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Executive Summary

Anthropogenic bromide loads discharged to surface waters increase the concentration
of bromide in rivers and lakes that are used as source waters for drinking water
treatment plants. Elevated bromide in these source waters increases the formation of
disinfection by products (DBPs), including trihalomethanes (THMs), which pose health
risks to consumers of drinking water.

Coal naturally contains bromide, and bromide can be added to coal to increase control
of mercury and other air pollutants. Bromide that enters the coal-fired power plant can
partition into flue-gas desulfurization (FGD) wastewaters, which may be discharged

to surface waters. Wastewater associated with coal-fired power plant discharges is
regulated through the Effluent Limitation Guidelines for Steam-Electric Power Plants
(ELGs); however, the ELGs did not set numerical limits for bromide concentrations

or loads in power plant discharges. Rather, the EPA recommended that permitting
authorities consider regulation of bromide discharges on a case-by-case basis,
considering the potential of individual power plants to affect downstream drinking
water plants.

Figure ES-1 summarizes the context for the issue. Bromide enters rivers from multiple
sources, including coal-fired power plants. Power plant bromide loads depend on

the type and amount of coal being used as well as any added bromide (upper right
Figure ES-1). These loads are diluted in river flows, which often show strong seasonal
variability (upper left Figure ES-1). Bromide concentrations at drinking water intakes are
controlled by the upstream loads and the flow conditions at the intake (lower right Figure
ES-1). Once the water enters the treatment plant, the bromide reacts with the applied
disinfectant to increase DBP formation and its associated risk (lower left Figure ES-1). In
any watershed there may be multiple drinking water plants and multiple power plants, so
cumulative effects must be considered.
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The purpose of this study was to summarize methods that can be used to enable case-
by-case assessment of individual power plants and associated bromide discharges. The
report provides details on methods (1) to identify power plants that may be discharging
bromide upstream of drinking water utilities (section 2); (2) to estimate bromide loads
from power plants when monitoring data are not available (section 3); (3) to estimate
the contribution of power plant bromide loads to in-stream bromide concentrations

at drinking water intakes (section 3); and (4) to estimate the effect of contributed
bromide on downstream drinking water total THM and associated risk (section 4). Each
component is summarized below (see Figure 2 for a schematic of how the methods can
be linked).

Relevant power plants can be identified by review of data from the Energy Information
Administration (EIA), which provides the capacity and the monthly coal usage for each
plant operating in the United States. EIA also provides information on pollution control
units at each power plant, and thus, utilities using wet flue-gas desulfurization (FGD)
can be identified. Power plants operating wet FGD and burning refined coal or adding
bromide for compliance with the Mercury and Air Toxics Standards (MATS) should

be prioritized for permit review as these facilities are expected to have the highest
potential bromide loads. Good and VanBriesen (2018) analyzed the power plant fleet
using 2016 EIA data; 140 coal fired power plants operating wet FGD were identified,
with 23 of these using refined coal. Since receiving waters can be affected by multiple
power plants, another way to prioritize permits for review is a watershed-level analysis
of coal consumption. At the regional level (HUC2), wet FGD coal consumption was
highest in the Ohio River Basin (HUC-05) and the South Atlantic-Gulf Region (HUC-03)
in 2016, suggesting these areas should be prioritized for power plant permit review (See
Report Figure 5). Sub-watershed (HUC4) analysis can provide greater resolution to the
prioritization (see Report Figure 6). As an alternative, watersheds for early prioritization
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could be selected based on current bromide conditions. Regions with existing elevated
bromide concentrations could be more at risk from bromide loads. Historical bromide
data are often sparse, but the EPA ICR includes 18 months of data for bromide at large
drinking water utilities in the U.S. from 1997-1998. These data can be used to identify
regions that already experience higher bromide concentrations (and associated drinking
water risk), and when combined with more recent bromide sampling data can be used
to evaluate whether bromide concentrations in a region have been increasing. Drinking
water utility data for DBPs, measured and reported for compliance, can also be used

to identify regions where bromide concentrations are already affecting TTHM and to
prioritize evaluation of power plant loads in those areas.

As shown in Figure ES-1, determining the relationship between a power plant bromide
discharge and a drinking water utility DBP concentration requires multiple steps. First,

a geospatial analysis is needed to identify the flow paths for water between the power
plant discharge and the drinking water intake. All power plants upstream of a particular
drinking water utility should be considered to determine the total bromide reaching the
drinking water system. In parallel, all drinking water plants downstream of a specific
power plant should be identified in order to determine the cumulative effect of each
power plant discharge on drinking water consumers. This can be done using an EPA tool
called Drinking Water Mapping Application to Protect Source Waters (DWMAPS), which
includes drinking water source information from the Safe Drinking Water Information
System (SDWIS) at 12-digit HUC level. A recently completed analysis by Good and
VanBriesen (2018) joined information from DWMAPSs to National Hydrography Dataset
(NHD) Flowlines in ArcGIS to enable identification of flow paths downstream of wet FGD
receiving waters that intersect watersheds containing source waters for drinking water
systems. For the contiguous U.S., the dataset included 9,134 surface water facilities
(intakes, reservoirs, springs, infiltration) for 6,802 systems serving 134 million people in
5,177 watersheds. Figure 15 provides a visualization of this result.

Bromide concentrations in power plant wastewaters are rarely measured, and thus,
loads may need to be estimated. These estimates can be based on the quantity of

coal being burned and its type. For any power plant, a load can be estimated using

a general bromide concentration distribution for coal type or using specific bromide
concentrations associated with the source coal (e.g., bromide values reported for each
coal mine delivering coal to a given power plant). Both estimates will result in a range of
values for the estimated loads since there is uncertainty in all of these measurements.
To predict a point value for bromide load, the analyst will have to decide if use of the
median (most likely) estimate is preferred or if a range of values will be considered for
multiple parameters.

Since bromide is conservative and will not be removed through any biogeochemical
process in the river, the effect of a discharge on the downstream drinking water

plant is controlled only by the bromide load and the river flow conditions at the

intake. Streamflow often shows strong seasonal variability, and this variability can

be incorporated into models to predict bromide concentration contributions to

the intakes. With daily streamflow data for a river (from the USGS), daily bromide
concentration estimates can be developed, and a distribution of predicted bromide
concentration contributions can be used to assess exceedance frequencies for any
selected concentration. To predict a point value for bromide concentration contribution
from upstream power plant discharges, the analyst will have to decide if use of the
median flow or some specific low flow condition (e.g., 7Q10 or lowest monthly median)
is more appropriate for assessment of the effects of the discharges on the drinking
water intakes. Figure 19 in the report demonstrates how bromide concentration can be
estimated for any flow condition at a river location.
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The relationship between bromide concentration in the source water and DBP
concentrations in finished water is complex. DBP formation is affected by additional
source water characteristics (e.g., type and amount of organic carbon), physical
conditions (e.g., temperature), and operational choices (e.g., disinfectant dose and
type). DBP prediction models are generally most accurate when they are developed
for individual drinking water plants. However, generalized models are available and
have been used to estimate effects from changing bromide concentrations. Total
THM (TTHM) concentration associated with bromide contributed from power plant
discharges can be estimated using these models, and TTHM concentration can then
be used to predict risk, following methods used by the EPA in the D/DBP rule. As in
prior steps, the analyst will need to decide if median predicted TTHM values are used
for risk estimates or if a range of TTHM values will be assessed to predict a range of
risk outcomes.

Once the effect of bromide discharges on TTHM formation at downstream drinking
water plants has been assessed, the analyst must then select an acceptable level of
risk, or an acceptable TTHM concentration contribution, in order to determine if bromide
discharges should be controlled in the source water for the drinking water plant. These
target values are then considered in selection of a total maximum daily load (TMDL) that
can be used to set Waste Load Allocations (WLAs) for bromide discharges in the basin.

Determining the acceptable risk or TTHM or bromide concentration in the river is
complicated by the lack of any regulatory standards specific to bromide. EPA has
suggested that the acceptable bromide concentration in the source water is that which
would not cause a violation of the Maximum Contaminant Level (MCL) for TTHM at any
downstream drinking water facility. Since the TTHM MCL is a running annual average
based on a mass sum of four THM (3 of which contain bromide), it is very difficult to
determine a priori a value of bromide that would ensure TTHM was always under the MCL
on an annual basis. As an alternative, analysts could assess historical bromide levels in
affected basins or consider reported bromide concentrations associated with regions
that are experiencing bromide-induced DBP compliance problems. The high degree of
temporal and spatial variability in bromide concentrations in river systems complicates
this approach.

A significant challenge in preparing methods to assess bromide contributions from
power plants was the limited data on bromide concentrations in specific flue-gas
desulfurization wastewater discharges. Bromide is rarely monitored in power plant
wastewater, and FGD wastewater is often mixed with other wastewaters at the power
plant. Improved monitoring by power plants, would provide additional insight and
reduce the uncertainty associated with estimates currently available. Since bromide can
vary significantly depending upon the type of coal, chemical additions, and treatment
processes, it is important to use flow-weighted sampling to ensure loads can be
estimated from sample data. Coal-fired power plant permits in NC and PA have begun
to require bromide sampling in discharges, and these provide key guidance on the
frequency and type of sampling that could be required.
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Section 1. Introduction

n the United States, surface waters (e.g., rivers and lakes) are the source for potable
I water supply for 260 million people (USEPA 2005, USEPA 2006a). These source
waters are chemically disinfected to kill pathogens and reduce waterborne illnesses
(e.g., cholera, typhoid, dysentery). Chemical disinfection results in the formation of
disinfection byproducts (DBPs), which are toxic and carcinogenic (Richardson, Plewa
et al. 2007, Yang, Komaki et al. 2014). Consumption of chemically treated water is
associated with increased risk of cancer in epidemiological studies (Villanueva, Cordier
et al. 2015). Bromide is a precursor to formation of disinfection by-products (DBPs)
in drinking water, and its presence increases the rate of DBP formation as well as
increasing the incorporation of bromine into the formed DBPs (Pourmoghaddas, Stevens
et al. 1993, Symons, Krasner et al. 1996, Westerhoff, Chao et al. 2004, Hua, Reckhow et
al. 2006, Krasner, Weinberg et al. 2006, Heeb, Criquet et al. 2014). Bromine-containing
DBPs have higher molar masses than chlorinated DBPs, thus, they contribute more to
mass-based concentrations, which are regulated as class sums (USEPA 1998, USEPA
2006b). Further, brominated DBPs are more toxic than chlorinated DBPs (Richardson,
Plewa et al. 2007, Yang, Komaki et al. 2014, Sawade, Fabris et al. 2016, Cortes and
Marcos 2018), and brominated DBPs are associated with negative human health
outcomes in epidemiological studies at lower concentrations than their chlorinated
analogs (Villanueva, Cantor et al. 2007, Chisholm, Cook et al. 2008, Nieuwenhuijsen,
Grellier et al. 2009, Kogevinas and Villanueva 2011, Salas, Cantor et al. 2013, Villanueva,
Cordier et al. 2015). Thus, source water bromide concentrations are a concern with
respect to DBP-associated risk in drinking water (Regli, Chen et al. 2015, Wang, Small
et al. 2016). DBP regulatory surrogates (e.g., total trihalomethanes, TTHM), may be
inadequate to represent drinking water risk when DBPs become more brominated
(Francis, Small et al. 2009, Francis, VanBriesen et al. 2010). Due to this role of bromide
in DBP formation, drinking water utilities are concerned about increasing concentrations
of bromide in source waters (Wilson, Wang et al. 2013, McTigue, Cornwell et al. 2014,
USEPA 2015b). Recognizing changing bromide concentrations as a concern for drinking
water utilities, the U.S. Environmental Protection Agency (EPA) included bromide in
the Safe Drinking Water Act (SDWA) fourth Unregulated Contaminant Monitoring Rule
(UCMR 4) (USEPA 2016b).

Naturally-occurring surface water bromide concentrations are typically low (Bowen
1966, Bowen 1979) except where saltwater intrusion affects coastal aquifers or estuaries
(Krasner, Sclimenti et al. 1994, Holm, Harader et al. 2007, Chen, Haunschild et al. 2010,
Ged and Boyer 2014). However, anthropogenic loads can cause significant concentration
increases (Soltermann, Abegglen et al. 2016). Fossil fuel-associated wastewaters are
elevated in salts, including bromide (Wilson and VanBriesen 2012, Ferrar, Michanowicz et
al. 2013), and the discharge of these wastewaters has been reported to increase bromide
at drinking water intakes (States, Cyprych et al. 2013, Wilson and VanBriesen 2013,
McTigue, Cornwell et al. 2014, USEPA 2015d, Landis, Kamal et al. 2016) especially when
river flow conditions result in insufficient dilution (Wilson, Wang et al. 2013, Weaver, Xu
et al. 2016).

Since bromide is unreactive under typical environmental conditions, it is not removed in
natural water systems, nor does it accumulate in any environmental compartment. Due
to its relatively high human and ecotoxicity thresholds (Flury and Papritz 1993, WHO
2009), bromide has not generally been regulated with in-stream or discharge standards
(DiCosmo 2012). Routine in-stream monitoring is uncommon, and measurements in
anthropogenic discharges has only recently been included in permits (e.g. (NCDENR
2012)). Bromide is also not removed in conventional drinking water treatment processes
(Amy and Siddiqui 1999, Watson, Farre et al. 2012, States, Cyprych et al. 2013). Thus,
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prevention of bromide effects at drinking water plants requires control of bromide
discharges to the environment.

The focus of the present work is on bromide discharges from coal-fired power plants.
Coal contains bromide in trace amounts (Finkelman 1993, Vassilev, Eskenazy et al. 2000)
with the concentration dependent on the coal type (Kolker and Quick 2015). During
combustion at the power plant, bromide is converted to bromine and hydrogen bromide,
which are typically released in stack gasses (Clarke 1993, Meij 1994, Xu, Yan et al. 2004,
Vejahati, Xu et al. 2010, Peng, Li et al. 2013). However, when power plants install wet

flue gas desulfurization systems, halogen species are incidentally captured in the wet
FGD wastewater (Meij 1994, Srivastava, Hutson et al. 2006). FGD wastewater has been
reported to contain 10-100 mg/L bromide (EPRI 2004, EPRI 2007a, USEPA 2009a, USEPA
2009b, Frank 2011); however, individual FGD discharges are rarely monitored for bromide
concentration. Further, FGD wastewater may be managed in multiple ways at power
plants, including discharge to coal ash ponds, mixing with other waste streams prior to
discharge, or treatment prior to discharge (USEPA 2015e). These management choices
may alter the bromide concentration in the discharged wastewater. However, with the
exception of zero liquid discharge treatment, FGD wastewater treatment does not alter
the bromide load.

