IRIS Integrated Risk Information System
LRAA locational running annual average
MATS Mercury and Air Toxics Standards Rule
MCL maximum contaminant level

MCLG maximum contaminant level goal

PAC powdered activated carbon

PPM parts per million

SDWA U.S. Safe Drinking Water Act

SWAT surface water analytical tool

THM trihalomethane

TTHM total trihalomethanes

UCMR 4 4™ Unregulated Contaminant Monitoring Rule
USGS U.S. Geological Survey

ZLD zero liquid discharge
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1

INTRODUCTION

Recent peer-reviewed articles have modeled the impacts of bromide contained in wastewater
discharges from coal-fired power plants on the formation of disinfection byproducts (DBPs) in
downstream drinking water treatment systems (DWTS). The objective of this literature review is
to evaluate the modeling methodologies used to evaluate downstream impacts of bromide.
Where specific power plants and watersheds are modeled, the review focuses on the technical
approach rather than the conclusions related to a specific downstream drinking water facility.

Background

Bromide is not in itself toxic, but during disinfection of water with chlorine or chloramines and
in the presence of natural organic matter, bromide can contribute to the formation of toxic
halogenated DBPs such as trihalomethanes (THMs) and haloacetic acids (HAAs). These two
classes of DBPs are regulated in drinking water by the U.S. Environmental Protection Agency
(EPA) as shown in Table 1-1.

Table 1-1
U.S. drinking water standards for THMs and HAAs
MCL Health Effect Basis
Contaminant (ng/L)
Total Trihalomethanes (TTHM) 80 Liver, kidney or central
Bromodichloromethane (LRAA) nervous system problems;
Bromoform increased risk of
Dibromochloromethane bladder cancer
Chloroform
Five Haloacetic acids (HAA5) 60 Increased risk of cancer
Dichloroacetic acid (LRAA)
Trichloroacetic acid
Monochloroacetic acid
Bromoacetic acid
Dibromoacetic acid

MCL: Maximum Contaminant Level.
LRAA - locational running annual average

There is not a one-to-one relationship between the concentration of bromide in the influent to a
DWTS and the concentration of DBPs in finished drinking water. The amount of DPBs formed
depends on multiple factors in addition to the bromide concentration, such as the natural organic
matter concentration and characteristics, the pH and temperature of the water, and the
disinfectant dose and chemical used. The final drinking water DBP concentration also depends
on the residence time of the water in the distribution system after secondary disinfection and the
extent of removal of DBPs by loss to air (for THMs) and biodegradation (for HAAs). There is
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extensive literature on factors influencing DBP formation, which EPRI reviewed in an earlier
report (EPRI, 2014a).

Sources of bromide from coal-fired power plants include bromide in the coal that is captured in
wet flue gas desulfurization (FGD) systems designed to reduce air pollution from sulfur dioxide
and acid gases. In some FGD scrubbers, liquid must be periodically purged to prevent corrosion
of the equipment from built-up salts. However, not all plants with wet FGD systems discharge
wastewater to surface water. Some plants can manage the FGD water balance such that the
residual moisture remains in the FGD solids and does not need to be purged. Other plants may
use alternative water handling methods such as evaporation, crystallization or deep-well
injection. Plants that employ dry FGD systems produce no wastewater.

Bromide can be added to coal, to the boiler, or post-combustion to aid in the control of mercury
emissions. In addition, some facilities use brominated anti-fouling agents to control biota growth
in cooling water systems. The papers reviewed by EPRI consider only the coal and additives;
that is the focus of EPRI’s review as well. A complete evaluation of downstream impacts should
consider all sources of bromide; however, EPRI (2014a) found no published information on the
amounts or frequency of bromide biocide usage by power companies.

The EPRI literature review for this study concentrated on recently-published articles that
modeled impacts of bromide discharged from coal-fired power plants, specifically from
discharge of flue gas desulfurization (FGD) wastewater to surface water upstream of DWTS. The
articles that were the primary focus of this project are:

Good, K. D., and VanBriesen, J. M. Coal-Fired Power Plant Wet Flue Gas
Desulfurization Bromide Discharges to U.S. Watersheds and Their Contributions to
Drinking Water Sources, Environ. Sci. Technol., 53, 213-223, 2019.

Regli, S. et al. Estimating Potential Increased Bladder Cancer Risk Due to Increased
Bromide Concentrations in Sources of Disinfected Drinking Waters. Environ. Sci.
Technol. 2015, 49, 13094—13102.

Cornwell, D. A., Baljit, K. S., Brown, R., and McTigue, N. E. Modeling Bromide River
Transport and Bromide Impacts on Disinfection Byproducts, Journal of the American
Water Works Association, Volume 110, Issue 11, November 2018.

Earlier articles by Good and VanBriesen (2016; 2017) that estimated downstream impacts of
bromide sources in the Allegheny River Basin (2016) and in Pennsylvania watersheds (2017)
were also reviewed and are discussed below as necessary. Additional literature sources were

consulted as needed to evaluate the methodology and conclusions of these articles.

Summary of Reviewed Articles

Good and VanBriesen (2019) identified coal-fired power plants upstream of drinking water
treatment facilities that potentially discharged FGD wastewater to surface water. Bromide mass
loadings to surface water were calculated for each Electricity Generating Unit (EGU) based on
coal bromide content calculated from data from the U.S. Geological Survey (USGS)
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COALQUAL database and from 2016 Energy Information Agency (EIA) records of coal ranks
burned and refined coal usage. Power plants that added bromide or burned refined coal were
identified from power company surveys conducted by EPRI prior to 2013 and from information
provided by power companies to the EPA. An assumed bromide addition rate of 100 parts per
million (ppm) was used to model bromide mass loadings from those EGUs. Good and
VanBriesen (2019) assumed that 84% of bromide in the coal was captured in the FGD
wastewater. Flow path modeling using median flow rates was used to estimate concentrations of
bromide reaching downstream drinking water facilities from upstream power plants. No
measurements of bromide concentrations in power plant discharges, water bodies, or DWTS
inlets were used to develop or validate the model.

The criterion used to determine how far downstream to model bromide transport was developed
from the conclusions of a paper by Regli et al. (2015) that related increases in bromide to
increases in total trihalomethanes (TTHM) during water chlorination, and related increases in
TTHM to increases in bladder cancer. A bromide concentration of 10 micrograms per liter
(ng/L) was identified by Regli et al. (2015) as associated with an excess lifetime risk of bladder
cancer of one in ten thousand (10™#) attributed to TTHM exposure. Good and VanBriesen (2019)
divided the Regli et al. value by 10 to account for use of median river flow rates; flow modeling
was continued downstream until the increase in bromide at the intake of any DWTS fell below 1

png/L.

Good and VanBriesen (2019) identified watersheds with “significant downstream effects” by
summing the modeled downstream bromide concentration contributions at each DWTS from all
upstream power plants. That bromide amount was then multiplied by the population served by
the DWTS to calculate a “population effect” value.

Regli et al. (2015) related an increase in surface water bromide to an increase in formation of
total trihalomethanes (TTHM) during chlorination, and then derived an association between the
change in TTHM (ATTHM) with an increase in lifetime risk of bladder cancer. The risk
assessment had two components:

e Changes in TTHM with increases in bromide were estimated using an empirical model of
disinfection processes and DBP concentrations developed by the EPA for the Stage 2
Disinfectants and Disinfection Byproducts Rule.

e The additional risk of bladder cancer associated with a given increase in TTHM was
calculated from epidemiological studies.

The results of these two evaluation steps were combined to reach the conclusion that an increase
of 10 png/L bromide in the inlet to a DWTS was the lowest level at which a significant increase in
TTHM would be observed. A significant increase was concluded to be any increase over 1 pg/L
TTHM, which Regli et al. (2015) calculated to produce an increased lifetime risk of bladder
cancer of 107,

Cornwell et al. (2018) modeled formation of TTHM and haloacetic acids (HAAs) of bromide
discharged by power plants in two watersheds, seven plants on the Ohio River (IN and KY) and
one plant on the Dan River (NC). EPRI’s focus in reviewing this paper was on the modeling
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methodology for the Ohio River, as actual discharge concentrations and river hydrologic data
were used in the Dan River evaluation. Evaluation of site-specific data on power plant
discharges, river hydrology, and downstream drinking water facility practices was outside the
scope of this literature review.

Cornwell et al. (2018) modeled a “worst-case” scenario consisting of low flow, high bromide
native coal and a high bromide addition rate. The model used 2014 hydrologic data to determine
a worst-case potential impact on DBP formation. To estimate native coal concentrations for the
Ohio River plants, the paper used bituminous coal chloride data from the USGS COALQUAL
database and a Br to Cl ratio of 0.02 from Kolker and Quick (2015). The bituminous coal fired at
these power plants was assumed to have 300 mg/kg of bromide added for mercury control. The
paper states that the methodology of Good and VanBriesen (2016) was used to calculate bromide
mass loadings to surface water. Other than a few very general comparisons to existing data, no
measurements of bromide concentrations in power plant discharges, water bodies, or DWTS
inlets were used to develop or validate the model for the Ohio River.

After reviewing numerous published models relating bromide concentration to formation of
DBPs during chlorination, Cornwell et al. (2018) developed models from laboratory jar studies
in which different levels of bromide were spiked into samples from the source water of 13
drinking water treatment plants and the samples were treated with chlorine or chloramines. The
jar studies attempted to replicate disinfection doses and exposure times from the source DWTS,
but the article did not state whether commonly applied measures to reduce DBP levels in the
finished water such as enhanced coagulation or powdered activated carbon removal were
included in the experimental design. Regression equations were developed relating increases in
bromide to increases in TTHM, HAAS (five regulated HAAs) and HAA4 (four unregulated,
brominated HAAs). Cornwell et al. (2018) suggested that the regression equations could be
useful on a nationwide basis to predict potential increases in DBPs. However, the regression
models fit to the data (r* ranging from 0.22 to 0.65) indicate that there were factors not
considered in the regression terms that influence DBP formation. In addition, this approach did
not consider processes within the DWTS and water distribution system that can reduce DBPs
before they reach the consumer. The paper concluded that under low-flow conditions on the
Ohio River, the increase in bromide concentration at DWTS within 50 miles downstream of a
power plant could exceed 50 pug/L for 170 days per year.