In addition to naturally-occurring bromide in coal, bromide may be added to coal to
increase capture of mercury (Kolker, Quick et al. 2012, Meier, Keiser et al. 2015); this
technology may be deployed to improve compliance with the Mercury and Air Toxics
Standards (MATS) (EPRI 2006, USEPA 2011, USEPA 2012, Werkheiser 2016). Also,
bromide may be added in the generation of Refined Coal (EPRI 2014), which is a product
defined through the U.S. Tax Code in Section 45 (IRS 2010).

Wastewater associated with coal-fired power plant discharges is regulated through the
2015 Effluent Limitation Guidelines for Steam-Electric Power Plants (USEPA 2015b).
This regulation is designed to control release of toxicants in power plant wastewaters.
While EPA acknowledged the potential effects of bromide discharges from wet FGD
systems on drinking water DBP formation (USEPA 2013a, USEPA 2015e), no numerical
limits were set for bromide concentrations or loads. Rather, the EPA recommended
that permitting authorities consider regulation of bromide discharges on a case-by-
case basis, considering the potential of individual power plants to affect downstream
drinking water plants (USEPA 2015b). Figure 1 shows the challenge associated with this
approach. Multiple power plants discharge into receiving waters that are also source
waters for multiple drinking water plants. Some drinking water plants have no upstream
power plants, while others have multiple power plant discharges at different upstream
locations. Each power plant has the potential to affect multiple downstream drinking
water plants, with discharged bromide loads diluted in receiving water flows.

FGD wastewater discharges have been implicated in elevated bromide in source waters
in several locations in the United States. States et al (2013) identified upstream power
plant contributions as a source affecting the Pittsburgh Water system, and Good and
VanBriesen (2016) determined this source contributed approximately 1/3 of the observed
bromide concentration at the drinking water plant. McTigue et al (2014) identified fifty-
seven coal fired power plants operating wet FGD nationally that contributed bromide to
96 downstream drinking water plants. Recently, Good and VanBriesen (2018) completed
a national analysis, linking each power plant to potentially affected downstream drinking
water utilities and estimating the bromide contributed by each power plant to each
drinking water plant’s intake. However, there has been no further guidance from EPA
regarding the methods to assess and regulate bromide discharges on a permit-by-permit
basis as recommended in the ELGs.
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Despite the lack of specific guidance, under the authority of the Clean Water Act (40
C.F.R. § 122.21), National Pollutant Discharge Elimination System (NPDES) permit
applications are required to indicate whether the wastewater contains specific
pollutants, including bromide. The application must provide either quantitative data or a
description of the reason the pollutant is expected in the wastewater. Further, 40 C.F.R.
§ 125.3(c)(3) provides for imposition of technology limitations on a case by case basis
where promulgated effluent limitations guidelines only apply to certain aspects of the
discharger’s operation, or to certain pollutants. Since the Steam Electric ELGs do not
include limits on bromide, and bromide is expected to be present in the discharges from
FGD scrubber systems, site-specific technology limitations may be set within NPDES
permits. Site-specific TBELs reflect the Best Professional Judgement (BPJ) of the permit
writer, taking into account the same statutory factors EPA would use in promulgating

a national effluent guideline regulation, but they are applied to the circumstances
relating to the applicant.”(USEPA 2010a). These limitations should ensure that bromide
concentrations in receiving waters that are source waters for drinking water utilities do
not exceed the level at which negative effects are observed in the drinking water plant.
One challenge for selecting bromide limits for discharges is the lack of a numerical water
quality standard that must be met to ensure water bodies meet the designated use of
drinking water supply. In the absence of such a value, a narrative water quality criteria
may be applied to set Water Quality Based Effluent Limitations (WQBELSs). “Narrative
criteria are statements that describe the desired water quality goal for a waterbody.
Narrative criteria can be the basis for limiting specific pollutants for which the state
does not have a numeric criteria.” (USEPA 2010a) In the ELGs, the EPA recommended
the narrative criteria be used to develop water quality based effluent limitations for
bromide on a site-by-site basis. “The narrative criteria may be used to develop water
quality-based effluent limitations on a site-specific basis for the discharge of pollutants
that impact drinking water sources, such as bromide.” (USEPA 2015e) Setting such a
criteria based on the effect of bromide on DBP formation is challenging due to the high
variability in data available for multiple steps needed to assess the effect of bromide
concentration changes on DBP formation and associated risk.

This report addresses these challenges and provides technical guidance to regulatory
agencies and permit writers on approaches to overcome data limitations in assessment
of power plant bromide discharges.
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Figure 1. Schematic of watershed containing multiple drinking water plants and multiple coal-fired
power plants

Report Structure

The purpose of this work was to prepare technical method documents to enable
regulators to assess the current or potential impact of specific power plant bromide
discharges on downstream drinking water utility disinfection by product (DBP) formation
and related human health risk. These technical documents are intended to support
National Pollutant Discharge Elimination System (NPDES) permit writers in selecting
steam-electric power generating plant permits to review and in setting monitoring,
reporting, and control requirements related to bromide in discharges. A secondary
objective was to provide information for downstream drinking water utilities to assess
conditions that may elevate bromide in their source water and to assess the effect of
these changes in bromide on DBP formation and associated drinking water risk.

Figure 2 shows the overall components of the analyses that are described in this

report. First, power plants or watersheds must be selected (and prioritized) for review;
methods for this selection are described in Section 2. Then, a multi-step process is used
to evaluate bromide concentration contributions from the power plants. This requires
linking power plants and drinking water plants spatially through a flow path analysis,
estimating loads of bromide associated with coal consumption at each power plant, and
using river flow data to assess the effect of bromide loads on in stream concentrations.
Methods for each of these components are described in Section 3. Then, the effect of
the power plant associated bromide discharges on DBP formation and associated risk
must be assessed; this is described in Section 4.

The estimation and analysis methods described in section 3 and 4 support a critical
component of permit writing associated with water quality based effluent limitations.
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Figure 3 shows the major steps in NPDES permit development (USEPA 2010a). On the
left are the general steps, and on the right are details of application for consideration
of FGD wastewaters containing bromide discharged from facilities upstream of
drinking water intakes that might be affected. A key component of these steps is the
development of site-specific water quality based effluent limitation guidelines.

Finally, section 5 of the report provides additional insights into spatial and temporal
concentration variability expected in receiving waters as well as in bromide-containing
power plant wastewaters. This section also summarizes available information on power
plant permits that contain bromide monitoring requirements.

In each section of the report, details of the technical method are described, and where
relevant, examples of analyses and modeling are provided for select regions or utilities.
These examples are provided for demonstration purposes only. Each section ends with
details on how to locate the data necessary to undertake the analysis for any specific
power plant, river system, or regional watershed.

Il. Prioritize power plants or watersheds
for analysis

m. Evaluate bromide\ \

: IV. DBP
concentration formation and
contributions from . :
— Power Plant associated risk at
1n ) each upstream P
§ Load AnalySIS power plant at each s
- downstream larits
\drinking water plant/
' OEE Load I?I:s:. ] y
¢ oo =5 lﬁ,.ml = TTHM =10 [ Br|™ (UV,,, )"

time

River flow (cfs)

r

io— 1—1 _ [TTHM]x0.00427
OddsRatio 0.0209 e

Figure 2. Schematic of components of analysis presented in report
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Section 2. Prioritize power
plants or watersheds
for analysis

here are multiple approaches that could be used to select or prioritize NPDES
I permits for coal-fired power plants that warrant evaluation for potential bromide
impacts to downstream drinking water utilities. Four screening methods are
summarized here, including specific results where available in the literature. These
methods do not include estimating bromide loads or concentration contributions
affecting downstream drinking water utilities; those aspects are covered in Section 3.

Approach 1. Identify power plants likely

to discharge significant bromide.

Bromide discharges from power plants are predominately associated with wet flue-

gas desulfurization (FGD) processes and to a lesser extent with cooling tower biocide
additions or coal-ash pond discharges (EPRI 2007a, EPRI 2007b, EPRI 2007c). Wet FGD
wastewater contains bromide originally present in the coal and bromide (or iodide)
added to the coal. The bromide load expected in the FGD wastewater discharge is
directly related to the amount (and type) of coal being used and the amount of bromide
being added during coal refining (for section 45 tax credit) or added at the power plant
for mercury control (for compliance the Mercury and Air Toxics Standards (MATS)). Thus,
as a first screening, Energy Information Administration (EIA) data for power plants can
be used to determine the size of the power plant, the amount (and type) of coal being
burned in any given month or year, and the type of pollution control systems in place
(e.g., wet vs dry FGD). These data can be organized by state or watershed to allow permit
writers to screen all power plants within their jurisdiction concurrently.

McTigue et al (2014) used EIA data from 2011, and identified 96 drinking water plants

in 22 states downstream of 118 coal-fired power plants operating wet FGD systems.
Cornwell et al (2016) revised this analysis using EIA data from 2013 and identified

257 downstream drinking water plants in 24 states associated with 225 coal-fired
power plants that have or are likely to add wet FGD systems. Cornwell et al (2016)

also assessed the potential for additional wet FGD deployments across the fleet and
determined that an additional 316 drinking water plants (in an additional 9 states) would
be affected if all power plants not currently operating any FGD systems elected to add
wet FGD treatment. Thus, the total number of coal plants was determined to be 407 and
the total potentially affected drinking water plants was 573 (Cornwell, Roth et al. 2016).

As this prospective analysis predicted, additional wet FGD systems were deployed at
power plants between 2011 and 2016. In addition, some coal-fired power plants ceased
operations during this time frame. Good and VanBriesen (2018) used EIA data from 2016
to evaluate all operable coal-fired power plants (325) and determine their status with
respect to installed flue-gas desulfurization treatment technology. They identified 140
coal-fired power plants operating wet FGD systems in 35 states in the continental U.S.
These wet FGD power plants are all potential sites for bromide discharge.

Comparisons across years (with EIA data beginning in 1991) indicate FGD treatment
expanded significantly between 2006 and 2011, likely in response to mercury regulation
since FGD (particularly FGD with activated carbon injection, ACI) provides a co-benefit
of mercury removal, especially when coals contain or are amended with bromide.
Additional FGD was added between 2011 and 2016, with total FGD capacity in the fleet
increasing by 20% over those five years (from 202 GW to 243 GW) despite an overall
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decline of 16% in total coal generating capacity in the U.S. (from 344 GW to 290 GW).
The 2016 fleet includes 47 GW with no FGD treatment (16%), suggesting some potential
for additional wet FGD deployment in the future (Good and VanBriesen 2018). The 2016
EIA also lists planned retirements, and 26 GW has a planned retirement by 2025; 15 GW
of this was operating with wet FGD and thus, any bromide discharges from these plants
would be expected to end by 2025.

Good and VanBriesen (2018) assessed all coal fired power plants operating wet FGD in
the 2016 EIA data and identified receiving waters for these plants using information in
an EPA survey deployed during the Effluent Limitations Guidelines Rulemaking (USEPA
2015e). Figure 4 identifies all 325 coal-fired power plants operating in the U.S. in 2016.
Blue coloring denotes the 140 operating wet FGD systems, and the size of the circle
represents the plant’s capacity.

In addition to assessing which plants are producing wet FGD wastewater, it is also
important to consider plants that may already have treatment to reduce discharges

of wet FGD wastewater. At the national level, this can be challenging, since facility-

level reporting for water treatment systems is far less complete than for air treatment
systems (which are reported to EIA regularly). The Technical Development Document
(TDD) for the Effluent Limitations Guidelines and Standards for the Steam Electric Power
Generating Point Source Category (ELGs) refers to a 2009 survey that asked power
plants to describe current and future plans related to zero liquid discharge (ZLD) for FGD
wastewater. This survey identified 51 plants (37% of the plants that then had wet FGD
treatment) as having or intending to deploy ZLD by 2014 (USEPA 2015e). The specific
plants with current ZLD treatment were not described in the TDD as the survey was
considered ‘confidential business information.” A separate spreadsheet, titled Current
and Future Industry Profile, was available within the Docket (DCN SE00444) (USEPA
2015a); this identified by name 33 power plants with a technology basis called “zero
discharge.” These plants are identified in the supplemental information provided in Good
and VanBriesen (2018).

Unfortunately, this information is not updated regularly through any EIA or EPA data
request. For screening purposes, all power plants with wet FGD systems should be
assumed to be discharging the associated wastewater within the watershed where they
are located. Further refinement and exclusion of power plants with ZLD can take place
after screening by reviewing current permits that describe active waste streams and their
discharge through permitted outfalls.

Assessment of the power plant fleet (using EIA 860 data) can identify high capacity
plants using wet FGD treatment; however, bromide loads from these plants will vary
based on quantity and type of coal burned in any given year (data available on a monthly
basis in EIA 923). For example, bituminous coal, especially low and medium volatile
bituminous coal, is significantly enriched in natural bromide compared with other coals
(Kolker and Quick 2015). Plants burning bituminous coal are expected to be discharging
more bromide in FGD wastewater than those burning lower bromide coals. Additionally,
due to significant uncertainties related to the addition of bromide during production

of refined coal (EPRI 2014), permits for all plants burning refined coal (regardless of

the bromide in the source coal) should be reviewed. Similarly, addition of bromide for
MATS compliance is not a declared technology within any EIA or EPA survey or form,
making it difficult to evaluate how extensive bromide addition is currently or will be in
the future across the United States. However, an EPA Air Markets Program Database
did ask about power plants intentions related to MATS compliance (USEPA 2018a). One
choice was “additives to enhance PAC and existing equipment performance,” which
may indicate plans to add halogens for enhanced mercury removal. Plants selecting
this choice, regardless of the type of coal being burned, should be considered for
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review. A list of these plants was provided in the supplemental information in Good and
VanBriesen (2018).