Good and VanBriesen (2016 and 2017) used COALQUAL chloride data and a chloride/bromide
ratio of 0.02 to calculate native coal bromide mass loadings exiting power plants power plants
with wet FGDs and model downstream bromide concentrations at drinking water intakes. A
Monte Carlo analysis rather than a single set of values was used to estimate low, medium, and
high estimates of monthly bromide loadings to surface water. The 2016 paper modeled four
power plants in the Allegheny River basin. The 2017 paper modeled nine power plants in
Pennsylvania and West Virginia that were upstream of drinking water intakes in Pennsylvania.




Report Organization

Because similar approaches were used in the reviewed articles to model downstream impacts,
this report has been organized by topic rather than focusing on the individual articles. The topics
discussed in the following sections are as follows:

Section 2 — Bromide in Native Coal — discusses the approaches used to estimate bromide content
in the coal burned in power plants.

Section 3 — Bromide Addition — evaluates assumptions as to the amount of bromide added to
coal or to the power plant boiler to promote mercury removal and/or to meet the refined coal
specifications of Section 45 of the U.S. Internal Revenue Service tax code.

Section 4 — Partitioning — examines the models’ assumptions on the percentage of bromide in
coal that ends up in the FGD wastewater.

Section 5 — Number of FGD Wastewater Discharges — reviews the status of operating coal-fired
units with wet FGD systems as of December 31, 2018 and compares those to the number of units
assumed by Good and VanBriesen (2016; 2017; 2019) and Cornwell et al. (2018).

Section 6 — Bromide Loads to Surface Water — reviews the methods and assumptions used to
estimate mass flows in pounds per year from power plants to surface water.

Section 7 — Hydrologic Modeling — evaluates the downstream transport models used in each of
the reviewed articles.

Section 8 — Health Risk Assessment — reviews the methodology and conclusions of the toxicity
and risk evaluation from Regli et al. (2015).

Section 9 — Bromide Concentrations of Concern — compares the conclusions of the reviewed
papers regarding the modelled levels of bromide that are problematic for downstream impacts
with bromide monitoring data from publicly available sources.

Section 10 — Potentially Affected Populations — reviews the approach taken by Good and
VanBriesen (2019) to develop estimates of populations potentially impacted by DBPs associated
with power plant bromide discharges.

Section 11 — Conclusions — discusses the overall findings of the literature review.

Section 12 — References — provides citations to sources of information cited in this report.






BROMIDE IN NATIVE COAL

Both Good and VanBriesen (2019) and Cornwell et al. (2018) estimated bromide inputs to power
plants using coal data from the U.S. Geological Survey (USGS) COALQUAL database. Good
and VanBriesen (2019) used bromide data directly to estimate power plant discharges for several
coal types. Good and VanBriesen (2016; 2017) and Cornwell et al. (2018) applied a fixed ratio of
bromide to chloride to COALQUAL chloride concentrations to estimate bromide.

The COALQUAL database is the largest public repository of bromide data for U.S. coals. The
samples were obtained from coal beds and may not represent concentrations of coals received at
the power plants; however, there is no comparable source of as-received coal bromide data. For
chloride, there are large collections of as-received coal analyses that were produced in response
to the Information Collection Request (ICR) for EPA regulatory actions in 1999 and 2009. For
bituminous coal, these data sources are more representative of as-received coals than
COALQUAL.

Good and VanBriesen (2019)

Good and VanBriesen (2019) calculated coal bromide content of power plant fuels using the
apparent rank field in COALQUAL. These apparent ranks (e.g., HighVolatile bituminous A)
will be referred to here as “subranks”!. The COALQUAL apparent rank field includes five
subranks for bituminous coal, three for subbituminous coal, and two for lignite. Sample records
for all subranks within a rank were then aggregated to calculate 25", 50, and 75" percentiles of
bromide content for each coal rank (bituminous, subbituminous, and lignite coal).

The drawback of this approach is that the number of samples of each coal subrank analyzed for
bromide in the COALQUAL database does not correlate to the usage of that coal subrank in
coal-fired power plants. Bromide concentrations vary by subrank, especially for bituminous coal.
For example, the low-volatile and medium-volatile bituminous subranks together account for
approximately 15 percent of the bituminous coal bromide analyses in COALQUAL, but
represent less than 2 percent of the tonnage of bituminous coal shipped to U.S. Electricity
Generating Units (EGUs) in 2017 (Quick, 2019). High volatile bituminous A samples account
for 61 percent of COALQUAL bromide analyses but just 35 percent of the tonnage of
bituminous coal shipped to EGUs in 2017. Thus, the methodology used by Good and VanBriesen
(2019) biased the coal bromide statistics by over- or under-representing subranks in the
calculations.

! The rank of coals (bituminous, subbituminous, lignite) is defined by ASTM based on fixed carbon content, volatile
matter content, and heating value. Bituminous coal rank is subdivided into high volatile C, B, and A; medium-
volatile; and low-volatile groups on the basis of increasing heat value and fixed carbon content and decreasing
volatile matter. Likewise, subbituminous rank is divided into groups C, B, and A on the basis of increasing heat
value, and lignite is divided into groups B and A on the basis of increasing heat value (Wood et al., 1992).
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To quantify the approximate degree of potential bias, EPRI calculated the 25™ percentile,
median, and 75" percentile bromide concentrations for each coal rank by weighting the subrank
bromide concentration statistics by the tonnage of each subrank shipped to EGUs in 2017. The
subrank shipment tonnages were provided to EPRI by Quick (2019), calculated from publicly
available 2017 shipment data and heating values from the EIA Form 923 “Fuel Receipts and
Costs” page. Tables 2-1, 2-2, and 2-3 compare the Good and VanBriesen (2019) bromide
concentrations with the subrank-weighted values calculated by EPRI for bituminous,
subbituminous, and lignite ranks, respectively®. The greatest bias was for bituminous coal.

e For bituminous coal, the differences in bromide content calculated by Good and VanBriesen
(2019) and EPRI were substantial. While the 25th percentile values were within 0.5 parts per
million (ppm), the Good and VanBriesen median values were 4.4 ppm higher than the values
calculated by EPRI (45% higher) and the 75th percentile values were 10 ppm higher (58%
higher).

e For subbituminous coal, the bromide concentrations determined by Good and VanBriesen
(2019) and EPRI were similar, within 0.5 ppm. At the 75" percentile, the Good and
VanBriesen bromide was 5.5 percent greater than the value calculated by EPRI.

e For lignite coal, the difference in bromide concentration statistics between the subranks was
slightly more than for subbituminous coal. The lignite rank statistics determined by Good and
VanBriesen (2019) were within 0.1 ppm for the 25" percentile, within 1 ppm for the median,
and within 2 ppm for the 75™ percentile. However, on a percentage basis, the Good and
VanBriesen 75" percentile for lignite coal was 50% greater than the value calculated by
EPRL

Good and VanBriesen (2016 and 2017)

The Good and VanBriesen papers from 2016 and 2017 estimated native bromide concentration
in bituminous coal by applying a ratio of 0.02 to COALQUAL chloride data. Values of 400, 550,
and 2,900 ppm were used as the minimum, most likely, and maximum coal chloride
concentrations. The resulting bromide concentrations used as input to the Monte Carlo
simulation were 8, 11, and 58 ppm, respectively. This approach resulted in P25 and P75 values
for bituminous coal that were approximately twice the estimates developed in the more detailed
analysis conducted by Good and VanBriesen (2019).

2 Throughout this report, halogen concentrations in coal are expressed on a dry basis.
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Table 2-1

Bituminous coal bromide content, based on coal rank and on subrank-weighted bromide data

ASTM
Class and
Group
(subrank)

Number of
COALQUAL
Br
Analyses'

% of
COALQUAL
Br
Analyses’

Short Tons
Shipped to
EGUs in
20172

% of

BIT

tons
shipped

P25
Br,
ppm’

Median
Br,
ppm’

P75
Br,
ppm’

Low volatile

BIT 208

5.1% 1,358,832 0.6% 24.20 39.10 50.90

Medium

volatile BIT 398

9.8% 2,945,196 1.3% 22.00 39.10 54.00

High volatile

ABIT 2,476

61% 77,634,674 35% 4.04 13.90 25.30

High volatile

B BIT 715

18% 52,436,943 24% 4.46 9.06 17.50

High volatile

CBIT 268

6.6% 86,455,266 39% 2.08 417 8.33

Total BIT 4,065 100% 220,830,911 100%

Good and
VanBriesen
(2019)
bromide
(subrank
samples
aggregated
for each
rank)

4.20 13.8 27.4

Bromide
content
weighted by
coal
subrank
shipments
to power
plants

3.74 9.4 17.3

Good and
VanBriesen
(2019) bias
compared
to subrank
shipment-
weighted
bromide

+12.3% | +45.3% | +58.4%

"Number of COALQUAL bromide analyses and bromide concentration statistics from Good and VanBriesen
(2019).
2 Subrank shipment classification provided by Quick, 2019.
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Table 2-2

Subbituminous coal bromide content, based on coal rank and on subrank-weighted bromide data

ASTM Class
and Group
(subrank)

Number of
COALQUAL
Br
Analyses'

% of
COALQUAL
Br
Analyses’

Short Tons
Shipped to
EGUs in
20172

% of
SUBBIT
tons
shipped

P25 Br
ppm'

Median
Br,
ppm!

P75
Br,
ppm'

Subbituminous
A

31

23.8%

16,856,231

5%

0.46

0.662

5.36

Subbituminous
B

44

33.8%

46,457,356

13%

0.94

2.37

5.85

Subbituminous
C

55

42.3%

286,691,138

82%

1.22

2.86

4.99

Total
Subbituminous

130

350,004,725

Good and
VanBriesen
(2019) bromide
(subrank
samples
aggregated for
each rank)

0.877

2.27

5.4

Bromide
content
weighted by
coal subrank
shipments to
power plants

2.69

5.12

Good and
VanBriesen
(2019) bias
compared to
subrank-
shipment
weighted
bromide

-23.7%

-15.6%

+5.5%

"Number of COALQUAL bromide analyses and statistics from Good and VanBriesen (2019).

2 Subrank shipment classification provided by Quick, 2019.




Table 2-3

Lignite coal bromide content, based on coal rank and on subrank-weighted bromide data

ASTM Class
and Group
(subrank)

Number of
COALQUAL
Br
Analyses'

% of
COALQUAL
Br
Analyses’

Short Tons
Shipped to
EGUs in
20172

% of LIG
tons
shipped

P25
Br,
ppm'

Median
Br,
ppm!

P75
Br,
ppm'

Lignite A

28

60.9%

56,273,380

95.9%

1.78

227

3.49

Lignite B

18

30.1%

2,416,657

4.1%

2.56

4.36

7.87

Total lignite

46

100%

58,690,037

100%

Good and
VanBriesen
(2019)
bromide
(subrank
samples
aggregated
for each
rank)

1.93

2.99

5.5

Bromide
content
weighted by
coal subrank
shipments to
power plants

1.81

2.36

3.67

Good and
VanBriesen
(2019) bias
compared to
subrank-
shipment
weighted
bromide

+6.6%

+26.7%

+49.9%

"Number of COALQUAL bromide analyses and statistics from Good and VanBriesen (2019).

2 Subrank shipment classification provided by Quick, 2019.

2-5




Cornwell et al. (2018)

Cornwell et al. (2018) adopted the same approach used in Good and VanBriesen (2016; 2017) of
using COALQUAL chloride data to estimate bromide mass loadings from power plant FGD
wastewater discharge. Seven power plants on the Ohio River were modeled, all of which fired
bituminous coal. Although the paper also modeled bromide transport in the Dan River in North
Carolina, that analysis used actual plant discharge data rather than assumed bromide loadings.
Cornwell et al. (2018) cited a range of chloride concentrations for bituminous coal of 400 to
2,900 ppm; no citation was provided for these chloride values. The authors then applied a Cl:Br
ratio of 0.02 (Kolker and Quick, 2015) to the 2,900-ppm chloride value to estimate a worst-case
coal bromide concentration of 58 ppm Br. Coal concentrations were converted from dry
measurements using an average moisture content of 6.5%.

As shown in Figure 2-1, the maximum chloride concentration of 2,900 ppm is an outlier
compared to COALQUAL chlorine and bromine data for coal produced in 110 US counties. For
comparison, the 75™ percentile value of bituminous coal bromide concentration modeled by
Good and VanBriesen (2019), 27.4 ppm, is also shown in this plot. A 58-ppm concentration for
bituminous coal is approximately twice the Good and VanBriesen (2019) 75" percentile value
and even exceeds the 90" percentile concentration of 45.8 ppm. It is more than three times the
75 percentile value developed by EPRI from subrank shipments (17.3 ppm). Use of the 75™
percentile value is conservative, and will overestimate discharge loadings for most facilities.

Moisture Content of Native Coal

Coal moisture was used to convert bromide concentrations from a dry to a wet basis. Good and
VanBriesen (2019) assumed moisture contents of 6.5%, 27%, and 34% for bituminous,
subbituminous, and lignite coal, respectively. Cornwell et al. (2018) assumed 6.5% for
bituminous coal. These values are appropriate for the coal ranks.

Impact of Coal Blending

As seen in Figure 2-1, there can be large regional differences in coal bromide and chloride
concentrations within a coal rank. Both Good and VanBriesen (2019) and Cornwell et al. (2018)
relied on statistics derived from coal rank data that do not take these variations into account.

The seven Ohio River plants evaluated in Cornwell et al. (2018) fired coals coming from many
states, including Illinois, Indiana, Kentucky, Ohio, Pennsylvania, Virginia, and West Virginia.
Coals from Indiana and Illinois comprised 25% of the 2017 coal fired, while coals from
Kentucky comprised 4% of the coal fired. As seen in Figure 2-1, there can be large regional
differences in coal bromide and chloride concentrations within a coal rank. For example, deep
basin Illinois coal is significantly lower in bromide than Eastern Kentucky Southwestern Reserve
coals. Both Good and VanBriesen (2019) and Cornwell et al. (2018) relied on statistics derived
from coal rank data that did not take these variations into account.
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Figure 2-1
Comparison of Cornwell et al. (2018) and Good and VanBriesen (2019) bituminous coal bromide
assumptions to COALQUAL data (figure adapted from Kolker et al. 2012)

Estimates of Native Coal Bromide: Impact on Article Conclusions

Use of COALQUAL data to represent as-received coals adds considerable uncertainty to the
estimates of power plant discharges.

The 75th percentile of COALQUAL data used in the Good and VanBriesen (2019) bromide
mass load calculations overestimated nationwide concentrations by 58 percent for bituminous
coal, 5 percent for subbituminous coal, and 50 percent for lignite, due to the use of a metric
based on COALQUAL data availability rather than coal usage.

The Cornwell et al. (2018) “maximum” bituminous coal concentration of 58 ppm used to
model downstream transport is above the 90th percentile of all bituminous coal and will
overestimate bromide loads for many power plants.

Application of a chloride:bromide ratio to COALQUAL chloride data to estimate coal
bromide, the approach used in Cornwell et al. (2018) and Good and VanBriesen (2016; 2017)
adds uncertainty to the analysis; as illustrated in Figure 2-1, there is considerable difference
in ratios among different bituminous coal sources.

Power plants commonly source coals from multiple mines with markedly different bromide
contents; neither Good and VanBriesen (2019) nor Cornwell et al. (2018) account for this
practice. A more accurate method to determine inputs for a bromide mass loading calculation
would be a site-specific evaluation of as-received bromide of the coals used at the plant.
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BROMIDE ADDITION

Coal-fired power plants that do not meet mercury emission limits set by the Mercury and Air
Toxics (MATYS) rule using conventional pollution control devices can be brought into
compliance by modifying existing equipment or by using additives. Several of the approaches
involve introduction of bromide:

Calcium bromide may be added to the power plant combustion system, either with the coal,
or, less commonly, sprayed into the furnace or downstream of the furnace. Bromide added
this way increases the oxidation of mercury in the flue gas so that the mercury can be
removed more efficiently in air pollution control devices.

A brominated powdered activated carbon (Br-PAC) may be injected into the flue gas
downstream of the furnace. The Br-PAC adsorbs mercury from the flue gas, and is then
removed in the particulate control device. The Br-PAC also increases oxidation of mercury in
the flue gas, increasing mercury removal in the FGD. Br-PAC usage was not considered in
any of the articles reviewed by EPRI.

The plant may burn refined coal, which can contain added bromide. Refined coal refers to
coal of any rank modified with additives to meet the conditions for a tax credit under Section
45 of the American Jobs Creation Act of 2004. For a coal producer to qualify for the refined
coal tax credit, a qualified professional engineer must conduct a demonstration that burning
the refined coal results in a 20% emissions reduction of nitrogen oxide and a 40% emissions
reduction of either sulfur dioxide or mercury compared with the emissions that would result
from burning feedstock coal. The additives used in refined coal are proprietary to the coal
producer, but most refined coals contain added halogen, either calcium bromide (CaBr2) or
less commonly, an iodide compound, which can increase mercury oxidation and capture in
FGD systems.

Bromide Addition Assumptions

Good and VanBriesen (2019; 2017; 2016) and Cornwell et al. (2018) each assumed a bromide
addition rate to model downstream impacts on DBP formation.

Good and VanBriesen (2019) applied a baseline bromide addition of 100 ppm to dry coal in
modeling downstream transport for plants that added bromide in refined coal or for mercury
control. For the sensitivity analysis, the paper used a low value of 10 ppm and an upper value
of 460 ppm, based on a range of refined coal bromide addition rates cited by EPRI (2014a) as
well as other references published prior to 2011. The sensitivity analysis for the modeling
effort (Supporting Information, Figure S3) indicated that refined coal added bromide content
has the greatest impact of any variable on the conclusions of the paper. Changing the
bromide addition rate from 100 to 10 ppm lowers the estimated nationwide bromide mass
loading from EGUs by 67 percent while changing it to 460 ppm increases the mass loading
by 237 percent. Thus, an inaccurate estimate of refined coal bromide has a strong impact on
the conclusions.
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e Cornwell et al. (2018) assumed a worst-case addition of 300 ppm bromide to dry coal to
model bromide transport in the Ohio River, based on an EPRI engineering study (Chang et
al. 2010). Bromide addition was assumed for future use; Cornwell did not determine whether
the modeled plants were adding bromide.

e Good and VanBriesen (2016 and 2017) assumed a minimum of 3 ppm, a most likely value of
35 ppm Br, and a maximum of 106 ppm added to dry coal as inputs to the Monte Carlo
analysis of bromide loadings.

The amount of added bromide substantially drives the conclusions of both the Good and
VanBriesen (2019) and Cornwell at al. (2018) evaluations. Good and VanBriesen (2019) used
EIA data to identify U.S. power plants with wet FGD scrubbers that burned refined coal.
Cornwell et al. (2018) modeled seven power plants discharging to the Ohio River watershed that
were assumed to add bromide for MATS compliance at a future date. EPRI did not attempt to
verify current bromide addition for each facility. However, of the seven plants on the Ohio River
modeled by Cornwell et al. (2018), two are no longer in operation and a third does not discharge
to surface water.

In addition, both articles relied on bromide addition rates reported from 2010 through 2014,
several years before plants had accumulated significant operating experience with bromide
addition (either as refined coal or to develop approaches for future MATS compliance). EPRI
conducted four additional member surveys (EPRI, 2014b; 2015; 2016; 2017) that provide more
current information. The purpose of these surveys was to evaluate potential Balance of Plant
(BOP) impacts of refined coal usage such as air heater corrosion; thus, the responses were
limited to power plants that were testing or using bromide for mercury control. However, EPRI
attempted to obtain as broad a response as possible from power plant owners, and there was
strong interest among the participants to address the observed issues with corrosion. Although
the responses do not include all U.S. power plants that were testing or using bromide addition,
they represent a much more robust data set than that referenced in the two articles under
consideration. The survey responses indicated that after 2014, many power companies concluded
that high bromide addition rates were problematic due to air heater corrosion, as well as
unnecessary to meet the flue gas mercury emission standard. In response, refined coal producers
obtained Section 45 certifications with lower amounts of bromide added to the coal.

EPRI reviewed bromide addition rates provided by owners of 108 coal-fired units that
participated in the surveys from 2014 through 2017. The respondents included plants that used
refined coal or added bromide for mercury control as part of a MATS compliance strategy. In the
most recent survey (EPRI, 2017), respondents were asked if they had reduced their bromide
addition rate over time. Of 63 EGUs whose owners participated in that survey, 35 units (56%)
had decreased the halogen addition rate since commencing use of the technology (EPRI, 2017).
Many of the originally surveyed plants have since been retired. As of December 31, 2018, survey
respondents with wet FGDs operated a total of 21 power plants with 42 EGUEs.