The results of an analysis following this method will identify all power plants with the
potential to discharge bromide to the aquatic environment. As an example, and based
on EIA data for 2016, plants with capacity greater than 2000 MW are listed in Table 17,
shading shows plants burning bituminous and refined coal (forms that are elevated

in bromide)(EIA 2018). The power plant permits and receiving waters shown were
extracted from ECHO(USEPA 2018c). This capacity-based screening method should not
be interpreted to mean that plants with lower wet FGD capacity would have no impact
on the environment. As noted in prior published work, even plants with anticipated
small bromide loads can have significant effects on in-stream bromide concentrations
if they discharge to small water bodies or during low flow events (McTigue, Cornwell et
al. 2014, Good and VanBriesen 2016, Good and VanBriesen 2017). The identification of
power plants through this screening tool should be viewed as a potential prioritization for
aligning resources with timing for permit review, not as an indication of impact (or lack
of impact).

Once a power plant has been identified as potentially discharging bromide to the
aquatic environment, further analysis is needed. The effect of the wet FGD power plant
discharges on bromide concentrations in drinking water sources will vary depending
upon the bromide load from the power plant and the receiving water flow characteristics
between the discharge and the downstream drinking water intake. The effect on DBP
formation at downstream drinking water utilities will also depend on other precursor
concentrations in the region (e.g., other sources of bromide, iodide, and organic carbon)
as well as treatment technologies used within the drinking water plant. These aspects
are discussed in Sections 2 and 3 in this report.

1 This table is presented as an example of available data ONLY. The cut off at 2000 MW
of wet FGD capacity was selected solely to limit the visual to a single page.
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Approach 2. Identify watersheds at elevated
risk of bromide loads of concern due to coal
consumption at power plants operating wet FGD

As Figure 4 shows, many watersheds contain numerous power plants with wet FGD.
Cumulative effects should be considered in evaluating which watersheds are likely to
see downstream drinking water plant effects. Power plants within these higher load
watersheds could then be evaluated for their contributions. Bromide discharge limits
would need to be set by considering the cumulative effects of multiple discharges on
downstream drinking water plants.

The most direct way to assess watersheds or regions of the country at increased risk of
bromide elevated above background is to consider coal consumption levels at all power
plants with wet FGD systems within a given geographic area, which could be selected
using a Hydrologic Unit Code (HUC). HUC regions are defined with a two-digit code and
are called HUC2s. Sub-regions are defined with a four-digit code and are called HUC4s.
Looking at cumulative coal consumption in a hydrologic unit allows identification of
watersheds that may be experiencing elevated bromide loading under current conditions.
Figure 5 shows watershed-level coal-consumption associated with FGD treatment type
for each HUC2 (outlined and identified by their two-digit code). The circles are sized by
coal consumption (tons in 2016) and the colors indicate the FGD treatment type and
coal type. The highest 2016 consumption subject to wet FGD treatment was in the Ohio
River Basin (HUC-05) and the South Atlantic-Gulf Region (HUC-03), suggesting these
two regions should receive additional attention with respect to power plant permits.
Several regions show elevated use of refined coal in 2016 (HUCs -02, -04, -05, and -07).
Figure 6 provides greater spatial resolution (HUC4; subregions), with wet FGD coal
consumption in blue and refined coal use indicated by red outline. Table 2 summarizes
these data by HUC2.
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Figure 5. Coal consumption (by type) associated with power plants utilizing different FGD treatment
technologies. FGD status from EIA Form 860 (EIA 2017) and consumption data from EIA Form 923
(EIA 2018)(following (Good and VanBriesen 2018)). Figure courtesy Dr. Kelly Good.
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Figure 6. Coal consumption (in tons) associated with power plants using wet FGD treatment; HUC4
watershed scale. FGD status from EIA Form 860 (EIA 2017)and consumption data from EIA Form
923 (EIA 2018). Red outline indicates watersheds with refined coal consumption reported in 2016.
Adapted from (Good and VanBriesen 2018). Figure courtesy Dr. Kelly Good.
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Approach 3. Identify watersheds or source waters
with existing elevated bromide and thus less
capacity to accept additional bromide loads

The presence of bromide loads from power plants is particularly of concern in
watersheds where bromide is already elevated (due to natural or anthropogenic
sources). A review of observational data on bromide in U.S. surface waters may identify
watersheds where power plant bromide loads will add to existing bromide levels and
contribute to downstream drinking water utility problems.

Regional historical bromide levels

The Information Collection Rule (ICR) sampled source waters for bromide in 1997-1998
(USEPA 2000), and regional assessments of this dataset suggest certain watersheds
were elevated in source water bromide at that time. Figure 7 is a box-plot of the
observed bromide concentrations in surface water for each HUC2 watershed, separated
by geographic regions (western, mid-west, and eastern). Regional trends are clear, with
the Eastern region showing low bromide concentrations (median values in pg/L of 10, 31,
29, and 29 respectively), and the mid-west showing higher levels, with the median always
above detection (median values in pg/L are 35, 34, 44, 36, 57, and 36 respectively).

The western region shows more variability, with elevated bromide in HUC regions 12

and 13 (median values in pg/L of 150 and 110), which are Texas and parts of New
Mexico. Much lower levels of bromide were observed in the Northwest (HUC regions

16 and 17 with medians below detection), while California (HUC 18) and the Southwest
(HUC 15) reported values similar to the Midwest region (medians in ug/L of 51 and 82
respectively). Figure 8 provides greater specificity with median bromide concentrations
for drinking water utilities reporting during the ICR shown at the HUC4 level for the
mid-west only?. Geographic variability is less pronounced, but there are subwatersheds
with median bromide concentrations below detection (e.g., 0513, 1019, 1102, 1111) and
subwatersheds with median values over 100 pg/L (e.g., 1020, 1105, 1109, 1110 1114).

2 A comprehensive analysis at HUC4 level was completed; the results for the Midwest are shown as an example
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Figure 7. Influent bromide concentration measured at drinking water utilities during the ICR by HUC2,
plotted on a log scale. The red horizontal dashed line represents the detection limit for the data set
(20 pg/L); values reported as below detection were imputed using Regression on Order Statistics
(ROS) (Helsel 1990). The box plot for each subregion (HUC2) includes a solid line for its median and a
blue diamond for the mean value. The box extends to the interquartile range (IQR), and the whiskers
extend to 1.5 times the IQR. Black dots indicate values outside this range. The number of plants
reporting data within each HUC2 is provided at the top of the plot. Each plant provided monthly values
for July 1997 to December 1998. Adapted from (Kolb 2018); Figure courtesy Dr. Chelsea Kolb.
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Influent bromide concentration measured at drinking water utilities during the ICR by HUC4
for the Central U.S. region (HUC05 to HUC11). The red horizontal dashed line represents the detection
limit for the data set; values reported as below detection were imputed using Regression on Order
Statistics (ROS) (Helsel 1990). The box plot for each subregion (HUC4) includes a solid line for its
median and a blue diamond for the mean value. The box extends to the interquartile range (IQR), and
the whiskers extend to 1.5 times the IQR. Black dots indicate values outside this range. The number of
plants reporting data within each HUC4 is provided at the top of the plot. Each plant provided monthly
values for July 1997 to December 1998. Adapted from (Kolb 2018); Figure courtesy Dr. Chelsea Kolb.
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Watershed-specific bromide concentration changes

In addition to the 20-year-old bromide data set from the ICR, more recent bromide
monitoring (e.g., in Pennsylvania at the Water Quality Network sites) could be used to
identify regions that are experiencing elevated source water bromide compared to the
past. As an example, WQN data from site 201 on the Susquehanna River (at the USGS
gage 01576000 near Marietta, PA) was assessed by comparing data from the ICR for this
region of the river (collected from July 1997 to December 1998) with data collected more
recently (from July 2015 to December 2016).

Figure 9 shows these data with the ICR bromide data as red squares and the more
recent data as blue squares. Below detection limit results are shown as open squares
and plotted at zero for visualization purposes only; the detection limit in the ICR was

20 pg/L while the detection limit for the WQN data was 8 pg/L. The median for each
period is shown as a horizontal dashed line (below the detection limit of 20ug/L for the
ICR and thus shown at zero, and 22ug/L for the more recent data). Since concentration
is strongly influenced by flow conditions that dilute bromide loads, the flow in the river
for each relevant period is plotted on the right vertical axis (inverted); sharp spikes
downward represent high flow events. The median river flow for the ICR time period

was 320 m?/sec, while the median for the more recent period was 600 m3/s. Overall, the
flow characteristics are not significantly different for these years despite the difference
in the median flow. However, this similarity masks a major dry period in Fall 2016 that
contributed to the elevated bromide concentrations seen at this time (blue squares after
July on the right). While long term stable bromide concentrations suggest Susquehanna
River drinking water plants are not exceptionally vulnerable with respect to bromide
loads, the recent bromide concentration spikes (to above 140 pg/L after years of values
not exceeding 55 pg/L) indicate review of potential bromide discharges into this basin is
warranted.

To complete the type of analysis shown in Figure 9 for a given region or state, bromide
data from the ICR must be extracted and joined to geographic information related to
more recent bromide data. Unfortunately, more recent bromide data can be difficult
to acquire. The Water Research Foundation recently funded a nation-wide occurrence
survey of bromide and iodide in water supplies (Westerhoff 2018), which may provide
additional information to enable a national review of at-risk watersheds.
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Figure 9. Bromide concentrations reported in the Susquehanna River for the EPA ICR (1997-1998)
and from WQN201 near Marietta, PA (2015-2016) in ppb (ug/L). Daily mean flows from USGS gage
01576000 at Marietta, PA (in m%/s). Below detection limit results are shown as open squares and
plotted at zero for visualization purposes only; the detection limit in the ICR was 20 ug/L while the
detection limit for the WQN data was 8 ug/L. The median for each period is shown horizontal dashed
line (below the detection limit of 20ug/L for the ICR and thus shown at zero, and 22ug/L for the more
recent data). Figure courtesy Dr. Adam Cadwallader.

Utility-specific bromide concentration data

At the local level, individual drinking water utilities that are measuring bromide
concentrations in their intake could provide insights into bromide levels within source
watersheds, allowing identification of watersheds at risk from current or future
anthropogenic discharges. For example, Figure 10 shows bromide concentrations
collected at a drinking water utility intake on the Monongahela River in southwestern
Pennsylvania during the ICR period (WY1998%) and during a more recent period
(WY2013-WY2017). The median bromide concentration at this utility from 2013 to 2016
was just above 50 pg/L, which could suggest this watershed is at increased risk of
bromide effects on DBPs if discharge loads increase. Reductions in anthropogenic loads
may be able to mitigate this risk.

3 WY refers to Water Year, a period defined by USGS from October 1 of the previous year
through September 30 of the noted year. Thus, WY1998 is October 1, 1997 to September
30, 71998, a period that was within the 18 months collected during the DBP ICR survey.
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Figure 10. Bromide concentrations at a public drinking water utility reported during the ICR (WY1998)
as well as during a more recent time period (WY 2013-2017); 12 samples per water year. Median is
solid dark line and mean is the blue diamond. The box extends to the interquartile range (IQR), and the
whiskers extend to 1.5 times the IQR. Black dots indicate values outside this range. Below detection
data were imputed using Regression on Order Statistics (ROS) (Helsel 1990). Data from (Kolb, Good et
al. 2019). Figure Courtesy Dr. Chelsea Kolb.
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When more extensive data are available, cumulative distribution plots can provide
additional insight. Figure 11 is based on approximately daily bromide concentration
measurements from a drinking water intake on the Allegheny River for water years 2011
and 2013. The median (50% exceedance) was 98 ug/L in 2011 and 73 pg/L in 2013. The
value of 50 pg/L was exceeded 71% of the time in 2011 and 81% of the time in 2013, while
100 pg/L was exceeded 49% of the time in 2011 and only 22% of the time in 2013. Multi-
year analyses of this type can be used to assess whether a watershed consistently has
elevated bromide concentrations. Since concentration is significantly affected by flow
conditions (which can vary year-to-year), these analyses should not be used to determine
if a watershed is improving. Rather, load assessments (concentration times flow) could
be compared to determine whether anthropogenic loads are increasing or decreasing

in a region.
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Figure 11. Empirical cumulative probability distribution of observed bromide concentration (ug/L)

at a drinking water plant on the Allegheny River. Shown for water year 2011 (October 2010 through
September 2011); data as published in States et al. 2013, includes two values below 25 ug/L detection
limit shown at half this value) and water year 2013 (October 2012 through September 2013; data

also shown in Good 2018). Data courtesy Pittsburgh Water and Sewer Authority; Figure courtesy Dr.
Kelly Good.
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Approach 4. Identify watersheds where
drinking water plants are already experiencing
increased bromine incorporation in DBPs.

Approach 3 was dependent on recent bromide concentration data, which may be
unavailable in many regions. Drinking water utilities do not routinely analyze source
waters for bromide unless they suspect a problem. However, some compliance

data for disinfection by-products may provide an adequate surrogate. When DBP
compliance data include individual species concentrations, these data may identify
regions of concern since bromine incorporation is only possible when source waters
contain bromide.

Bromine incorporation metrics

Bromine incorporation can be assessed using several different calculated indicators.
The bromine incorporation factor (BIF) enables assessment of the rate and extent of
formation of brominated THM (Gould, Fitchhorn et al. 1983); the value ranges from 0
(for THM4 at 100% chloroform) to 3 (for THM4 at 100% bromoform). BIF for HAAs can
be similarly computed when all species measurements are available; BIF for groups

of HAAs have also been reported (e.g., BIF for the trihaloacetic acids, TXAAs) (Hwang,
Krasner et al. 2002, Krasner, Lee et al. 2008). The Bromine Substitution Factor (BSF)

is an alternative that is normalized (from 0 to 1) (Hua, Reckhow et al. 2006), allowing
comparisons across DBP classes (Hua and Reckhow 2012). In addition to molar-based
fractions (BIF, BSF), the mass percentage of DBPs containing bromide can be computed.
This is not a widely reported unit for bromine incorporation; however, it can provide
insights related to regulatory compliance values, which are mass-based, allowing
assessment of the extent to which bromine-incorporation is contributing to THM4 and
HAA, values that are approaching regulatory compliance limits. PaDEP reports that
drinking water compliance data showing mass based bromine-incorporation above
34% indicates moderately impacted source waters, and levels above 80% indicate
significant impact (Handke 2009). Based on any of these metrics, utilities with elevated
bromine incorporation in regulated DBPs (trihalomethanes and haloacetic acids) could
be identified and used to identify watersheds associated with elevated bromide (where
measured bromide data are unavailable), which could then be evaluated for the presence
of power plants with wet FGD discharges that could be contributing bromide.