In the surveys, bromide addition rates were variously reported as ppm (mg/kg) Br in dry coal, as
a weight percent of calcium bromide solution added to as-received coal, or as gallons of solution
added per ton of as-received coal. EPRI converted all reported values to ppm bromide (mg/kg
dry coal). Figure 3-1 illustrates the trend in bromide addition over time as cumulative
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distribution plots of bromide usage rates for each year of the EPRI surveys. To represent the full
spectrum of bromide usage across the current coal-fired power plant fleet, Figure 3-1 includes
data for all plants with wet FGDs that were still operating as of December 31, 2018, including
plants that did not discharge to surface water and those that reported having ceased bromide
addition over the course of the surveys (zero addition rate).

The median bromide addition rate in 2017 among all EGUs participating in the surveys was 30
ppm, compared to 90 ppm in 2016, the reference year used by Good and VanBriesen (2019). In
2016, 53% of units responding to the survey reported adding bromide at addition rates less than
the 100-ppm baseline value assumed by Good and VanBriesen (2019). One year later, 77% of
units responding to the survey added bromide at rates less than 100 ppm; of these units, seven
(23%) had stopped adding bromide.
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Figure 3-1
Cumulative distribution plot of bromide addition rates for all units in EPRI surveys with wet FGDs

Figure 3-2 shows the cumulative distribution plots of non-zero bromide addition rates from both
the 2017 survey and the most recent response in any year of the surveys. The seven plants that
stopped adding bromide to the coal were excluded from this plot. The median non-zero bromide
addition rate in 2017 was approximately 60 ppm. Eighty-three percent of the 35 units surveyed
(29 units) reported bromide addition rates of 120 ppm or less. The remaining six units added
bromide at rates of 200 ppm (one unit), 230 ppm (two units at one plant), and 350 ppm (three
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units at one plant); these are all zero liquid discharge plants. None of the units in EPRI’s 2014-
2017 surveys added bromide at the 460-ppm maximum addition rate of Good and VanBriesen
(2019). The 100-ppm value used in the Good and VanBriesen (2019) transport model is
approximately the 75™ percentile of added bromide from the 2014 through 2017 surveys. The
worst-case rate of 300 ppm assumed by Cornwell et al. (2018) is five times the median of the
addition rates from the 2017 survey. Based on the data collected by EPRI, a more appropriate
baseline value for downstream modeling of current bromide addition would be 60 ppm.
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Figure 3-2

Cumulative distribution plot of survey respondents that reported adding bromide to the coal in
their most recent survey response

The units included in the EPRI surveys may not be representative of all coal-fired power plants
that discharge to surface water; however, EPRI’s data set contains more units, with much more
recent addition rate data, than in the papers that were cited by Good and VanBriesen (2019) as
the basis for their addition rates. The units responding to EPRI surveys represent about 19
percent of the total population of EGUs equipped with wet FGDs.



Native Bromide Concentration for Refined Coal

Refined coal is most commonly made by adding proprietary additives to the feedstock coal at the
power plant. The EIA tracks coal tonnage delivered to the plant by the rank of coal (e.g., as
bituminous, subbituminous, or lignite). The EIA then tracks the firing of the coal to generate
electricity as refined coal and not by coal rank. Both the amount of coal by rank delivered to the
plant and the amount of refined coal fired by the plant are available in EIA Form 923, so it is
possible to ascertain the rank of coal that formed the starting feedstock for the refined coal at
each plant.

Good and VanBriesen (2019) used EIA Form 923 data to calculate the amount of each rank of
refined coal fired at plants with wet FGDs. The authors then calculated 25" percentile, median,
and 75" percentile native bromide concentrations for refined coal® by weighting the bromide
concentration based on the 2016 industry usage of each refined coal rank. These calculated
values were used to estimate bromide mass loadings to surface water for all modeled EGUs that
reported burning refined coal, irrespective of actual coal rank burned. While all three
concentrations were used to calculate bromide mass loadings, only the “upper” concentration
was used to estimate downstream population vulnerability. Table 3-1 illustrates the approach
used to calculate the 16.4 ppm “upper” value.

Table 3-1
Good and VanBriesen (2019) calculation of refined coal native bromide concentration
Refined Coal Use Percentage of 75t Percentile
at Wet FGD Units | Total 2016 Usage Bromide
Refi | Rank (metric tons) (weight%) Concentration
efined Coal Ran (ppm, dry)
Bituminous 31,555,000 50% 27.4
Subbituminous 25,320,000 40% 54
Lignite 6,435,000 10% 5.5
Total refined coal usage 63,310,000 100%
Calculated “upper”
concentration of native coal . . . _
bromide, used for all refined (0.5*27.4) + (0.4*5.4) + (0.1*5.5) = 16.4 ppm, dry
coals

Source of refined coal usage data and native coal bromide concentrations: Good and VanBriesen (2019) Supporting
Information.

For bituminous coals, this approach produced a value closer to the median for the coal rank than
to the 75™ percentile (see Figure 3-3). For subbituminous and lignite coals, the approach
produced values about three times higher than the 75" percentile of native bromide for that coal
rank. A more accurate approach would have been to use the rank-based native bromide

3 Good and VanBriesen (2019) Supporting Information, Table S-4 designates these three
estimates as “lower”, “middle” and “upper”.
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concentrations associated with the received coal when calculating wet FGD bromide loads for
refined coal plants.
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Figure 3-3

Comparison of bromide in native coal and calculated “upper” value in refined coal

Moisture Content of Refined Coal

Similar to the approach used for native bromide in refined coal, Good and VanBriesen (2019)
calculated a weighted average moisture content for refined coal, based on 2016 refined coal
usage of each coal rank. The resulting value of 16% moisture used in the bromide mass loading
calculations does not represent any of the coal ranks accurately, overestimating moisture for
bituminous and underestimating moisture for subbituminous and lignite coal. The Good and
VanBriesen (2019) sensitivity analysis (Table S4) stated that the moisture content of refined coal
had the fourth highest impact on model uncertainty of any variable. Use of the weighted average
refined coal moisture would underestimate bromide mass loading by 10% and overestimate
bromide mass loading for subbituminous and lignite coals by 15% and 27%, respectively. A
more accurate approach would have been to use the actual moisture content of the refined coal
feedstock.

Estimates of Bromide Addition Rate: Impact on Article Conclusions

The amount of bromide added to coal for mercury control substantially drove the conclusions of
all the modeling efforts reviewed for this report. The articles relied on data from early testing of
bromide addition; EPRI surveys indicate that the amount of bromide added to refined coal has
decreased significantly in recent years.
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The 100-ppm addition rate assumed by Good and VanBriesen (2019) is at the high end of
rates reported for all units that discharge to surface water in the most recent EPRI survey.
Owners of six units reported using higher rates, but those are all zero liquid discharge plants.
The median addition rate for all FGD plants still adding bromide in their last survey response
was 60 ppm. Thus, the 100-ppm assumption likely overestimates downstream impacts for
most facilities.

The 300-ppm addition rate assumed by Cornwell et al. (2018) for modeling potential future
impacts on downstream drinking water sources is nearly three times the highest rate reported
in the most recent EPRI survey for units that discharge to surface water. Due to this
assumption, the model would have significantly overestimated the magnitude of any future
downstream bromide impacts.

Weighted average native coal bromide and moisture values used in the Good and VanBriesen
(2019) model for plants that burned refined coal reduce the accuracy of the bromide mass
loading estimates.
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PARTITIONING OF BROMIDE TO FGD WASTEWATER

When coal is fired in a power plant furnace, the bromide associated with that coal (whether
native or added) can exit the plant in multiple waste streams, including flue gas, combustion
byproducts (bottom ash and fly ash), or in FGD wastewater or solids (if a wet FGD scrubber is
present). A schematic of a typical coal-fired power plant with an FGD system is shown in Figure
4-1. The most important pieces of equipment for the fate of bromide are the furnace, the fly ash
collection system, the FGD system (if one is present) and the stack.

Economizer

FGD Absorber

Particulate
Collector

Air Heater

Bottom Fly Ash FGD Gypsum Stack
Ash/Slag Collection Collection
Collection

Figure 4-1
Schematic of a typical coal-fired power plant

EPRI (2014a) reviewed two published studies that attempted to establish mass balances for
bromine in plants with a wet FGD by measuring concentrations in the coal, flue gas, and various
waste streams (Buschmann et al., 2005; EPRI, 2009). However, only one study (Buschmann et
al., 2005) evaluated partitioning between FGD solids and liquids at a single power plant,
reporting that 82 percent of coal bromide ended up in the FGD liquid and less than one percent in
the FGD solids and gypsum. The remainder of the bromide was adsorbed to fly ash (12 percent)
and emitted in stack gas (four percent). EPRI (2009) used flue gas measurements to determine
the removal of bromide from flue gas in a single pilot FGD system; the study did not determine
the bromide content of FGD wastewater. The study reported that 70 to 90 percent of the bromide
in coal was found in the flue gas entering the FGD system, and that 94 to 97 percent of the
bromide in the flue gas was removed in the scrubber.



In modeling downstream bromide impacts, Good and VanBriesen (2019) used a value for
bromide partitioning from coal to FGD wastewater of 84%, based on a literature search reported
in Good and VanBriesen (2016). Cornwell et al. (2018) assumed that 90% of bromide in coal is
found in the wet FGD liquid, citing two of the same studies cited by Good and VanBriesen
(2016). Of these two studies, one (Srivastava et al., 2006), does not discuss bromide removal in
FGDs at all; the article is a general discussion of the efficacy of controls for mercury removal.
The other study cited (Meij, 1994) reports high removal of bromide from flue gas by an FGD
system but does not provide a mass balance.

Bromide Partitioning: Impact on Article Conclusions

There is insufficient published information to suggest an appropriate value for bromide
partitioning to FGD wastewater. There are few published studies and the plants studied are not
representative of all power plant systems. However, the values used in the models are within the
bounds of the limited data that do exist, and the assumptions made by the authors are not likely
to have a major impact on the model conclusions compared to the other uncertainties in the
downstream impact modeling.



o)

NUMBER OF FGD WASTEWATER DISCHARGES

Good and VanBriesen (2019) identified 140 coal-fired power plants with wet FGDs, of which
116 were assumed to discharge to surface water. The list was compiled from 2016 EIA records
and supporting information from the US EPA’s Effluent Limitation Guidelines rulemaking.
Facilities that discharged to the Great Lakes, estuaries or bays, and facilities that disposed of
FGD wastewater via deep well injection or evaporation ponds were excluded from the count.
Plants with planned zero liquid discharge (ZLD) processes or with unclear ZLD status were
retained in the list. The exact rationale for including or excluding each plant was not presented.
The count of discharging plants was used to map cumulative downstream bromide
concentrations at downstream drinking water intakes and to develop a map of vulnerability to
populations served by those water utilities. Thus, the list of operable plants discharging to
surface water is a key factor in the Good and VanBriesen (2019) analysis.

Recent years have seen a rapid decline in the number of coal-fired power plants as older facilities
are shut down and replaced with gas generation and other power sources. Using the most recent
reliable information is essential to evaluate the prevalence of potential downstream impacts of
bromide from power plant discharges. EPRI maintains an ongoing list of all U.S. power plant
EGUs greater than 50 MW capacity, their current operating status, whether they have wet FGD
systems, and whether they discharge FGD wastewater to surface water. For the following
discussion, EPRI included EGUs operational as of December 31, 2018. Units with announced
closures after that date were retained in our analysis.

EPRI compared the Good and VanBriesen (2019) count with a count generated by EPRI from a
comprehensive list of coal-fired power plant stations and units developed by James Marchetti,
Inc. The primary data source or foundation of the Marchetti list is the Emission-Economic
Modeling System (EEMS) Database. The primary information sources used to maintain the
database are Energy Information Administration (EIA) Forms 860 and 923, published reports,
and individual discussions with electric generators. The characteristics of each power plant unit
(e.g., current or proposed air pollution control device, particulate emissions) and the FGD
wastewater discharge status of each facility is also included in the list.

EPRI reviewed the discharge locations and surface water classifications of power plants located
on the Great Lakes, estuaries and bays and removed seven facilities that discharge to those water
bodies from consideration. EPRI also verified the discharge status of each power plant identified
as potentially ZLD in Good and VanBriesen (2019, Supporting Information Table S2): all were
confirmed to not discharge to surface water and were removed from our count.



EPRI identified 87 plants operational as of December 31, 2018 with at least one unit with a wet
FGD that discharge FGD wastewater to surface water outside of the Great Lakes, bays and
estuaries. There were 220 coal-fired EGUs associated with these plants, representing 113
gigawatt (GW) of generating capacity. Table 5-1 summarizes these findings, which indicate that
the number of plants that could potentially impact downstream drinking water is 25 percent
fewer than modeled by Good and VanBriesen (2019). The decrease is due to retirements and
verification by EPRI of ZLD status.

Table 5-1
Good and VanBriesen (2019) and EPRI tallies of plants with wet FGDs discharging to surface
water

Good and EPRI
VanBriesen, 2019 (based on EGU status
(based on 2016 as of 12/31/1 8)
EIA data)
No. of plants with at least one operable wet 116 87
FGD system discharging to surface water! (based on unique Facility IDs)

1 Excluding plants that discharge to the Great Lakes, bays and estuaries.

Table 5-2 lists the nine plants that were modeled in Good and VanBriesen (2016 and 2017).
Seven plants were operating with FGD discharge in December 2018; Harrison has not
discharged to surface water since 1995 and Longview has never discharged to surface water.
Table 5-3 lists the plants on the Ohio River evaluated in Cornwell et al. (2018); only four of the
seven plants were operational in 2018 and discharging to surface water. One (Cane Run) is
retired, one (Coleman) is permanently idled, and one (East Bend) does not discharge to surface
water.
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Table 5-2

Plants with wet FGDs modeled in Good and VanBriesen (2016, 2017)

Plant Name (State) Plant Units with Wet Discharge to
ID FGD Operational Surface Water?
on Dec. 31, 2018
Cheswick (PA) 8226 1 Yes
Keystone (PA) 3136 2 Yes
Homer City (PA) 3122 1 Yes
Conemaugh (PA) 3118 2 Yes
Brunner Island (PA) 1616 3 Yes
Fort Martin (WV) 1152 2 Yes
Longview (WV) 808 1 No
Montour (PA) 1775 2 Yes
Harrison (WV) 2052 None No

Table 5-3
Plants on the Ohio River referenced in Cornwell et al. (2018) with wet FGDs
Plant Name Plant ID Units with Wet FGD Discharges
(State) FGD Operational to Surface
on Dec. 31, 2018 Water?
Cane Run (KY) 1363 Retired No
East Bend (KY) 6018 1 No
Clifty Creek (IN) 983 6 Yes
Mill Creek (KY) 1364 4 Yes
Coleman (IN) 1381 0’ No
F. B. Culley (IN) 1012 2 Yes
A. B. Brown (IN) 6137 2 Yes

" Units have been idled since 2014 and are shut down indefinitely.

Power Plant and Unit Counts: Impacts on Article Conclusions

The articles reviewed by EPRI used information for specific coal-fired power plants to draw
conclusions on downstream impacts of bromide. Due to recent plant closings and changes to
plant water handling practices, the information in these articles is out of date. Information
gathered by EPRI, current as of December 31, 2018, indicates that both Good and VanBriesen
(2019; 2017; 2016) and Cornwell et al. (2018) overestimate the number of plants that could

potentially impact downstream surface water.
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Of the 116 coal-fired power plants evaluated by Good and VanBriesen (2019) based on 2016
EIA data, EPRI tallied 87 that are were still in operation as of December 31, 2018 and
discharged FGD wastewater to surface water (not including the Great Lakes and estuaries).
This results in 25% fewer power plants discharging to surface water compared to the Good
and VanBriesen (2019) analysis.

Of the nine facilities modeled by Good and VanBriesen (2016; 2017), one is no longer in
operation and another does not discharge to surface water.

Of the seven plants on the Ohio River modeled by Cornwell et al. (2018), two are no longer
in operation and one does not discharge to surface water; thus, the impacts identified in the
report do not represent current conditions.
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BROMIDE MASS LOADS TO SURFACE WATER

This section reviews the procedures used by Good and VanBriesen (2016; 2017; 2019) and
Cornwell et al. (2018) to estimate bromide mass loadings from power plants to surface water.

Good and VanBriesen (2019)

Good and VanBriesen (2019) developed three estimates of bromide mass loading to surface
water, differing only in coal native bromide concentration. The three estimates used identical
values for bromide addition (100 ppm, dry), coal moisture, and partitioning of bromide from flue
gas into FGD wastewater (84%). For EGUs that did not burn refined coal, the following values
were used in the three estimates:

e The “Low,” estimate used the 25" percentile of coal bromide data in the COALQUAL
database for each coal rank

e The “Mid,” estimate used the median of COALQUAL data for each coal rank

e The “High,” estimate used the 75" percentile of COALQUAL data for each coal rank

For EGUs that were determined to add bromide or burn refined coal, the three estimates used the
calculated Low, Middle, and Upper refined coal values listed in Table S4 of the Supporting
Information, regardless of the rank of the coal feedstock, as discussed in Section 3.

While all three bromide mass loading values were used in downstream transport modeling (Good
and VanBriesen, 2019 Supporting Information), EPRI focused on the “High” estimate, because
that set of values was used to determine potential downstream population impact.

Good and VanBriesen (2016; 2017)

Good and VanBriesen (2016; 2017), which evaluated potential downstream impacts from
specific power plants on the Allegheny River and in watersheds in Pennsylvania, respectively,
used a different methodology to calculate bromide loadings than Good and VanBriesen (2019).
Native coal bromide concentrations were estimated by applying a ratio of 0.02 to the
COALQUAL chloride concentration statistics. However, a Monte Carlo analysis was then used
to estimate bromide mass loadings to surface water. Parameters varied in the analysis were coal
bromide concentration, coal moisture, coal usage, bromide addition rate, and bromide capture in
the FGD. Because the model did not use discrete values of each of these parameters directly in
the transport model but rather the quartiles of the Monte Carlo output, they cannot be compared
directly to Good and VanBriesen (2019).

Cornwell et al (2018)

Cornwell et al. (2018) estimated maximum potential bromide mass loadings to the Ohio River
using a high bituminous coal bromide concentration of 58 ppm, a maximum added bromide
concentration of 300 ppm (assumed to apply to all plants evaluated whether they added bromide
or not), and an average moisture content of 6.5%. The article does not provide details of the
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method used to calculate the bromide mass loading from each facility, but states that it follows
the methodology of Good and VanBriesen (2016).

Error in Calculation of Dry Coal Tonnage

To calculate the bromide mass loading from each EGU, Good and VanBriesen (2019) converted
as-received (wet) coal weight to dry coal weight, so that the coal amount could be combined with
the bromide concentration in ppm, dry. Equation (1) from the article is shown below.

Estimated WGZCI:SD Br cant Br
wet FGD =| consumption X ( ! ) X ( an a\l?lvje?re) X content (Eq. D
> T monmIe N . .
Ei(r l/cc)lzd as received, (Cgiﬁlesutugo) FGD. % dry Lrial’
glday million kg/day PP

This equation has two errors. First, (1-moisture content) should be in the numerator, not the
denominator. Second, the equation as written should use a moisture content fraction, not a
percent. A corrected equation is shown below, with expanded units shown for clarity. The wet
coal amount is shown in kilograms per day (kg/day) rather than million kg/day, and the bromide
concentration is shown in milligrams per kg (mg/kg, equivalent to ppm). These changes were
made to provide better clarity on the unit conversions.

Estimated
wet FGD _ wet FGD coal consumption, kg as recd coal y (1 — moisture fraction) kg dry coal
Brload, |~ day kg as received coal
kg/day

Br capture inwet FGD,%  Coal Br content,mg kg Br
X X X
100 kg dry coal 106 mg Br

Assuming that the Good and VanBriesen (2019) calculations did in fact use a moisture fraction,
the moisture conversion error would result in a substantial overestimate of dry coal tonnage and
bromide mass loading for each EGU: by 14% for bituminous coal, 88% for subbituminous coal,
130% for lignite coal, and 42% for refined coal. Table 6-1 illustrates the impact of the error on
the “upper” bromide mass loading, for an EGU burning one million kg per day of bituminous
coal or refined coal.