Watershed-specific DBP Data

Watersheds or water systems that currently have elevated bromide or are at risk of
negative drinking water effects of increasing bromide may be identified through analysis
of existing drinking water disinfection by-product compliance data reported by utilities.

As an example of this approach, Figure 12 shows total trihalomethanes (TTHM) in the
top panel and mass-based bromine incorporation into TTHM in the bottom panel for two
utilities on the Susquehanna River, based on submitted quarterly compliance sampling
from 2012 to 2015 (PADEP 2018). Steelton is a small plant (serving 6,300 people) near
Harrisburg, PA, upstream of a large power plant. Wrightsville is a small plant (serving
5,500 people) near Marietta, PA, downstream of the same power plant. In the top panel,
it is clear that THM values for individual quarters (solid lines) and the running annual
average (dotted lines) are very similar for the two plants, with Steelton reporting a RAA
of 64 ug/L over the six-year period and Wrightsville reporting a RAA of 54 pg/L. However,
the bromine incorporation (bottom panel), is clearly higher at Wrightsville (average

39% by mass) than at Steelton (average 21% by mass). Of particular note is the spike in
bromine incorporation at Wrightsville in late 2016; this corresponds to an increase in
bromide in the river at this time (see previous Figure 9). The top plot in Figure 12 shows
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a fourth quarter TTHM value above 80 pg/L at this time as well, significantly higher than
the 3 quarter value in 2016. All other years (2012-2015 and 2017) show a more typical
pattern with 3 quarter TTHM higher than 4" quarter TTHM. These differences suggest
a bromide source between the two drinking water utilities that may be a concern for this
downstream drinking water utility as well as other utilities using this river. The effect is
most pronounced in 2016 when low flow conditions were observed in the Susquehanna
River. Additional analysis would be needed to determine if any load changes also
occurred in 2016 (e.g., the power plant increasing use of refined coal or adding bromide
for mercury control).
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Figure 12. Total trihalomethanes (average at sampling locations) (top) and Percent Bromine
incorporation (by mass) in Trihalomethanes (bottom) from quarterly compliance data at Steelton
(green) and Wrightsville (blue) (2012-2015). Dotted lines are calculated running annual averages
(RAA). Data from (PADEP 2018).
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Bromine Substitution Factor

Considering reported DBPs for multiple utilities in river basins can assist with
prioritization of source-water assessment. For example, Figure 13 shows a river-

based assessment of bromine incorporation in THM based on 2016-2017 compliance
data from Pennsylvania water utilities (using BSF as the molar metric). The Allegheny,
Monongahela and Ohio Rivers are in Western Pennsylvania while the Delaware and
Susquehanna Rivers are in Eastern Pennsylvania. Elevated bromine incorporation within
DBPs in the Allegheny and Ohio Rivers suggests these utilities are already struggling
with the effects of bromide on DBP formation. Power plants within these basins should
be prioritized for review to ascertain whether significant bromide loads are causing
elevated bromide that leads to the bromine incorporation of DBPs at downstream
drinking water utilities on these rivers.

0.1

0.0

* ok F

i

===

Alleglheny

Mononlgahela Ohio Delaware Susquéhanna
River

Figure 13. Bromine Substitution Factor (BSF) in THM for water utilities using different source waters
in Pennsylvania (based on 2016-2017 compliance data). The center line represents the median,
shown with its 95 percentile confidence interval (internal box). The larger box shows the extent of
the 25" and 75" percentiles, while the whiskers extend to 1.5 times this interquartile range. The stars
indicate values outside that range. Data from (PADEP 2018). Figure courtesy Dr. Adam Cadwallader.
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Section 2 Data Sources.

Completion of any of the analyses described in this section requires use of publicly-
available data from numerous sources. Power plant data are available from the Energy
Information Administration (EIA). Form 860 provides generator-level information about
existing and planned operation and associated environmental equipment at power plants

operating with 1 MW or greater capacity (EIA 2017). https://www.eia.gov/electricity/data/
eia860/

Form 923 provides monthly and annual data for electricity generation, fuel consumption,
fossil fuel stocks and receipts at the power plant level (EIA 2018). At larger utilities
(T0MW and above) boiler level data are available. Beginning in 2007, environmental data
including FGD unit operations was included in the form. https.//www.eia.gov/electricity/
data/eia923/.

Source water bromide data are not widely available. Source water bromide data from
the Information Collection Rule for 1997-1998 can be accessed through US EPA (USEPA
2000). Bromide data are also available for a multi-year study in the early 1990s from

the American Water Works Association (Amy, Siddiqui et al. 1994). More recent surface
water data is available from select organizations and projects. In Pennsylvania, the PA
DEP water quality network can be used directly (http://www.depgis.state.pa.us/WQN,
accessed through STORET, where these data and other bromide data are stored by EPA

(https://www.waterqualitydata.us/). Regional water quality sources are also available,

but may be more difficult to locate and access. In Pennsylvania, sources include
Susquehanna River Basin Commission (SRBC) (http://mdw.srbc.net/remotewaterquality/),
Three Rivers Quest (http://3riversquest.org/). For the Ohio River Basin, the Ohio River
Valley Water Sanitation Commission (ORSANCO) (http://www.orsanco.org/data/) has
river data. The Water Research Foundation recently funded a nation-wide occurrence
survey of bromide and iodide in water supplies (Westerhoff 2018), which may provide
additional more recent information to enable a national review of at-risk watersheds.
Disinfection by-product data from the Information Collection Rule can be accessed
through US EPA (USEPA 2000). Recent data are available from PA Department of
Environmental Protection Drinking Water Reporting System. http.//www.drinkingwater.

state.pa.us/dwrs/HTM/Welcome.html.

For other states, species-specific DBP data are available from regulatory agencies
through state portals as described by Seidel et al (2017).
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Geospatial Model Input

Drinking water intake
locations

Watersheds containing the
intakes

Coal-fired electricity
generating units (EGUs)
operating wet FGD in
watersheds

Section 3. Evaluate bromide
concentration contributions
from each upstream power
plant at each downstream
drinking water plant

or a specific power plant permit (selected using one of the methods described
Fin Section 2 of this report), the effect of its bromide discharges on bromide
concentrations at downstream drinking water intakes can be assessed using the
methods described in recent work by Good and VanBriesen (2016, 2017, 2018). Briefly,
this involves estimating the power plant bromide loads (kg/day) from monthly coal
consumption data (type and amount) and estimated bromide concentrations in different
types of coal, either using general ranges or using ranges specifically reported for
coal mined from the counties identified as delivering to the relevant power plant (Kolb,
Good et al. 2019). Following the load estimates, receiving water flow variability must
be considered to enable an estimate of bromide concentration at river locations with
drinking water intakes. Figure 14 is a schematic of the necessary models and integration
steps; the steps are described in more detail below.

Bl Geospatial Model Output Concentration Model Input Concentration Model Output

Intakes downstream of wet J .
™ FGD SO LIRS Bromide concentration at
— intake contributed by wet
FGD plant(s
N Wet FGD upstream of Bromide load at intake plant(s)
intakes contributed by wet FGD
plant(s)

4

\ 4
Load Model Input

Wet FGD-associated coal
consumption, by plant

Load Model Output

Bromide load discharged
from wet FGD plant

Coal and FGD assumptions
following Good and
VanBriesen (2016)

Figure 14. Schematic of model components to predict bromide concentration contributions from
power plants (Good and VanBriesen 2017).
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Step 1. Linking each NPDES-permitted
power plant with potentially affected
drinking water utilities

Bromide is conservative, and thus, once discharged into the environment, it has the
potential to affect any drinking water treatment facilities that are downstream of the
discharge point. Limited geographic analysis to determine potentially affected drinking
water utilities, such as the EPA's five mile buffer described in the Effluent Limitation
Guidelines (ELGs) for Steam Electric Power Plants Environmental Assessment* (USEPA
2015c), is not supported by either the physical-chemical behavior of bromide in the
environment or recent analyses (Good and VanBriesen 2016, Good and VanBriesen
2017, Good and VanBriesen 2018). However, river flow and watershed drainage area
between the discharge point and downstream drinking water intakes matters because
dilution can reduce concentrations of bromide. Thus, the effect of a particular power
plant discharge on a particular drinking water utility depends on the flow conditions
between the discharge and the intake. Multiple power plants can affect a single drinking
water intake and multiple intakes can be affected by a single power plant (as shown
schematically in Figure 1).

To consider potential control of bromide discharges, the first step is to locate the
drinking water plants downstream of each power plant. This is relatively straight-forward
to do using geographic information system software if the locations of drinking water
utilities are known. However, exact locations for public drinking water utility intakes

are considered sensitive information and are not available to the public. Permit writers
and other state and federal government officials should be able to access these data.
However, even in the absence of this access, it is possible to use a recently developed
EPA tool that provides locations at the watershed scale (12-digit HUC) to provide
adequate resolution for initial assessment. The Drinking Water Mapping Application to
Protect Source Waters (DWMAPS) includes drinking water source information from the
Safe Drinking Water Information System (SDWIS) at 12-digit HUC level (USEPA 20164,
USEPA 2018b). A recently completed analysis joined information from DWMAPs to NHD
Flowlines in ArcGIS (ESRI-Inc. 2016) to enable identification of flow paths downstream
of wet FGD receiving waters that intersect watersheds containing source waters for
drinking water systems (Good and VanBriesen 2018). For the contiguous U.S., the
dataset included 9,134 surface water facilities (intakes, reservoirs, springs, infiltration)
for 6,802 systems serving 134 million people in 5,177 watersheds. Figure 15 shows
these results.

4 In the Environmental Assessment for the ELGs (EPA 2015), an analysis using a 5-mile range around each power plant
suggested that few power plants had drinking water plants downstream that could be affected by bromide discharges.
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Figure 15. Identified power plants with wet FGD (blue triangles) upstream of HUC12 watersheds that
contain drinking water intakes (pink). Figure adapted from Good and VanBriesen (2018)and courtesy
Dr. Kelly Good.
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Step 2. Estimate power plant bromide loads.

Power plants discharge multiple waste streams through multiple outfalls, described

in their National Pollutant Discharge Elimination System (NPDES) permits. Bromide
concentration is not routinely monitored in power plant discharges (or in most other
industrial or domestic discharges). Wet FGD wastewater, which is the largest source

of bromide, is often mixed with other wastewaters prior to discharge (see Figure 34 in
Section 5). Thus, point bromide measurements from current power plant discharges® are
unlikely to be useful for estimating bromide loads or predicting downstream effects at
drinking water plants.

Power plant FGD bromide discharges can be predicted using a load-based assessment,
following the work of Good and VanBriesen (2016, 2017, 2018); this is the lower section
of Figure 14 (in green). This method incorporates uncertainty associated with bromide
content in coal and operational effects on bromide fate within the power plant. Predicted
uncertainty in loads can be reduced by improved information on coal deliveries (e.g.,
information on the location where the coal was mined; daily coal use data from the
power plant) and coal additives (e.g., specific bromide addition amounts at a specific
power plant on a daily basis). Bromide loads from cooling towers can also be estimated
if information about application rates and intermittent discharge are known for a specific
power plant. Figure 16 shows a corrected version of the equation originally reported in
Good and VanBriesen (2016).° Table 3 provides the relevant input parameters for the
load estimate.

5 In the future, if flow-weighted bromide measurements are made of FGD wastewater at internal monitoring
points as required in the 2016 ELGs, load estimates may be able to be made from discharge monitoring data.

6 Good and VanBriesen (2016) contained an error in this equation. A correction has been submitted to the journal.
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Figure 16. Bromide load estimate calculation method and data sources. Following Good and
VanBriesen (2016, 2017, 2018) corrected. Data references: (Meij 1994, Peng, Li et al. 2013, Palmer,
Oman et al. 2015, EIA 2018). Figure courtesy Dr. Kelly Good.

Table 3. Wet FGD bromide load model input parameter ranges. Adapted from (Good and

Br capture in wet FGD

VanBriesen 2018).
BITUMINOUS it LIGNITE REFINED COAL
BITUMINOUS
Br content pom dry coal 4210274 0.88t05.4 19t05.5 Depends on
ppm dry (13.8) (2.3) (3.0) source coal
Br added to coal for Hg 9510200
control, ppm dry coal
Br added to refined 010 >460
coal, ppm dry coal
Moisture content of coal 510% 10-30% 30-70% 9.5-23%
(6.5%) (27%) (34%) (16%)
77-100%

(84%)

(Good and VanBriesen 2018).
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Table 3 Notes: Coal bromide content ranges listed represent the interquartile range (25" to 75" percentiles)
of data reported by coal rank in CoalQual (Palmer, Oman et al. 2015); value in parentheses is the median of
reported data. Values for bromide addition are sourced from: (EPRI 2006, Benson, Holmes et al. 2007, EPRI
2008, Dombrowski, Paradis et al. 2010, Dutton, Rosvold et al. 2010, EPRI 2011, Frank 2011, Berry 2012, EPRI
20174, Gadgil, Abbott et al. 2014). Methods for moisture content and capture estimates are described in




Step 3. Extract and analyze river flow information.

Bromide concentration is affected by load (step 1) and by the variability in flow
characteristics in the receiving water (this step and the blue boxes in Figure 14).

Figure 17 shows the period of record mean annual flow for the four largest rivers in
Pennsylvania as cumulative distribution functions. The Monongahela regularly has the
lowest mean annual flow (blue line at the far left), with a median value of 261 m3/sec,
making this river the most susceptible to increasing bromide concentrations in response
to anthropogenic discharges. Median values for annual mean flow conditions in the

Ohio and the Susquehanna Rivers are similar and much higher (954 and 1067 m3/sec,
respectively); however, both show significant inter-annual variability (wide range from top
to bottom of curve). Either river could be susceptible to elevated bromide concentrations
during years when mean flow was lower than usual (such as 2016 in the Susquehanna
River, with a mean flow of 750 m3/sec); however, inter-seasonal variability could also be
high during these periods. These annual flow values can be used to estimate bromide
concentration contributions from the power plants; however, that approach would lead to
over estimations of concentrations during the winter and spring and under estimations in
the summer and fall due to significant seasonal flow variability. Figure 18 shows monthly
data for a single river as an example of the effects of seasonality.