Good and VanBriesen (2016) used a variant of the same equation to calculate bromide mass
loading inputs to the Monte Carlo estimation method. Good and VanBriesen (2017) references
the 2016 methodology. Thus, it appears that all three publications may suffer from the moisture
conversion calculation error. The extent to which downstream bromide concentrations from
individual power plants were impacted by the error cannot be determined from data presented in
the article and Supporting Information. Because bromide mass loadings were calculated for each
EGU independently, different power plants could be impacted to a different extent depending on
which coal ranks were burned in the individual EGUs.
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Table 6-1

Impact of coal moisture error on bromide mass loadings: bituminous coal and refined coal

Equation Wet Moisture | Wet coal/dry Br Br Br Difference
Source Coal fraction coal capture in content, mass, in

(kg/day) conversion wet FGD mg/kg kg/day | kg Br/day

factor? (ppm),
dry

Bituminous coal
G&VB! 1,000,000 0.065 1.07 84% 27.4 24.6 14.4%
Corrected | 1,000,000 0.065 0.935 84% 27.4 21.5
Refined coal
G&VB! 1,000,000 0.16 1.19 84% 16.4 16.4 41.7%
Corrected | 1,000,000 0.16 0.84 84% 16.4 11.6

'Good and VanBriesen (2019) Equation 1
2 The wet coal to dry coal conversion factor is the result of the second term of each of the equations shown above.

The moisture conversion errors in Good and VanBriesen (2019) can be combined with the bias
from the use of the 75" percentile of COALQUAL sample count-weighted bromide
concentrations (Section 2). For a power plant burning only bituminous coal, the combined bias
produces an 80% overestimate of bromide mass loading to water [(1.14 * 1.58) - 1=0.8]. For
subbituminous and lignite coal, the overestimates are 98% and 245%, respectively. The impact
on plants burning refined coal will depend on which coal type was used as the feedstock, but the
result will be to overestimate bromide mass loadings in all cases.

Good and VanBriesen (2019) Range of Load Estimates Varies Among Regions

Good and VanBriesen (2019) Table S-12, Supporting Information lists three estimates of total
bromide mass loadings, by U.S. hydrologic region. The low, mid, and high loading estimates use
the 25", median, and 75™ percentiles of native coal concentration, respectively. Figure 6-1
displays ratios of the “high” load estimates to the “mid” level estimates (shown in orange), and
ratios of the “high” versus “low” load estimates (shown in gray) for each of the hydrologic
regions. On average, the high load estimate is 1.6 times the mid-level estimate, and 3.4 times the
low estimate. However, in some regions, the high estimate is 6.5 times the low estimate. These
differences are due to different usage of native coal ranks and refined coal among the regions.
Because of the substantial difference in these estimated loads, relying on only the high loading
estimate to assess downstream impact may overestimate potential impacts on downstream water
supplies.
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Figure 6-1

Good and VanBriesen (2019) modeled bromide load estimates by hydrologic region

Estimates of Bromide Mass Loads: Impact on Article Conclusions

The bromide mass load calculations incorporate all the uncertainties and biases discussed above;
thus, the accuracy of the estimates depends on the validity of the individual values used in the
models.

e The bromide mass loadings in all three Good and VanBriesen articles are called into question
due to an error in the equation used to calculate the amount of dry coal burned in the modeled
power plants. If the equations were used as presented, they would produce overestimates of
bromide mass loadings ranging from 14% for EGUs burning bituminous coal, to 130% for
EGUs burning lignite coal. EPRI received confirmation from Dr. VanBriesen that the 2016
article equation is incorrect, but the response did not address the other two articles or state
whether the results of the models were impacted (VanBriesen, 2019). EPRI will continue to
investigate the extent to which the erroneous equation has impacted the conclusions of these
articles.

e In Good and VanBriesen (2019), the coal moisture error can be combined with overestimates
ranging from 5.5% to 58% from procedures used to estimate native coal bromide
concentrations (Section 2). For power plants burning only a single, non-refined coal rank, the



combined impact on the “High” case used for downstream population vulnerability modeling
is to overestimate mass loadings by 80 to 245 percent.

Cornwell et al. (2018) used a “maximum” native bromide concentration in bituminous coal
and a very high value for bromide addition to estimate potential future bromide
concentrations at downstream DWTS on the Ohio River. These combined assumptions will
overestimate bromide mass loads in almost all cases. In addition, it is unknown whether
Cornwell et al. (2018) is impacted by the same coal moisture conversion error as the Good
and VanBriesen (2016) article that is cited as the source of the methodology. If so, this will
result in a significant overestimate of bromide mass loadings.
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HYDROLOGIC MODELING

An important consideration in the assessment of the potential impacts of bromide discharges
from power plants is mixing and dilution in the receiving waters, particularly given that bromide
is conservative in nature (e.g., does not sorb to sediments, is not readily bioavailable, is not
volatile, etc.). Thus, dilution is a primary factor that affects instream bromide concentrations.
Both Good and VanBriesen (2019) and Cornwell et al. (2018) focused primarily on riverine
systems. River flows typically exhibit wide variation due to rainfall, regulation by dams, and
other factors. Figure 8-1 provides an example of flow variability for a randomly chosen river
illustrating that daily flows varied over the course of the year by two orders of magnitude. These
variations are important because an effluent load delivered to a river under low flow conditions
will yield a higher concentration instream than the same load that occurs under high river flow

conditions.
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Figure 7-1

Example stream flow plot

The Good and VanBriesen (2019) downstream transport modeling was conducted using mean
annual flow conditions, which does not reflect the full range of flows, and therefore, the full
range of potential instream bromide concentrations. However, some type of averaging is likely
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appropriate, given that the potential human health concerns related to DBPs are based on long-
term exposure. The study calculated bromide contributions at DWTS from upstream sources
using a simple tracking approach that followed each discharge load downstream and computed
concentrations in response to changes in stream flow. The transport modeling was continued
downstream until the bromide contribution from a source fell below 1 microgram per liter (1
png/L), leading to very long streamflow paths that are difficult to model accurately. To calculate
an “effect metric” (the product of the surface drinking water facility population served and the
wet FGD Br concentration contribution from a power plant), a mean annual flow rate was used
for large reservoirs as well as rivers. This simplistic approach does not consider additional
dilution due to tributary inputs or reservoir circulation (some FGD wastewaters are discharged to
reservoirs with complex hydraulics), and could have produced overly conservative results.

Cornwell et al. (2018) utilized a dynamic water quality modeling approach that considered
variability in flows over an entire calendar year (2014) for the Ohio and Dan rivers. However,
USGS data indicate that river flows in these two rivers exceed those called out in Figures 4
through 7 of Cornwell et al. (2018) 80 percent of the time, as shown in Figures 8-2 and 8-3
below. That is, for a given bromide effluent load, estimated instream bromide concentrations
would be lower than those shown in Cornwell et al. (2018) approximately 80 percent of the time.
By highlighting the low flow periods, the paper very likely overestimated potential bromide
impacts. A more rigorous evaluation of hydrology and hydraulics would provide a better
characterization of potential instream bromide levels due to FGD discharges.

Ohio River at Markland Dam 1970-2019

(Near Lawrenceburg, IN)
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Figure 7-2
Flow distribution for the Ohio River, compared to conditions highlighted by Cornwell et al. (2018)
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Dan River near Danville, VA 1995-2019

1400

1200

1000

- 800
E
L

Y 600
©
5

o] 400
(]

200 ﬂ
0
0 0.2 04 0.6 0.8 1
Exceedance Probability
Figure 7-3

Flow distribution for the Dan River, compared to conditions highlighted by Cornwell et al. (2018)

Good and VanBriesen (2016) used a mass-balance approach to model bromide contributions
from various sources, including anthropogenic (wet FGD and oil and gas wastewater discharges)
and natural sources. Estimated bromide loads were modeled over a range of river flow
conditions, including 25™ percentile, mean, and 75™ percentile, to evaluate the extent of potential
FGD contributions. Good and VanBriesen (2017) used a similar mass-balance approach to
evaluate bromide concentrations at average annual stream flows and at average August flows to
represent low-flow periods.

Model Validation

Good and VanBriesen (2019) and Cornwell et al. (2018) both used estimated FGD bromide mass
loadings and hydrologic modeling to forecast downstream concentrations and potential impacts.
Neither paper corroborated the model results with instream data. Model verification, the process
of evaluating model calculations compared to observed data to verify that the calculations are
accurate, is an essential component of any modeling evaluation.

Cornwell et al. (2018) included a few general statements comparing the authors’ results to data.
For example, “At one WTP intake on the Dan River, the modeled bromide result was 335 ug/L,
and the historical maximum concentration measured at this WTP was in the upper 400 pg/L
range.” This type of comparison is not helpful, since it compared the modeled result only to a
maximum observed concentration and did not provide information needed to put the
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measurement in context (range, dates, river flows, etc.). At this DWTS intake (Figure 7 of the
paper) the modeling results predicted a range of bromide concentrations from approximately 40
ug/L at “high flow” to 335 ug/L at “low flow”.

Model verification by means of sampling and analysis is needed to validate the model
assumptions and methodology. Without this, model results cannot be evaluated with any level of
confidence. For example, Figure 2 of Cornwell et al. (2018) showed much higher bromide
concentrations at a downstream water treatment plant than at an upstream location, yet there are
no apparent bromide inputs between the two locations. The paper explained this discrepancy as
due to the dynamic nature of the model; the higher downstream bromide is attributed to higher
bromide inputs from upstream power plants on preceding days. While this may be a plausible
explanation, it is impossible to assess without a comparison to actual data collected at multiple
points along the river. A more robust modeling approach would include comparisons to observed
instream data to provide confidence in model results and potential impacts.

The Ohio River Valley Water Sanitation Commission (ORSANCO) conducts bimonthly
sampling at various locations on the Ohio River, including within the reach modeled by
Cornwell et al. (2018). While the data are somewhat limited, 2014 bromide concentrations for
Ohio River locations between Ohio River Mile 531.5 and Ohio River Mile 846 [corresponding to
the river reach and time period modeled by Cornwell et al. (2018)] ranged from below detection
to 95 pug/L (N =27; ORSANCO, 2019). In an analysis of a different dataset from 2011-2012,
ORSANCO (2014) indicated that typical bromide levels were less than 100 pg/L throughout the
river. By comparison, the Cornwell et al. (2018) modeling effort, that included only power plant
contributions and did not factor in background bromide, resulted in downstream concentrations
greater than 120 pg/L at many locations, and greater than 200 pg/L at some locations. This
suggests that the modeling results may be overestimating downstream contributions from power
plants and a more robust evaluation would be appropriate.