As shown in Figure 17 and Figure 18, receiving water flow conditions generally show
inter-annual and seasonal variability that can be characterized by reviewing historical
flow data. These historical data can be used directly to predict future flow conditions
(assuming hydrologic stationarity) or estimates developed from the historical record

can be used from the National Hydrography Dataset (NHD)(NHDPIlusV2). Both methods
have been developed for application to bromide concentration predictions (Good

and VanBriesen 2016, Good and VanBriesen 2017). To consider the flow conditions at
each drinking water intake potentially affected by an upstream power plant, geospatial
hydrologic data can be extracted from the Watershed Boundary Dataset (WBD) as part
of National Hydrography Dataset Plus Version 2 (NHDPIlusV2), including river segments
(ComID)(NHDPIlusV2). Mean annual flow or minimum monthly flows for each relevant
river segment (where there is a drinking water intake) can be used as baseline conditions
(again, see (Good and VanBriesen 2017, Good and VanBriesen 2018). Alternatively,
bromide concentration predictions could be made based on traditional 7-day 10-year low
flow (7Q10) conditions or could be assessed based on flow conditions that are typical

in a basin during third quarter, when DBP formation potential is generally highest due to
operational changes associated with warmer water.
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Figure 17. Cumulative distribution functions for flow in four Pennsylvania Rivers. Values
for water years within the ICR and more recent periods are identified. (Cadwallader and

VanBriesen 2019)
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Figure 18. Monthly mean daily flow data using USGS gaging station 03049500 (Allegheny River at
Natrona, PA) for Water years 1939-2014. Solid line in the median for each month, boxes extend to the
interquartile range (IQR) and whiskers extend to 1.5 times the IQR; open circles are values beyond
this range. (Good and VanBriesen 2016)
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Step 4. Predict river bromide concentration
contributions from load and flow estimates

Since bromide loads from power plants will be discharged into rivers that have inter-
annual and seasonal flow variation described in Step 3, the concentration of bromide
that could enter a downstream drinking water plant is likely to show significant variation
even if upstream power plant loads are stable, which they may not be. It is the bromide
concentration at the intake that affects the rate of DBP formation and the extent of
bromine incorporation into DBPs. Thus, the estimated power plant load (Step 2) and
the selected flow parameter (or range of parameters) (Step 3) must be combined to
provide an estimate of the bromide concentration at the intakes (identified in Step 1).
This estimate could be a point estimate based on a particular time of year (3" quarter)
or a particular river flow condition (e.g., 7Q10 or mean annual). The estimate could also
be a range representing the expected values across an entire year or across specific
flow conditions (e.g., the 5" to 95t percentile of the historic flow record). The calculation
involved is simple, following Equation 1.

) mass Load (22 (M
Concentration ( ) = Lme -
volume Flow( ime )

Figure 19 shows the results for a single drinking water plant on the Susquehanna River
affected by a single upstream power plant. The bromide load was estimated using 2015-
2016 coal use data at the Montour power plant (capacity 1775 MW, all with wet FGD). In
2015, Montour burned 2.5 million short tons of bituminous coal (2.3 metric tons), while
in 2016, it burned 1.7 million short tons of refined coal (1.5 metric tons). It is uncertain
whether the use of refined coal involved the addition of bromide; however, the analysis
presented in Figure 19 included an estimate of bromide addition based on literature
values. Under any flow condition in the river, an estimate of the bromide concentration
contribution can be computed from the estimated load for the power plant (for base load
or bromide addition load).7 As shown in Figure 19, under flow conditions represented

by the median (computed from the EROM flow estimates for 1971-2000 for this location
(McKay, Bondelid et al. 2018), the base bromide load estimate indicates a concentration
contribution of 2.4 ug/L from this power plant to the intake (identified as plant 16 in
(Good and VanBriesen 2017). However, under low flow conditions represented by 7Q10
for the Susquehanna River (91 m3/s), the contribution is 17 ug/L for base bromide load,
and 50 pg/L under bromide addition conditions.8

7 After correction, in this scenario the base load would be estimated to be 110kg/L
and the bromide addition load would be estimated to be 360kg/day

8 After correction, these concentrations would be 14 ug/L under the assume base
bromide load and 46 pg/L under the assumed bromide addition scenario.
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Figure 19. Prediction of bromide concentration contribution at the drinking water intake at Good and
VanBriesen (2017) site 16 from the discharge of wet FGD wastewater at the Montour power plant
(based on 2015-2016 coal usage). (Adapted from (Good and VanBriesen 2017)).
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Step 5. Consider load and flow effects to
narrow selection of power plants likely to
affect downstream drinking water plants

While it is a simple matter to locate power plants and follow flowlines from discharge
points downstream to identify all drinking water plants (see Figure 15), it is more
difficult to assess when dilution will have rendered the bromide load effect too small

to warrant consideration. Drinking water plants in close proximity to power plants with
small bromide loads or on large rivers may be only minimally affected, while drinking
water plants far downstream of large bromide discharges on rivers with smaller dilution
capacity may see elevated bromide. These effects cannot be determined without
analysis of the cumulative bromide loads from multiple sources and the river flow
conditions.

For a single power plant or a small basin, a river-scale hydrologic model can be
developed (see, for example, (Cornwell, Sidhu et al. 2018); however, it will have significant
dependence on flow conditions that can be predicted only probabilistically and are
subject to variability outside the historical record. Further, background or naturally-
occurring baseline bromide data are not widely available and thus, model calibration will
be difficult.

Good and VanBriesen (2018)assessed all power plants with wet FGD and estimated
each power plant’s concentration contribution under mean flow conditions to each
downstream drinking water plant watershed. This analysis was designed to eliminate
from consideration power plants that were unlikely to have significant effects on
downstream drinking water plants. Good and VanBriesen (2018) identified 79 power
plants operating wet FGD systems that have downstream drinking water utilities where
concentration contributions exceeded 1 pg/L bromide under mean flow conditions,
based on estimated loads for 2016 coal consumption data®. Figure 20 shows

these results.

This should not be considered an exhaustive list of potential effects since it does not
consider whether the power plants might contribute less than 1pg/L at an individual
drinking water plant but have a higher cumulative effect when considering multiple
drinking water plants, or whether multiple power plants each contributing less than 1ug/L
to a downstream HUC12 might have a cumulative effect of concern at a given drinking
water facility. Selection of the conservative 1ug/L value (an order of magnitude below
the effect level reported by Regli et al (2015)) was intended to avoid these limitations;
however, it cannot account for combinations of effects outside the set of assumptions
included in the model.

Further, this analysis does not consider potential changes to coal consumption (@amount
or type) in the future or changes in bromide addition for mercury control or refined coal
tax credit at any facility. It also does not consider power plants that might now or in the
future deploy FGD wastewater treatment that could alter bromide discharges. However,
the method outlined in Good and VanBriesen (2018), after correction, can be used with
different threshold levels or even flowline distances if desired to provide alternative
impact assessments for specific power plants. Additional information related to
bromide loading (from measurements of concentration and flow in discharges) and FGD
treatment could also be incorporated into the analysis for individual power plants.

9 After correction for the error identified in the method, six fewer power plants would be identified (73 rather than 79).
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Figure 20. Identified power plants with wet FGD (blue triangles) potentially affecting downstream
drinking water intakes in identified HUC12 watersheds (orange), based on 2016 coal consumption
data and NHD+ mean annual flow in receiving waters. Figure adapted from Good and VanBriesen

(2018) and courtesy Dr. Kelly Good.
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Step 6. Integrate the effects on multiple drinking
water plants from a single power plant discharge

While some power plants will have only one downstream drinking water plant, many will
have the potential to affect more than one drinking water plant and these effects will
depend on the power plant load and the flow conditions at multiple drinking water plants.
In order to inform decisions about appropriate limits to NPDES-permitted bromide
discharges at a specific power plant, its potential effect across all downstream drinking
water utilities must be assessed.

The analysis in Good and VanBriesen (2018) identified 230 HUC12 watersheds containing
surface water drinking water facilities with at least one upstream power plant bromide
discharge modeled to produce at least 1 ug/L bromide in the watershed under mean flow
conditions.® Half of these were affected by more than one discharge. These multiple
effects will contribute to changing DBPs in the drinking water facilities, which will be
discussed more fully in Section 4 below. For the NPDES permit writer, however, the key
point is to determine the effects of each power plant on all the relevant downstream
drinking water plants.

This involves integrating the results of the bromide concentration contribution from a
single power plant for all the downstream drinking water plants. As an example, potential
bromide discharges from the Mt Storm power plant (EIA 3954) in West Virginia (NPDES
permit number WV0005525) were simulated. The analysis in Good and VanBriesen
(2018) identified 26 active surface water facilities (in SDWIS) downstream of this
discharge, serving a total population of 3.1 million. The intakes are in 15 watersheds
(HUC12 level) and thus have different dilution factors under mean annual flow conditions.
This results in different modeled concentration contributions for each intake. Table 4
presents these data. An important caveat is that this power plant is listed as having or
intending to have zero liquid discharge (ZLD) treatment for its FGD wastewater. Thus,
the modeled concentration contributions in Table 4 may not be representative of
observations in this watershed if the bromide is being removed during treatment.

If a downstream concentration threshold were set at 10 ug/L under mean flow
conditions, 8 drinking water facilities would be considered affected by this power plant
(serving 133,524 people). If a threshold were set at 25 ug/L, only 6 utilities would be
considered affected (serving 8,229 people). In this watershed, the largest populations
are the furthest downstream, and thus have the potential to be affected only by much
lower concentrations of bromide.

10 After correction for the identified methodological error, five fewer watersheds (225 rather than 230) would
be identified as having at least one upstream power plant bromide discharge modeled to produce at least
Tug/L bromide in the watershed under mean flow conditions and based on 2076 coal consumption.
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Table 4. Modeled wet FGD bromide concentration contributions to downstream drinking water intakes
from Mt Storm Power Plant (3954) under estimated mid-point bromide load and mean annual flow
conditions. Adapted from Good and VanBriesen (2018).

SDWIS
Sub- .SDWIS active surface Mean Modeled total wet
. Watershed active surface e Annual -
region . water facilities, FGD Br concentration
(HuC12) water facilities, . flow, I
(Huc4) population contribution, pg/L
count m3/s
served
0207 26 3,168,231 - -
020700020202 1 2,072 9 286
020700020205 1 370 14 186
020700020207 2 915 22 121
020700020403 2 3,200 29 90.5
020700020803 3 1,150 51 51.9
020700030801 1 522 105 25.3
020700041103 2 115,335 174 15.3
020700041106 3 9,960 194 13.7
020700041108 1 2,122 293 9.10
020700080202 1 6,394 299 8.92
020700080401 1 46,769 303 8.80
020700080403 1 58,500 338 7.88
020700080904 1 1,074,422 357 7.46
020700081005 5 1,846,500 363 7.33
020700100103 1 0 366 727
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Step 7. Integrate the effects of multiple power
plants on a single drinking water plant

While NPDES permit decisions for the power plants will be made based on the role each
individual power plant plays in contributing bromide to multiple downstream drinking
water plants as described in the previous section, predicting the effect of bromide on
drinking water plants (Section 4) requires integrating across multiple upstream sources,
which may include multiple power plants and other natural and anthropogenic sources.
Figure 21 shows the results of predicting loads from multiple power plants on 21
drinking water intakes in Pennsylvaniall.
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Figure 21. Wet FGD load contributions (kg/day) for each drinking water intake site in Pennsylvania,
based on median predicted August bromide loads. (Good and VanBriesen 2017).

16

11 This figure is based on EIA 2016 coal consumption data published in April 2017. Subsequently EIA updated
this information to include refined coal usage not originally included. Thus, estimated bromide load values in
this figure do not account for refined coal consumption in 2016, which can contain additional bromide.
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Section 3 Data Sources

Completion of any of the analyses described in this section requires use of publicly-
available data from numerous sources.

Power plant data are available from the Energy Information Administration (EIA). Form
860 provides generator-level information about existing and planned operation and
associated environmental equipment at power plants operating with 1 MW or greater
capacity (EIA 2017). https://www.eia.gov/electricity/data/eia860/. Form 923 provides
monthly and annual data for electricity generation, fuel consumption, fossil fuel stocks
and receipts at the power plant level (EIA 2018). At larger utilities (1T0MW and above)
boiler level data are available. Beginning in 2007, environmental data including FGD
unit operations was included in the form. Source information for coal is available at the

county-level in Form 923. https://www.eia.gov/electricity/data/eia923/.

The United States Geological Survey (USGS) coal quality (COALQUAL) database was
revised to include previously collected but not released bromine data in 2015 (Palmer,
Oman et al. 2015). Bromine data in coal is available at the county-level, on a dry weight
basis, allowing estimated bromide loads for power plants to reflect county-level coal

type. https://ncrdspublic.er.usgs.gov/coalqual/.

Drinking water facility location data are not readily available; however, state and national
regulatory agencies should have access to these data. The Drinking Water Mapping
Application to Protect Source Waters (DWMAPS) includes drinking water source
information from the Safe Drinking Water Information System (SDWIS) at 12-digit

HUC level (USEPA 2016a, USEPA 2018b). https://www.epa.gov/sourcewaterprotection/
drinking-water-mapping-application-protect-source-waters-dwmaps. Information about
the facilities (e.g., population served) is available in SDWIS. https://www.epa.gov/ground-
water-and-drinking-water/safe-drinking-water-information-system-sdwis-federal-reporting.

Flow data for receiving waters is available from the United States Geological Survey
(USGS) at https://waterdata.usgs.gov/nwis/rt. The Watershed Boundary Dataset (WBD)
as part of National Hydrography Dataset Plus Version 2 (NHDPIlusV2), including river
segments (ComlD) is available for download (NHDPlusV2). https://www.epa.gov/
waterdata/nhdplus-national-data and a navigator toolbar is available http://horizon-
systems.com/nhdplus/nhdplusv2_tools.php.