Hydrologic Modeling: Impact on Article Conclusions

When modeling downstream impacts of a pollutant on riverine and reservoir concentrations, two
very important considerations for a robust approach are flow dynamics and model verification.

¢ Good and VanBriesen (2019) used mean annual flow conditions which does not reflect
the full range of flows, and therefore, the full range of potential instream bromide
concentrations.

e Good and VanBriesen (2019) used a simplistic approach to model bromide
concentrations to a very small level over long streamflow paths which did not properly
consider additional dilution due to tributary inputs or reservoir circulation, likely
producing overly conservative results.

e Although Cornwell et al. (2018) considered variability in flows over an entire calendar
year, USGS data indicated that actual river flows exceeded the low flow values the
authors focused on 80% of the time, very likely resulting in overestimates of potential
bromide impacts.



Neither Good and VanBriesen (2019), nor Cornwell et al. (2018) verified model results
with instream data. Additionally, a cursory comparison with a limited observed dataset

indicates that modeled concentrations by Cornwell et al. (2018) may be greatly
overestimated.
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HEALTH RISK ASSESSMENT

The introduction of drinking water disinfection led to the greatest decrease in water-borne
illnesses and deaths in human history. However, it has been known for many decades that
disinfection chemicals, particularly chlorine and to a lesser extent, chloramines, can react with
natural organic matter to form halogenated byproducts that have adverse human health effects.
EPRI (2014a) reviewed the extensive literature on the current understanding of human health
effects of both regulated and unregulated halogenated DBPs.

The human health effects most often cited as potentially associated with chronic exposure to low
doses of THMs are reproductive effects, hepatic effects and bladder cancer; (USEPA, 2019a) the
latter is the basis for the drinking water Maximum Contaminant Level (MCL).

e Chloroform is considered unlikely to be a human carcinogen, except under high-exposure
conditions that lead to cytotoxicity and regenerative hyperplasia in susceptible tissues.

e Bromoform and bromodichloromethane are considered probable human carcinogens
(B2), based on inadequate human data and sufficient evidence of carcinogenicity in
animals.

e Dibromochloromethane is considered a possible human carcinogen (C) based on
inadequate human data and limited evidence of carcinogenicity in animals.

Only two of the five regulated haloacetic acid species, dichloroacetic acid (Cl2AA) and
trichloroacetic acid (CI3AA), have cancer assessments in the EPA IRIS database (USEPA,
2019a): The basis for the HAAS cancer risk factors is hepatocellular carcinoma (liver cancer).
The conclusions from these assessments are as follows:

e EPA assessed CbAA as “likely to cause cancer in humans” based on a statistically
significant and dose-related incidence of hepatocellular adenomas and carcinomas in two
non-human species (rats and mice). The assessment noted major uncertainties related to
mode of cancer action, extrapolation of findings to humans, and extrapolation to low
doses using a linear model. Some studies indicate that Cl,AA is genotoxic, but only at
very high doses unlikely to be found in drinking water.

o ClAA was assessed “there is suggestive but not conclusive evidence that CI3AA will
cause cancer in humans”’, based on several studies showing increased liver cancer in one
strain of male mice, but not in female mice. No studies on other species or on humans
were available. Studies of genotoxic activity of CI3AA were inconclusive.

Of the articles reviewed in this report, only Good and VanBriesen (2019) made use of DBP
health risk information, and only indirectly, to determine the power plant bromide contributions
at a downstream DWTS at which transport modeling was extended no further downstream.

Cornwell et al. (2018) and Good and VanBriesen (2016, 2017) modeled only downstream
bromide concentrations and did not evaluate human health risk associated with DBP exposures.
Good and VanBriesen (2019) limited the furthest downstream extent of transport modeling based
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on an article by Regli et al. (2015) that identified concentrations of concern for bromide in
drinking water. The authors calculated a statistical relationship between increased bromide
concentrations in drinking water and increased TTHM in chlorinated drinking water and then
related the increases in TTHM to increases in bladder cancer. Regli et al. (2015) concluded that
an increase of 10 ug/L bromide in the inlet to a DWTS is the lowest point at which a significant
increase in TTHM would be observed.

The Regli et al. (2015) risk assessment has two components:

e Changes in TTHM with increases in bromide were estimated using the EPA’s Surface
Water Analytical Tool (SWAT), an empirical model of disinfection processes and DBP
measurements used by the EPA in the development of the Stage 2 Disinfectants and
Disinfection Byproducts Rule. On a plant-month basis, the SWAT data indicated that a
10 pg/L increase in bromide was associated with a mean 1.3 pg/L increase in TTHM.

e The additional risk of bladder cancer associated with a 1 pg/L increase in TTHM on a
plant-month basis was calculated to be 0.0001 or 10", based on a pooled analysis of data
from six epidemiological studies (Villanueva et al., 2004) that related residential
concentration data to bladder cancer incidence.

Regli et al. (2015) combined the results of these two evaluation steps and converted them to an
annual average basis, concluding that with a 50 pg/L increase in bromide above baseline levels,
90% of 201 drinking water plants in the SWAT database would have seen an increase in TTHM
at or above 1 ug/L, and consequently an increased cancer risk of at least 104. A 100 pg/L
increase in bromide above baseline corresponded with an estimated additional cancer risk of 1073,
However, the authors noted a diminishing rate of increase in TTHM per ug/L increase in
bromide at higher initial water bromide concentrations, possibly due to limited organic
precursors available for DBP formation. Thus, there is no single relationship that can be drawn
between a change in bromide mass loading and the resulting level of TTHM formed in the
wastewater.

EPRI reviewed the methodology and sources of the TTHM epidemiological data cited by Regli
et al. (2015) and compared those to the avoided cancers analysis performed by the EPA in
Appendix E to the Economic Analysis for the Stage 2 Disinfection and Disinfection Byproducts
rulemaking (USEPA, 2005). A detailed evaluation of the epidemiological studies cited by Regli
et al. (2015) and USEPA (2005) was outside the scope of this literature review. The calculations
used by Regli et al. (2015) to relate TTHM exposures to excess lifetime cancer risk adheres to
the methodology used by EPA in developing the Rule. As shown in Table 8-1, the primary
epidemiology studies cited by EPA and Regli differ, as do the exposure metrics employed, but
the conclusions of the two studies are similar: EPA (2005) concluded that exposure to TTHM
was responsible for 16% of lifetime bladder cancers among the exposed population, while Regli
et al. (2015) calculated a value of 14%. The TTHM exposure concentration assumed by the two
analyses (38.5 ug/L) is close to the 35.4 ng/L average concentration in drinking water from the
most recent EPA national drinking water quality survey (USEPA, 2016).



Health Risk Assessment: Impact on Article Conclusions

Health risk information was used by Good and VanBriesen (2019) to determine how far
downstream to carry out transport modeling. The Regli et al. (2015) calculations of health effect
levels are consistent with standard practice. The conclusion of Regli et al. (2015) that an increase
of TTHM on the order of 1 pg/L is associated with an excess bladder cancer risk of 10 is of

concern, given that most drinking water systems exceed this concentration.

Table 8-1
Comparison of EPA (2005) and Regli et al. (2015) evaluations of TTHM association with bladder
cancer risk
EPA (2005) Regli et al (2015) Comparable?
Source of risk Meta-analysis of data Pooled analysis of data from | No - different
values from five individual six individual studies approaches
studies
(Villanueva et al., 2003) | (Villanueva et al., 2004)
Study locations UsS (1), Canada (1) U.S. (2), Canada (1), France | Yes
France (1), Finland (1) (1), Finland (1), ltaly (1)
Publication years 1987 — 1998 1993 - 1998, 2003 Yes

of studies

unpublished data

Exposure metric

Years of exposure (ever
exposed to chlorinated
surface water)

TTHM concentration.
Derivation varied among
studies. Some extrapolated
current TTHM levels to past
exposure. Others estimated
levels based on a DBP
formation model or from
mutagenicity data.

No - different
exposure metrics

Assumed
exposure period

40 years before Stage 1
DBP rulemaking

40 years prior to Villanueva
interviews with cases and
controls

Yes, but Villanueva
(2004) assumed more
recent exposure

TTHM exposure
level for EPA and
EPRI PAR
calculations

EPA assumed 38.05

pg/L
(pre-Stage 1 average)

Averages in studies that
measured TTHM ranged from
0.6 to 32.2 pg/L. Regli et al.
(2015) used 38.05 ug/L in the
PAR calculation.

Same value used in
PAR calculation,
likely overestimates
current exposure.

Population
attributable risk
(PAR)'

15.7%

14%

Yes

! Population attributable risk (PAR) is the proportion of the incidence of a disease in the population (exposed and
unexposed) that is due to exposure. It is the incidence of a disease in the population that would be eliminated if

exposure were eliminated.
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BROMIDE CONCENTRATIONS OF CONCERN

Good and VanBriesen (2019) applied an additional factor of 10 to the 10 pg/L bromide
concentration identified by Regli et al. (2015) as the lowest concentration with an observable
increase in TTHM. Bromide transport downstream was modeled until the total concentration
contributed by all upstream power plants fell below 1 ug/L at a DWTS raw water intake. The
stated rationale for the factor of 10 was to provide additional conservatism to offset use of
median river flow rates. There are several concerns with this approach:

e The application of a safety factor to account for flow rate variations should not be necessary
when the endpoint of concern is cancer, a chronic health effect. Drinking water consumers
are not exposed to low flow conditions over a lifetime; a median flow rate is more
representative of chronic exposures.

e Bromide contributions were tracked up to hundreds of miles downstream, which creates
increased uncertainty due to the complexity of hydraulics/hydrology of riverine systems that
affects dilution.

e The lowest method detection limits of commonly used methods for measuring bromide are in
the range of 10 to 20 pg/L. Quantitation limits (concentrations at which accurate results can
be obtained) are typically much higher. Thus, it is not possible with conventional analytical
methods to measure bromide accurately at 1 pg/L, preventing any useful validation of the
modeling results.