Disinfection by-product data from the Information Collection Rule can be accessed
through US EPA (USEPA 2000). Recent data are available from PA Department of
Environmental Protection Drinking Water Reporting System. http.//www.drinkingwater.
state.pa.us/dwrs/HTM/Welcome.html.

For other states, species-specific DBP data are available from regulatory agencies
through state portals as described by Seidel et al (2017).
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Section 4. DBP formation and
associated risk at downstream
drinking water plants

erhaps the most challenging component of assessing the potential for power plant
P bromide discharges to negatively affect drinking water utilities is the difficulty

in identifying a stable quantitative relationship between source water bromide
increases and finished water DBP concentration increases, especially for the two class
sum regulated values, total trihalomethanes (TTHM) and haloacetic acids 5 (HAA,)."?
Further, the association between these class sum values and drinking water risk is
complicated by the presence of many additional classes of disinfection by-products,
including haloacetonitriles, haloketones, halonitromethanes, haloaldehydes, halogenated
furanones, haloamides, and nonhalogenated carbonyls (Weinberg, Krasner et al. 2002,
Krasner, Weinberg et al. 2006, Hebert, Forestier et al. 2010, Chen, Zhang et al. 2015),
which can also be affected by bromide concentrations. TTHM and HAA, concentrations
may not be adequate to represent drinking water risk (Weinberg, Krasner et al. 2002,
Bull, Rice et al. 200943, Bull, Rice et al. 2009b), particularly when source water bromide
is elevated and TTHM and HAA, bromine incorporation does not predict other bromine
incorporation rates (Francis, VanBriesen et al. 2010).

Despite these challenges, higher bromide source waters are widely reported to cause
higher DBP formation and increased bromine incorporation of the DBPs that form
(Westerhoff, Chao et al. 2004, Heeb, Criquet et al. 2014). Laboratory experiments
have been used to develop relationships between bromide concentrations and DBP
concentrations (Hellergrossman, Manka et al. 1993, Pourmoghaddas, Stevens et al.
1993, Symons, Krasner et al. 1993, Krasner, Sclimenti et al. 1996, Wu and Chadik 1998,
Diehl, Speitel et al. 2000, Hua, Reckhow et al. 2006, Ates, Yetis et al. 2007, Bond, Huang
et al. 2014 ). Field work confirms these observations (Duong, Berg et al. 2003, Ye, Wang
et al. 2009, Chang, Tung et al. 2010, Charisiadis, Andra et al. 2015). Similarly, in surveys
of U.S. drinking water utilities, higher source water bromide was associated with higher
levels of brominated DBPs in finished water (Amy, Siddiqui et al. 1993, McGuire and
Hotaling 2002, Weinberg, Krasner et al. 2002), and source water bromide concentration
is a predictor of DBPs species (Obolensky and Singer 2005). Amy et al (1994) found
“virtually any level of bromide present in a water source can potentially form brominated
chlorination by-products, such as THMs,” and Amy et al (1993) suggest that “given the
efficient conversion of bromide to DBP-bound bromine (DBP-Br), even trace levels of
bromide (e.g., <10ug/L) can be problematic.”

Figure 22 shows THM species concentrations for surface water sources with different
bromide concentrations from the D/DBP Rule ICR database (USEPA 2000). The data
were binned by examination of the bromide concentration distribution in the database
(median 30 pg/L). Below detection data were classified as low; the detection limit was
20 pg/L. Values between the detection limit and the 75" percentile were classified

12 The primary trihalomethanes include four regulated species: chloroform; bromodichloromethane, BDCM;
chlorodibromomethane, CDBM; and bromoform; three of these contain bromide. The sum of the four requlated
THM is referred to as THM4 or sometimes total trihalomethanes (TTHM). While iodated and mixed chloro-
bromo-iodo THM exist, and thus THM4 is not equal to TTHM, in the present work these terms will be used
interchangeably. The HAAs include five regulated forms (monochloroacetic acid, MCAA; dichloracetic acid,
DCAA; trichloroacetic acid, TCAA; monobromoacetic acid, MBAA, dibromoacetic acid, DBAA), which include

two bromine-containing compounds; the sum of the five regulated forms is often reported as HAAS. There are
also four unregulated but commonly observed HAAs (bromochloroacetic acid, BCAA; dibromochloroacetic acid,
DBCAA; bromodichloroacetic acid, BDCAA; tribromoacetic acid, TBAA,), which all include bromide. These four are
sometimes referred to as HAA4, and the sum of HAAS and the four unregulated forms is reported as HAA9.
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as moderate (20-36 ug/L); while values between the 75" and 90 percentile were
considered high (31-71 ug/L); and values above the 90" percentile were considered

very high (>71 ug/L). With low or moderate source water bromide, THM is dominated by
chloroform (light blue at the left of each panel). With increasing bromide (moving right),
the amount of BDCM (dark blue) increases, and its median value exceeds chloroform
for very high bromide concentrations. Similarly, DBCM (light green) is negligible at low
bromide concentrations but exceeds chloroform when bromide is very high. Bromoform
(dark green) is rarely detected unless the bromide is very high.
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Figure 22. THM species concentration for different surface water source bromide concentrations.
The box plot for each species includes a solid line for its median value. The box extends to the
interquartile range (IQR), and the whiskers extend to 1.5 times the IQR. Open circles indicate values
outside this range. Figure courtesy Dr. Chelsea Kolb. Data analysis from (Kolb, Francis et al. 2017).

THM Species Concentration (ug/L)

Figure 23 shows a typical field study result, in this case from the Monongahela River.
The top panel is measured bromide in the influent (in ug/L) and the bottom panel

is finished water measurements of THM speciation (left axis in pg/L) and bromine
incorporation (right axis in percent). Lower bromide levels from Fall 2009 through Spring
2010 correspond with predominately chloroform (red bars) in the finished water. The
increase in bromide in the source water, starting mid-2010, corresponds to an increase
in bromine-containing THM species, shown as orange, yellow and green bars. The
fraction of bromine containing THM (by mass) also increases (blue dots). TTHM (the
sum of the species, shown as the top of the stacked bar) follows its typical seasonal
pattern, with higher levels in the summer and lower in the winter, consistent with prior
observations that TTHM is strongly influenced by source water total organic carbon
(TOC), temperature and applied chlorine dose, all of which show seasonal effects. HAA
results show similar patterns; however, at elevated source water bromide concentrations,
HAA speciation shifts toward the four unregulated forms and the regulated HAA5
concentration may decline. Figure 24 shows a plot of observed bromide concentrations
and finished water TTHM (top) and bromine incorporation by mass in TTHM (bottom)
for all sites in the Monongahela River field study. As expected, bromide alone cannot
predict TTHM concentrations; however, it is predictive of the incorporation of bromine
into TTHM. As an alternative approach to developing a predictive model based solely
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on bromide, Wang et al (2016) considered the Monongahela River data and created a
statistical model using bromide bins. Figure 24 shows the probability of a utility meeting
the TTHM standard (80 pg/L) or the target concentration in finished water (80% of the
standard; 64 pg/L) as a function of a range of bromide concentrations. As bromide
concentrations increase in the source water, the probability of meeting the standard
declines from 90% to 60%, again confirming that bromide increases TTHM, making
compliance with the TTHM standard more difficult.
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Figure 23. Measured surface water intake bromide concentration (top; ug/L) and THM species in
finished water (bottom, left axis) and mass-based bromine-incorporation (bottom, right axis). Data
from Wang et al (2016). Figure courtesy Dr. Jessica Wilson.
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Figure 24. Relationship between measured surface water intake bromide concentration and TTHM
in finished water (top) and bromine incorporation (bottom) from field study in the Monongahela River
(2009-2011). Data from Wang et al (2016). Figure courtesy Dr. Jessica Wilson.
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Figure 25. Probability of meeting TTHM standard (blue), 80% of standard (orange) and risk threshold
(purple) for source waters with different concentrations of bromide (Wang, Small et al. 2016).

Modeling DBP Formation

Assessing the role of power plant bromide contributions in DBP formation and
associated risk will require models that either predict DBP formation (as TTHM, HAA5, or
their species) or predict drinking water risk based on increases in bromide concentrations.
This is a significant challenge since occurrence studies show wide variation in DBP

levels associated with different source water bromide levels (Amy, Siddiqui et al. 1994,
McLain, Obolensky et al. 2002), and DBP concentrations are generally dependent on
multiple factors.

Many models have been developed to predict DBPs in finished water using source
water conditions (e.g., bromide, organic carbon concentrations, temperature) and plant
operational conditions (e.g., disinfectant dose) (Sadiq and Rodriguez 2004, Chowdhury,
Champagne et al. 2009, Ged, Chadik et al. 2015). Many of these models were developed
using databases that contain predominately low bromide source waters, and thus, the
models do not include bromide as an explanatory variable; Ged et al (2015) report
models without bromide are less accurate across a wide range of waters. When models
do include bromide, they predict higher brominated THM species with higher source
water bromide concentrations; however, the prediction range is quite wide, especially
with respect to the TTHM MCL13 (Ged, Chadik et al. 2015). As an example, Equation 2 is
the predictive model for TTHM developed by Malcolm-Pirnie (1993).

TTHM =7.21(TOC)"™ ( pH -2.6) time

0.719(

TEMP)"* ((C1,DOSE)~7.6NH3)" ™ (Br +1)" (UV ~254)

0.534 (

)0,255 (2)

TTHM is predicted in ug/L; TOC=Total Organic Carbon (mg/L); Br=bromide concentration (mg/L);
Cl,DOSE=chlorine dose (mg/L as Cl,); UV-254 = ultraviolet absorbance at 254 nm wavelength (cm™);
time=contact time (hours); TEMP=temperature (°C); NH3 = ammonia concentration (mg/L)

A challenge to use of Equation 2 (and similarly designed models) is that many source
water and operational parameters are required. Using this type of model at each drinking

13 Ged et al (2015) report models are accurate to +48 ug/L TTHM, which is not very useful since the MCL is 80 pg/L.
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water plant potentially affected by bromide discharges from power plants will require
working with the utilities to acquire operational data. Alternatively, a modeler could
assume no other parameters would change and use the equations to predict the change
in DBP species in response to changes in bromide. Regli et al (2015) used this approach
by using the EPA Water Treatment Plant (WTP) model and the ICR database. Assuming
all conditions other than bromide remained the same for each utility, they used the WTP
model equations (Malcolm-Pirnie 1992)

to predict TTHM concentrations for changes in source water bromide levels. They report
a 50 pg/L bromide increase caused a TTHM increase of 1 pug/L at 90% of the plants

and a TTHM increase of 10 pg/L at 5-30% of plants; the median TTHM increase was 3.7
pg/L. They report a 10 pug/L bromide increase caused a median increase of 1.1 pg/L in
TTHM, with 5% of the plants showing a 3.4 pg/L or greater increase. Regli et al (2015) did
not include a predictive model based on their results since the underlying analysis was
dependent on the WTP model. Use of the WTP model should yield comparable results;
however, this requires extensive plant operational data and thus the TTHM contribution
from power plant bromide discharges cannot be simulated directly from solely the
estimated bromide concentration contributions.

Recently, Cornwell et al. (2018) developed a model to predict TTHM formation under
variable source water bromide concentrations (Equation 3); the model required only
the bromide concentration and the UV-254 value for the source water because the
experiment was conducted at constant temperature.

0.4279

(TTHM] =102 B 7" [UV ~254]

TTHM is predicted in pg/L; Br=bromide concentration (mg/L); UV-254 = ultraviolet absorbance at
254 nm wavelength (cm™); Temp held constant at 21°C; pH at 7.2

Each of these generalized models can be used to predict TTHM from bromide
concentration contributions from power plants; however, their suitability for any
individual drinking water plant remains uncertain. An improved WTP model (under
development by EPA (Yang 2017)) may enable better assessment of the potential effect
of rising source water bromide concentrations on specific drinking water utilities, but
this remains uncertain.

Plant-specific models may be more accurate than generalized models, especially when
developed for sites with varying bromide concentrations. As described above, Wang et al
(2016) developed a statistical model for prediction of TTHM for drinking water utilities on
the Monongahela River that enabled assessment of compliance probability. Bergman et
al (2016) created a classification tree model for TTHM based on the field work of Wilson
and Wang (Wilson, Wang et al. 2013, Wilson and VanBriesen 2014, Wang, Small et al.
2016); this model requires excitation emission fluorescence spectroscopy information

as input, limiting its predictive applicability since this is not a routinely measured value.
When available, plant or river-specific models should be used to predict DBP species
concentrations under changing bromide concentrations.

Figure 26 shows predicted TTHM using three different models (Malcolm-Pirnie 1993,
Montgomery-Watson 1993, Cornwell, Sidhu et al. 2018) for a drinking water intake on
the Monongahela River where the utility has monthly bromide measurements as well

as operational data (chlorine dose, contact time, temperature, UV-254). The observed
finished water TTHM reported as compliance data are shown as well. The models show
variable results in predicting TTHM. In general, the Malcolm-Pirnie model is statistically
significantly different from the other models and from the observed data. The other
models (Montgomery-Watson and Cornwell) are not statistically significantly different
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from each other or from the observed values when considering the full distribution of
values; however, the model simulations show wide ranges for each quarter.

Once an adequate model for TTHM prediction is available for a site, it can be used to
estimate the increase in TTHM based on an increase in bromide due to the estimated
load from the power plants. Using the bromide concentration contributions estimated
following the methods described in Section 3, and the models described in this section,
the TTHM increase associated with the bromide concentrations can be estimated.
Figure 27 shows a demonstration of the result of this type of estimation. The top panels
show estimated bromide concentration contributions, following the methods described
in Section 3, based on median load estimates for upstream power plants and the
reported range of flow conditions in the river for each year (WY1998 in blue and WY2016
in red). The bottom panels show the simulated TTHM concentration contributions
associated with the bromide concentration contributions. Considering third quarter
(July-Sept), in 1998, the bromide concentration contribution estimated to be from the
power plants upstream of this intake was 30ug/L or greater 50% of the time. For the
same period in 2016, the concentration contributions exceeded 30ug/L 80% of the time
and exceeded 60pg/L 50% of the time.
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Figure 26. Quarterly predicted TTHM for observed bromide data based on three TTHM models

as well as observed TTHM concentrations at a drinking water utility on the Monongahela River.
Models include: Malcolm-Pirnie (blue), Montgomery Watson (red) and Cornwell (green). Observed
data are grey. Plots show the median (horizontal line), 25th to 75th percentile (box), and 1.5 times
the interquartile range (whiskers), while dots are values outside that range. Figure Courtesy Dr.
Chelsea Kolb.
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Figure 27. Exceedance probability plot for bromide concentration contributions (panel a) and TTHM

(panel b) for two water years by quarter and annually. The horizontal dashed lines on the top panel
indicate bromide concentration contributions of 30 and 100 ug/L. The horizontal dashed line on the

bottom panel indicate TTHM concentration contribution of 20 ug/L. Figure Courtesy Dr. Chelsea Kolb.