e The concentrations identified as contributing to potential risks are below background levels
of bromide in many areas of the country. Background bromide measurements are available
from water quality monitoring stations that are part of the National Network of Reference
Watersheds (USGS, 2018). These watersheds are minimally disturbed by anthropogenic
influences; however, there could be unidentified bromide sources contributing to the
observed concentrations. The concentrations in these watersheds ranged from below
detection limits up to 1,700 pg/L, even in locations with no potential influence from power
plant effluent. This analysis was based on 904 bromide samples collected at reference
watershed locations in 12 states. These samples represent all the bromide measurements in
the reference watershed database as of May 8™, 2019. Average bromide concentrations
reported for these reference watersheds exceed 20 pg/L in nine of the 12 states (Figure 9-1).
Pennsylvania has the most reference watershed bromide data (591 samples collected);
concentrations ranged from 20 pug/L to 100 pg/L. The value for Kansas (1,700 png/L) is
truncated in the figure to make the lower values more visible. While the reference watersheds
are considered minimally disturbed, they may be potentially influenced by activities such as
hydraulic fracturing. Nonetheless, these background levels call into question the relevance of
tracking FGD wastewater bromide contributions down to 1 pg/L.

e An evaluation of EPA’s Fourth Unregulated Contaminant Monitoring Rule (UCMR 4)
bromide data (USEPA, 2019b) suggests that a large proportion of the bromide data collected
nationwide exceeds detection limits, and thus also exceeds the 1 ug/L threshold used by
Good and VanBriesen (2019). Figure 9-2 provides a frequency distribution of the most recent
UCMR 4 data (as posted on the US EPA website as of January 2019). The median
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concentration is 22 pg/L, barely above the 20 ug/L method detection limit. Bromide
concentrations exceed 50 pg/L in 24% of these samples. If these levels are indeed of concern,
these data suggest that the bromide problems extend far beyond FGD wastewater bromide
contributions.
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Bromide concentrations in reference watersheds
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Figure 9-2
Cumulative distribution plot of bromide in UCMR 4 samples (through January 2019)

Bromide Concentrations of Concern: Impact on Article Conclusions

The application by Good and VanBriesen (2019) of a 10x safety factor resulted ina 1 pug/L
bromide contribution threshold for downstream modeling. This is problematic for several
reasons:

e This threshold resulted in some extremely long flow paths, creating potential inaccuracy
of transport modeling.

e Such low concentrations are not measurable by standard analytical techniques, preventing
the validation of the model results.

e Background levels in many areas of the country, including those considered to be
reference watersheds, may be as high as or higher than the proposed levels of concern.
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POTENTIALLY AFFECTED POPULATIONS

Good and VanBriesen (2019) evaluated potential vulnerability of downstream drinking water
users to effects from upstream FGD bromide contributions. This assessment used a non-standard
vulnerability metric (“‘cumulative wet FGD Br effect”) calculated by multiplying the predicted
FGD bromide concentration contributions from all upstream power plants by the potentially
affected population of downstream drinking water users. The population vulnerability metric
used by Good and VanBriesen (2019) is difficult to interpret and has little practical meaning (the
units correspond to “population exposed - pg/L”).

To calculate this metric, Good and VanBriesen (2019) summed the modeled bromide
contributions from all upstream power plants contributing > 1 pg/L Br at each HUC 12
watershed within a HUC 4 subregion. The total bromide contribution was then multiplied by the
population served by the DWTS within that HUC 12 watershed to obtain a population effect
value. The HUC 12 effect values were then summed to obtain the effect value for the entire HUC
4 subregion. This is problematic for several reasons.

First, there is much uncertainty in the quantification of affected downstream populations, as it is
difficult to determine from which exact stream segment a drinking water plant withdraws water.
For instance, an intake in a HUC 12 downstream from an FGD discharge may not necessarily be
located on a stream segment that is on a downstream flow path from that FGD. Secondly, the
percentage of a population served by the surface water intake of interest rather than from a
different source used by the same drinking water plant (e.g., groundwater, alternate surface
water) can be difficult to determine. Thirdly, the map of impacted subregions (Figure 4 in Good
and VanBriesen, 2019) indicated a higher potential population risk than the modeling predicts,
due to the way at-risk watersheds were aggregated to the HUC 4 subregion level. For example,
Figure 10-1 shows a HUC 4 subregion in Missouri that is marked as entirely impacted in Good
and VanBriesen (2019), Figure 4. However, only six of the 293 HUC 12 watersheds in that
subregion (highlighted in yellow) were flagged by the model results as affected by FGD bromide
contributions. Lastly, the level of bromide in the DWTS source water does not have a direct
relationship with the DBP exposure at the customer location. Numerous factors come into play
both within the drinking water plant and in the distribution system that can impact DBP
concentrations, and hence exposures, at the tap. Thus, relating the bromide concentration to
population impact is not a valid predictor of health risk.

Population Effect: Impact on Article Conclusions

The procedure used by Good and VanBriesen (2019) to estimate the potentially affected
populations involves a high degree of uncertainty and likely overestimates the potential impacts
and risk to downstream water users due to several factors.

e The population vulnerability metric is difficult to interpret and has little practical
meaning (the units correspond to “population exposed - pg/L”).
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e A DWTS intake may be in a HUC 12 downstream from an FGD discharge, but may not
necessarily be on the downstream flow path from that discharge.

e Some percentage of the population served by a DWTS may be served by a source other
than the primary surface water intake (e.g., groundwater, alternate surface water).

e The map of impacted subregions (Figure 4 in Good and VanBriesen, 2019) indicated a
higher potential population risk than the modeling predicts, due to the way at-risk
watersheds were aggregated to the HUC 4 subregion level.

e The level of bromide in the DWTS source water does not have a direct relationship with
the DBP exposure at the customer location.

Kirksville
750 R

gor

Quincy

St Joseph Chilicothe

| eavenworth

Do

Kansas City g]

Columbia

Wairensburg
Sedaka

dg’eﬂers
94

12258 HUC12 Watershed Boundary
Roka B Impacted by Bromide Discharge
FortScot  Nevada Not impacted by Bromide Discharge

] 2 mi
N N .
Lebanon

Limno Q

Figure 10-1
Example of a HUC 4 subregion labeled as impacted in Good and VanBriesen (2019)
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CONCLUSIONS

EPRI reviewed several articles which modeled the discharge of bromide from power plant flue
gas desulfurization (FGD) wastewater discharges, transport to downstream drinking water
treatment intakes, and potential human health risks due to formation of disinfection byproducts.
Modeling the source term and transport of substances for even a single well-characterized source
and surface water body is difficult; modeling at the watershed or national level requires many
simplifying assumptions. The use of conservative assumptions to compensate for uncertainty is a
common approach in health risk assessments, where the intent is to be protective of human
health, but can lead to unrealistic outcomes when multiple conservative assumptions are
combined. EPRI’s review is intended to improve the accuracy of such Br discharge modeling
and to inform future modeling efforts.

The authors used information available at the time of publication to estimate downstream
impacts for a large number of U.S. coal-fired power plants. Due to more recent retirements of
coal-fired units, changes in power industry practices, and the use of conservative simplifying
assumptions in the models, the articles overestimate the regional or national impact of power
plant bromide discharges.

¢ One-quarter of the power plants modeled by Good and VanBriesen (2019) and three of seven
plants on the Ohio River modeled by Cornwell et al. (2018) are no longer in operation or do
not discharge FGD wastewater to surface water.

e Based on surveys of power companies, the amount of bromide added to refined coal or for
mercury control in recent years by plants that discharge to surface water is lower than
assumed by Good and VanBriesen (2019) and far lower than assumed by Cornwell at al.
(2018).

e On a nationwide basis, the native concentrations of bromide in coal are lower than the 75"
percentile concentrations used by Good and VanBriesen (2019) to model downstream
population vulnerability and much lower than assumed by Cornwell at al. (2018).

e (Good and VanBriesen (2016; 2019; and 2017 by reference) contain an equation with an error
in calculating coal tonnage which, if used in modeling bromide mass loadings to surface
water, would overestimate the mass of bromide by 14% for bituminous coal, 88% for
subbituminous coal, 130% for lignite coal, and 42% for refined coal. Cornwell et al. (2018)
cites the Good and VanBriesen (2016) methodology; thus, it is possible that Cornwell et al.
(2018) also contains the error.

e Good and VanBriesen (2019) procedures for estimating bromide concentrations in native and
refined coal based on coal rank overestimate mass loadings to surface water by 5 to 58% for
the 75" percentile modeling scenario. These overestimates are in addition to the
overestimates associated with the error in the coal tonnage calculation.

e The hydrologic modeling performed by Good and VanBriesen (2019) used a simplistic
modeling approach that may have underestimated dilution. Cornwell et al. (2018) focused on
low flow conditions, which may be appropriate for modeling potential short-term
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exceedances of drinking water DBP limits, but not for evaluating long-term health risk.
Neither model was validated with in-stream monitoring data.

e The assumption by Good and VanBriesen (2019) that the bromide concentration at the intake
of a drinking water treatment plant is proportional to population risk is not valid. Many
factors within the treatment plant and in the water distribution system influence the levels of
DBPs reaching the consumer. Among these are factors that promote or inhibit DBP
formation, such as water temperature, pH, and the concentration of natural organic matter; as
well as treatment processes such as aeration that remove some DBPs. In addition, as
discussed by Regli et al. (2015), there is not a fixed relationship between bromide
concentration and DBP formation; as the bromide concentration increases, proportionally
less DBP may be formed due to limited natural organic matter precursors.

e The total bromide concentrations contributed by upstream power plant sources that are
considered significant by Regli et al. (2015) and Good and VanBriesen (2019) are within the
range of concentrations observed in relatively uncontaminated (reference) water bodies. If
these concentrations are indeed of concern, monitoring data suggest that sources of bromide
that contribute to that concern are not limited to the power industry, including not only other
anthropogenic bromide sources such as oil recovery and road salt, but also natural geologic
formations.

The most accurate approach to determine impacts of upstream bromide sources on a downstream
drinking water facility is to use a watershed approach using monitoring data from each source,
site-specific hydrologic data, and measurement of bromide and DBPs in downstream drinking
water system influent and water delivery systems. However, that is an extremely complex and
expensive approach that must be carried out with a high frequency over multiple seasons to
reflect source and flow variations. There is a role for modeling to screen for potential problems
on a regional or national basis; but the modeling approach should avoid using multiple
conservative assumptions to avoid unrealistic estimates of downstream impact. It would greatly
improve the confidence in the models to conduct several site-specific studies to validate the
model predictions with observed data. It is hoped that the observations in this report will assist in
improving future modeling efforts by identifying areas where more recent data (e.g., bromide
addition rates), a more detailed analysis of existing data (e.g., coal subrank shipments), or a more
sophisticated approach (hydrologic modeling) would improve the analysis.
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