Linking changes in DBP concentrations
to changes in risk

Epidemiological studies have established an association between bladder cancer risk
and the use of chlorinated drinking water; Villanueva et al. (2015) provides a good
summary. Negative reproductive effects have been reported at high concentrations
(Nieuwenhuijsen, Grellier et al. 2009, Villanueva, Cordier et al. 2015) and may be
associated with bromine incorporation (Chisholm, Cook et al. 2008). Richardson et al.
(2007) provides a summary of mutagenicity and toxicity research.

Briefly, all four regulated THM are reported to be carcinogenic; the three brominated
forms are also reported to be genotoxic.14 For HAAs, four of the five regulated forms
are considered genotoxic (MCAA, MBAA, DCAA, and DBAA); two are reported to be
carcinogenic (DCAA and DBAA). For the four unregulated HAAs, one is reported to

be genotoxic (TBAA) and three are considered carcinogenic (BCAA, DBCAA, BDCAA).
The brominated acetic acids are more cytotoxic, genotoxic and mutagenic than their
chlorinated analogues. Toxicological and carcinogenicity data are more limited for
unregulated DBPs (Richardson, Plewa et al. 2007).

Hrudey et al (2015) summarized a workshop on the challenges of quantitative risk
assessment for DBPs and reported that the strongest epidemiological data are
associated with source waters with elevated bromide (e.g., (Villanueva, Cantor et al.
2007, Salas, Cantor et al. 2013)). Across multiple types of DBPs, brominated forms
are associated with negative outcomes at lower concentrations than their chlorinated
analogs (Echigo, Itoh et al. 2004, Plewa, Wagner et al. 2004, Richardson, Plewa et

al. 2007). Thus, increased formation of brominated DBPs, associated with bromide

14 Mutagenicity refers to assays that measure a change in DNA sequence. Genotoxicity refers to mutagenicity as well
as DNA damage. Cytotoxicity refers to assays for cell death. Carcinogenicity refers to causing cancer in animal studies.
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in source waters, increases the risk associated with use of chlorinated drinking water
(Hong, Liang et al. 2007, Yang, Komaki et al. 2014, Regli, Chen et al. 2015).

While the relationship between DBP speciation and risk is complex, risk estimates in

the D/DBP rule were based on limited epidemiological data using TTHM as an exposure
surrogate (USEPA 1998, USEPA 2006b). Thus, models for DBP risk are often based on
TTHM. Regli et al. (2015) estimated the effect of source water bromide increases on risk
estimates based on odds ratios (ORs), following the method described in the D/DBP rule
and summarized in Equation 4, where r represents the risk associated with the TTHM
concentration of concern. ORs are used to compare the relative odds of negative health
outcome for an exposed population compared to a population with little to no exposure.

OR — 1 r — 00209 % eTTHM Concentration x0.00427 (4)

—-r

Regli et al (2015) determined that a 50ug/L increase in source water bromide would be
expected to cause a 10-3 to 10-4 increase in lifetime bladder cancer risk for consumers
of treated water from that source. For some plants in their study, a smaller increase
(10pg/L) in source water bromide was predicted to cause an increase in risk as well
(Regli, Chen et al. 2015). Equation 4 can be used with TTHM concentration contributions
to estimate the risk associated with the additional TTHM exposure resulting from power
plant associated bromide discharges relative to zero exposure to TTHM (where risk of
zero exposure is defined as r0 = 0.02047, following Regli et al (2015). Figure 28 shows
the results of this type of analysis for a drinking water utility on the Monongahela River
for WY 1998 (prior to most power plants having wet FGD) and WY2016 (when all power
plants had wet FGD systems). These results are based on bromide load estimates
(following Section 3 methods) and bromide and TTHM concentration estimates (shown
in Figure 27 ). The calculated risk associated with the power plant contributed TTHM

is higher in each quarter in 2016 compared with 1998. This is expected as the bromide
concentration contributions and associated TTHM were higher in 2016 (see Figure 27).
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Figure 28. Odds ratio risk simulation associated with simulated TTHM concentration increases. Plots
show the median (horizontal line), 25th to 75th percentile (box), and 1.5 times the interquartile range
(whiskers), while dots are values outside that range. Figure Courtesy Dr. Chelsea Kolb.

Section 4 Data Sources.

Completion of any of the analyses described in this section requires output from the
analyses completed in Sections 2 and 3 as well as models for predicting changes in
DBPs associated with changes in bromide.

The predicted concentration component for each power plant (see Section 3) could

be used in conjunction with observed or estimated bromide contributions from other
sources and with a revised water treatment plant model to predict DBP levels in drinking
water and thus to estimate effects on compliance with the TTHM standard directly.
However, this depends upon the structure and suitability of the DBP prediction model
and will require data from each drinking water utility.

Several models were described above, including the Water Treatment Plant Model
(WTP). EPA's WTP model was released in the mid-1990s on an early Windows Platform;
the user’s manual is still available (USEPA 20071). It can still be run within the proper
operating system emulator; however, an updated version is expected that may be easier
to use (Yang 2017).
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Section 5. Methods to
assist permit writers

his section focuses on development of materials for NPDES permit writers to
I support monitoring and reporting requirements that protect downstream drinking

water utilities. Figure 3 previously outlined the major steps in developing NPDES
permits for power plants discharging bromide upstream of drinking water intakes.
Section 2 of the report provided guidance on prioritization or selection of power plants
that might require revised NPDES permits related to bromide discharges. Sections 3 and
4 of the report provided guidance on assessing the potential bromide loads from power
plants and their potential effect on DBP formation at downstream drinking water plants.
These estimation methods support the assessment of whether a water quality based
effluent limitation (WQBEL) is needed and how potential impact could be determined in
setting that limit.

Once a decision is made to set a WQBEL, key steps are undertaken that require
additional data and analysis. Figure 29 provides more detail on necessary sub-steps
and data sources. There are significant challenges in the development of WQBELSs for
bromide from power plant discharges.

First, in the absence of in-stream water quality criteria, alternative approaches to
selection of target concentrations is considered. Second, there is significant variability in
bromide concentrations in drinking water source waters (i.e., rivers), which are also the
receiving waters for the power plant discharges. This variability means that discharges
will have different effects on in-stream concentrations for different rivers at different
times of year (under different flow conditions). Third, there is significant variability in
bromide concentrations in power plant wastewater, which may lead to differences in the
effect of these discharges on receiving waters.

Following discussion of these challenges, a summary of existing permits that contain
bromide monitoring requirements is provided. Finally, recommendations for permit
language are discussed.
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A. Identify ALL downstream drinking water plants that could be affected:

Section 3. Data Sources

1.

2.

Permit applications often identify the nearest downstream drinking water utility; however, the
conservative nature of bromide means that additional downstream utilities may need to be identified.
EPA DW Maps tool may be used to identify downstream drinking water intakes.

B. Assess bromide concentration and load from power plant discharge:

1.

Bromide is included in 40CFR122.21 Appendix D. This requires the concentration of bromide in the
wastewater that will be discharged under the NPDES permit to be submitted with the application.
Bromide concentrations may be reported in DMR data for existing permitted discharges. Chloride may
be more typically reported and known. Br:Cl ratios for coal can be used to estimate associated bromide
concentrations.

Bromide data for FGD wastewater was collected as part of the Steam Electric Power Plant Effluent
Limitation Guidelines Review and is also reported in other literature. These values provide a range.

If data source are insufficient, the permit writer can request bromide and flow data for FGD wastewater
from permittee.

C. Identify background/baseline bromide concentrations in receiving water and dilution capacity of receiving water:

Section 2. Data Sources

values may provide insight into background bromide concentrations in the absence of anthropogenic

Bromide data for receiving waters maybe available from EPA STOrage and RETrieval database (STORET)
Bromide data are available for drinking water intakes during the ICR collection period (1997-1998); these

discharges from power plants. This baseline information may also be useful for determining if anti-
degradation standards or anti-backsliding requirements apply.
USGS flow data is available to assess receiving water dilution capacity.

D. Assess potential effects of bromide concentration contribution from power plants on drinking water DPBs

Section 4 data sources

Baseline DBP data is available from the ICR for large utilities.

More recent DBP data for utilities is available from state databases.

The Water Treatment Plant Model is available and can be used with data from the drinking water plant to
assess the effect of changing bromide on DBPs following the work of Regli et al (2015).

Figure 29. Method and data support for steps in developing Water Quality Based Effluent Limitations
(WQBELs) for bromide discharges from power plants

Water quality criteria and bromide

A significant challenge for management of bromide at drinking water intakes through
NPDES permit limits at power plant wastewater outfalls is the lack of ambient water
quality criteria for bromide. Since bromide has a high human and ecotoxicity threshold
(Flury and Papritz 1993), it poses little risk to the aquatic environment. However, as noted
above, the presence of bromide in waters used as sources for drinking water treatment
plants increases the rate and extent of DBP formation, and can lead to higher DBP-
associated risk for consumers of the treated water.

Since drinking water supply is a “designated use,” the Clean Water Act requires that the
water body so designated must meet the criteria for that use. Water quality standards
are established to ensure water bodies meet designated uses. In Pennsylvania, when no
ambient in-stream water quality standard exists for a constituent believed to be leading
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to an impairment, a reference watershed concentration can be used to determine the
contaminant reduction necessary to mitigate the impairment.

The challenge with this approach is determining the bromide concentration in a

suitable reference watershed. Surface water bromide concentrations in the absence

of anthropogenic discharges are infrequently measured, and background bromide
concentrations are often below the detection limit of commonly deployed analysis
methods (USEPA 1993, USEPA 1999). Further, different watersheds may have different
background concentrations from natural and anthropogenic nonpoint sources (e.g.,
road salt or brine runoff, mine discharges). Good and VanBriesen (2016) used maximum
dilution concentrations (values recorded at very high flow) as an estimate of natural
background levels in the Allegheny River (22 pg/L). However, for many river systems,
maximum dilutions conditions produce concentrations below detection (e.g., for the
Susquehanna River (Steffy 2013, Hintz and Steffy 2015)and the Monongahela River
(Ziemkiewicz 2013, 3RQ 2015)). In some river systems, historical concentrations
reported during the D/DBP rule ICR may be suitable for background estimates, especially
when anthropogenic discharges were not present in 1997-1998 (see Figure 7 and Figure
8); however, many utilities reported samples below the detection limit (20 ug/L). Kolb

et al (2019)proposed use of the ICR data as a baseline for a utility modeled in their
Monongahela River analysis; however, they determined a coal-fired power plant installed
wet FGD in 1994, prior to the ICR data collection. Similarly, analysis of the Susquehanna
River basin bromide data indicates a mine discharge with elevated bromide
concentrations is in the headwaters, complicating baseline assessment (Hintz 2016).

When available, drinking water utility specific bromide concentrations could be used

as river-wide targets. For example, the CALFED Drinking Water Quality Program in
California has set a target of 50 pg/L (0.05 mg/L) to protect the public from the health
effects of brominated disinfection by-products (Holm, Harader et al. 2007); this target
reflects knowledge of their source waters and treatment facility capabilities. In the
Allegheny River (PA), States et al. (2013) report that laboratory results suggest a bromide
concentration of 50ug/L would lead to 25% bromination of finished water THM4, while
data collected in the plant showed bromide at or below 50ug/L in the source water led

to between 40 and 60% bromination in the finished water THM4 (States, Cyprych et al.
2013). Wilson and VanBriesen (2013)( report bromide concentrations at multiple drinking
water intakes along the Monongahela River for 2009-2012, with median values of 63ug/L
and 69 pg/L at two sites that also reported during the ICR; values were statistically
significantly higher in 2010 when compared with 1998. Wang et al (2015)

report this elevated bromide was associated with elevated TTHM and brominated THM.
Thus, for these utilities, the elevated bromide values reported during 2009-2012 were
affecting drinking water TTHM and risk, and a target concentration for bromide in this
basin should be lower than the observed values in order to mitigate this risk. If regional
or utility-specific baseline data for bromide are not available, national historical bromide
data may provide a baseline bromide concentration. For example, across the U.S.
drinking water systems included in the ICR, the median bromide concentration in surface
waters was 30ug/L. This value could be used as a target for bromide concentration at
drinking water intakes.

While a value of bromide relevant for meeting the designated use of drinking water
supply has not been set by any regulatory authority, a narrative criteria may be applied.

In Pennsylvania the narrative criteria reads: “Water may not contain substances
attributable to point or nonpoint source discharges in concentrations or amounts
sufficient to be inimical or harmful to the water uses to be protected, or to human, animal,
plant, or aquatic life."15 The EPA specifically referred to the use of narrative water

15 §93.6(a) Commonwealth of Pennsylvania Code http://www.pacode/com/secure/data/025/chapter93/s93.6.htm/
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quality criterion for protection drinking water sources in the Technical Development
Document (TDD) related to the ELGs, stating “These narrative criteria may be used to
develop water quality-based effluent limitations on a site-specific basis for the discharge
of pollutants that impact drinking water sources, such as bromide.”(USEPA 2015e€).
Unfortunately, it is not clear how this narrative criteria is to be interpreted with respect to
bromide, given its variable effect on DBPs. EPA makes a suggestion in the TDD, stating
that: “The maximum level of bromide in source waters at the intake that does not result
in an exceedance of the MCL for DBPs is the numeric interpretation of the narrative
criterion for protection of human health and may vary depending on the treatment
processes employed at the drinking water treatment facility.” However, this proposed
approach depends on the existence of a simple relationship between bromide and
TTHM and HAAS. As noted in Section 4 above, this relationship is complex and different
for different utilities. Further, the relationship is strongly dependent on temperature

and applied chlorine dose, both of which are seasonally variable. The concentration of
bromide in the source water that would not cause an exceedance of TTHM at a utility

in February may be quite different from the concentration meeting this goal in July.
Reducing bromide concentrations in warm summer months, which may also correspond
with lower flow conditions in rivers, may be particularly challenging.

As an alternative to an in-stream bromide criteria determined by a value that would
cause an exceedance of the MCL for DBPs, a limit could be set to keep the contributions
of bromide from anthropogenic sources from elevating the risk of the drinking water. For
example, Regli et al (2015) report that bromide concentration increases at water utilities
of 50ug/L would be expected to cause a 10 to 10* increase in lifetime bladder cancer
risk for consumers of treated water from that source. For some plants in their study, a
smaller increase (10ug/L) in source water bromide was predicted to cause an increase
in risk as well (Regli, Chen et al. 2015). Thus, bromide concentration contributions from
power plants in excess of these levels could be considered to trigger load reduction
requirements at power plants.

The methods discussed in Section 3 above enable the assessment of concentration
contributions from each power plant to each potentially affected downstream drinking
water plant. Thus, power plants causing excess bromide at drinking water intakes

can be identified and permit modifications written to prevent bromide discharges

that affect DBP formation and risk at downstream drinking water plants. Good and
VanBriesen (2018) identified power plants based on 2016 coal consumption data

and assuming a target concentration of 1 pg/L under mean flow conditions is the
threshold for concern (corresponding to approximately 10 pg/L increase under low flow
conditions). Simulations with alternative coal consumption and bromide use patterns as
well as under alternative flow scenarios (e.g., 7Q10) can be developed using the same
techniques for individual power plants or for specific watersheds to assess the potential
for bromide concentration contributions to exceed selected targets.
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Bromide concentrations and
variability in receiving waters

As noted in Section 3, bromide concentrations are strongly dependent on flow
conditions in receiving waters, which show significant variability. Further, large river
systems, especially those with navigational control structures, often exhibit significant
stratification, leading to poor mixing conditions and spatial variability in measurements.
Wang et al (2015) report that mid river sampling (typical of monitoring programs)
produced estimates of river concentration that were significantly different from sampling
at drinking water intakes. The differences were significant enough to alter decision-
making on listing the river for impairment under section 303(d) of the Clean Water Act.
Similarly, significant temporal variability in bromide measurements have been reported
(States, Cyprych et al. 2013, Wilson and VanBriesen 2014) when considering weekly or
daily sampling at drinking water intakes. For example, Figure 30 shows daily bromide
sampling at the Pittsburgh Water and Sewer Authority (black dots) in pg/L (left vertical
axis) and flow (blue line) in m3/sec (inverted on right vertical axis) for 2013. The median
bromide concentration was 71 pg/L, while the minimum was 22 pg/L and the maximum
was 151 pg/L. River flow is the primary cause of the variable bromide concentration, with
high flow winter and spring conditions leading to lower bromide than low flow summer-
time conditions. Similarly, Figure 31 shows bromide concentrations measured by PADEP
at the USGS gage on the Susquehanna River near Marietta, PA. The median bromide
concentration was 18 pg/L from mid-2013 to mid-2016; however, bromide concentration
rose to above 140 pg/L in late 2016, during an unusually low flow period.
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Figure 30. Bromide concentration at the Pittsburgh Water and Sewer Authority Intake and flow at
the closest river gage for 2013. Bromide data courtesy PWSA; flow data from USGS gage 03049500.
Reprinted with Permission from (Good 2018).

© Copyright 2019 American Water Works Association | 67



180 | 50
_.160 100
S A
=140 150
wv
= G
= 120 200 §
: A A -
$ 100 250 g
[*) 1)
c A )
S 20 . 300 £
: NOTE: Below detection Br data A g
© : T
) shown at 0 (hollow triangles). 350 O
o A
S 40 A A a—y 400
A A4 .4 “A
20 A Ay, A, A, A A 450
A A A A A AA
A ap FY'Y W L A 4
0 JAN AN A A M A 500
1/1/2013 1/1/2014 1/1/2015 1/1/2016 17172017

A Br @ WQNO0201 (ug/L) —Discharge @ USGS 01576000 Susquehanna R at Marietta (cfs)

Figure 31. Bromide concentration in the Susquehanna River at Marietta and flow at the closest
river gage for 2013 through 2016. Bromide data from PADEP WQN0201; flow data from USGS gage
01576000. Figure courtesy Dr. Kelly Good.

Figure 32 shows bromide concentration in the Monongahela River at multiple locations
from 2009 to 2012. Significantly lower concentrations throughout 2012 were related

to decreased loads rather than flow variability (Wilson, Wang et al. 2013, Wilson and
VanBriesen 2014). To enable determination of the effect of increased bromide from
power plants on in stream bromide concentrations affecting DBP formation at drinking
water plants, permit writers will need to assess bromide concentrations (and variability)
at intakes. If drinking water utilities do not have intake monitoring data or states do not
have in stream monitoring data for the relevant receiving water, permit writers may need
to require river monitoring within NPDES permits for power plants in order to assess the
bromide conditions relative to the discharge point. This was required in a permit issued
to Duke Energy’s Belews Creek plant (see below).
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Figure 32. Bromide concentration in the Monongahela River for 2009 to 2012, measured at multiple
drinking water intakes. Data from (Wilson and VanBriesen 2014). Figure courtesy Dr. Jessica Wilson.

Bromide concentrations and variability
in FGD associated wastewaters

FGD wastewaters contain different amount of bromide, based on the coal being burned
and the use of bromide-based additives for mercury control or for section 45 tax credit
(coal refining). FGD wastewaters are not routinely monitored and thus, assessment of
concentrations expected in these discharges is difficult. Figure 33 presents data from
several publicly available studies or data sets. VanBriesen (2013) summarized a set

of EPRI reports, concluding that wet FGD discharges contained 69-118 mg/L bromide.
Frank (2011) reports on a bromide addition trial at the Conemaugh power plant.'s
Bromide concentration in the FGD wastewater prior to addition was 96-125 mg/L, and

it was 243-575 mg/L during the bromide addition trial. EPA requested and received
sampling data from two Duke Energy power plants during the ELG revision (USEPA
2009a, USEPA 2013b). From March to July 2009, 68 samples were taken at one plant
with bromide concentrations ranging from 2 to 67 mg/L, with a median of 26 mg/L. From
December 2008 to December 2009 samples were taken at another plant, and bromide
concentrations ranged from 86 to 140 mg/L, with a median of 110 mg/L.

16 The Frank (2011) study is also summarized in EPRI (2014) with slightly different values. EPRI (2014)
reports Frank results as 153-173 mg/L (base) and 600-700 mg/L (during bromide addition).
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Figure 33. Reported bromide concentrations in FGD wastewaters (as summarized in (VanBriesen
2013). Data from (USEPA 2009a, Frank 2011, EPRI 2014).

The EPA ECHO system identifies facilities with monitoring requirements and effluent
limits for bromide (USEPA 2018c). Table 5 indicates 41 facilities with effluent limitations
for bromide; however, only 1 is associated with electricity generation."” Of the electricity-
generating facilities required to monitor for bromide, 18 of the 49 report bromide
discharge data for 2018 in ECHO. Reported average bromide concentrations ranged from
0.033 to 849 mg/L, with maximum concentrations from 0.084 to 2357 mg/L. Reported
loads varied from 0.07'8 to 7128 kg/day.

Table 5. Bromide discharge monitoring requirements for NPDES permits in the United States.
(USEPA 2018c)

Monitoring Monitoring Requirements
Requirements Only and Effluent Limits
All facilities in ECHO 721 41
Industrial Dischargers (not POTW) 375 39
SIC code 4911 (electric services) 48 1

As discussed previously, bromide discharged from power plants is most often
associated with wet FGD wastewater; however, under current regulations, this
wastewater can be mixed with other process waters or discharged to the ash pond,
where it is diluted prior to a discharge monitoring point at the NPDES-permitted ash
pond outfall (USEPA 2015e). Using data from the EPA ELG questionnaire (USEPA 2010b),
Figure 34 demonstrates that FGD wastewater contributes less than 5% of total flow at
most power plant outfalls.

17 Pittsburg Power Plant in the city of Pittsburg in Contra Costa County in California (permit CA0004880) is
listed as having a bromide effluent limit in ECHO; however, no bromide load data are reported for 2018.

18 The reported value for Seward Power Plant (55 Ibs/year or 0.07 kg/day) was flagged in ECHO
as possibly based on a data error. The next lowest value was 91Ibs/year or 0.11 kg/day.
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Figure 34. Contributions of FGD wastewater to outfall flows as estimated in the 2009 steam electric
survey ELG questionnaire (USEPA 2010b). Values less than 100 percent indicate commingling with
other waste streams. Reprinted with Permission from (Good 2018).

The 2016 Effluent Limitation Guidelines for Steam Electric Power Plants (ELGs)(USEPA
2015b) require measurement of the FGD wastewater at an internal monitoring point
prior to any mixing, consistent with 40 C.F.R. § 122.45(h), which allows the imposition of
effluent limitations on internal waste streams when wastes are mixed prior to discharge.
However, until the implementation of that regulatory change, measured bromide
concentrations in power plant discharges will be difficult to assess and compare.

Flow, concentration and load management
for FGD-associated wastewaters

For power plants identified as warranting permit review for potential bromide effects on
downstream drinking water systems, the bromide load must be managed to ensure the
concentration of bromide that reaches the downstream drinking water plant is below

the value that negatively affects DBP formation and associated risk. Once this value is
determined for each drinking water plant (following the methods in Section 4) or for a
watershed by considering a reference watershed as described above, conventional TMDL
approaches can be used to determine waste allocations for each upstream discharger
under selected flow conditions in the receiving water (which could be 7Q10 or 3 quarter
low flow).

Monitoring these loads requires measurement of discharge flow and concentration,
which is complicated by the current practice of mixing FGD wastewaters with

other wastewater flows prior to discharge (see Figure 34). Bromide concentration
measurements are significantly affected by dilution effects from mixed wastewaters.

Figure 35 presents data from required sampling at outfall 003 at the Duke Energy
Belews Creek Steam Station (NPDES permit NC0024406). Sampling has been
conducted since 2013; these data are submitted to the North Carolina Department of
Environmental Quality.

Bromide concentration in the wastewater discharge from outfall 003 shows a downward
trend in bromide concentration from high values (7-8 mg/L) to more recent lower

© Copyright 2019 American Water Works Association | 71



values (4-6 mg/L)". Figure 36 shows these data as box plots for each year; letters
indicate significant differences in means. Again, the pattern is a declining trend, with the
median value in 2013 of 7.1 mg/L and a median value in 2017 of 5.5 mg/L. In contrast,
Figure 37 shows the computed /oads for the discharge, based on the reported bromide
concentrations and the reported flow measurements. Loads were not significantly
different?® from 2013 through 2016, with median values of 225, 204, 196 and 182 kg/L.

In 2017, the load was significantly lower than previous years (median value 152 kg/day).
These results confirm the importance of flow-weighted measurements when assessing
bromide concentrations in power plant discharges. Concentrations from grab samples
will be variable based on dilution from other wastewaters. Estimates of load can be
made with concurrently measured concentration and flow; however, assessment of

the meaning of declining concentrations must be made in the context of the flows

at the time of sampling. Thus, flow-weighted sampling will improve the value of the
concentration measurements by making them directly comparable.
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Figure 35. Discharge monitoring report (DMR) bromide concentrations (mg/L) for outfall 003 at the
Belews Creek Plant. Reprinted with Permission from (Good 2018).

19 The values plotted at zero for 5/17/2015 represents a missing data point. No bromide concentration
was reported on that date although a flow measurement was reported. This value was not used in the
distributions of concentrations show in Figure 35 or in the computed loads shown in Figure 36.

20 Difference significance was evaluated using Mann-Whitney test for medians and
Kolmogorov-Smirnov test for distributions. See Good (2018) for further details.
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Figure 36. Reported bromide concentration in outfall at 003 at Belews Creek plant. Letters
indicate significant differences across medians and distributions. Reprinted with Permission from
(Good 2018).
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Figure 37. Bromide load in discharge from Belews Creek power plant, computed from reported flow
and concentration data; letters indicate significant differences across medians and distributions.
Reprinted with Permission from (Good 2018).
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Review of power plant permits
requiring bromide monitoring

Existing power plant permits that require bromide monitoring in Pennsylvania and
North Carolina were reviewed to inform development of model language for bromide
measurement and control. The North Carolina Division of Water Resources directed
Duke Energy to apply for National Pollutant Discharge Elimination System (NPDES)
wastewater permit modifications or renewals at the company’s 14 coal-fired power
plants in 2014.2' The Pennsylvania Department of Environmental Protection (DEP) has
recently focused increased attention on coal-fired power plant permits in response

to a settlement with environmental groups.?? Relevant information related to bromide
discharges from available permits for these facilities are summarized here.

Brunner Island Power Plant. NPDES Permit No: PA0008281 authorizes discharge from
the Brunner Island Power Plant. The facility operates multiple outfalls, with discharges
to Hartman Run, Susquehanna River, and Conewago Creek. The public notice explicitly
states: “The discharge is not expected to affect public water supplies.” The nearest
downstream drinking water intake is not identified in the permit materials. The effluent
from the flue gas desulfurization wastewater treatment plant is sent to outfall 007, which
discharges to the Susquehanna River via a condenser discharge channel. Outfall 007 is
at river mile 54.27 (Lat 40°5'32.00” and Long 76° 41'23.00"). Outfall 007 has a design
flow of 0.52 MGD and continuous flow monitoring, which is reported as daily maximum
and average monthly. Bromide will be measured once per month as a 24-hour composite
and reported as a daily maximum concentration (mg/L) and a daily maximum load (lbs/
day). Samples will be taken prior to comingling of wastewaters with stormwater. Brunner
Island proposes to install a physical/chemical/biological treatment system to comply
with the 2016 ELGs. They also intend to run a pilot program to evaluate an evaporative
technology if the physical-chemical-biological method is not selected. In either case, the
compliance date is December 31, 2023.

Montour Steam Electric Station. NPDES permit number PA0008443 authorizes
discharge from the Montour Power plant. The facility operates 3 outfalls with discharges
to Chillisquaque Creek and the West Branch Susquehanna River. For outfalls 050

and 052, the nearest public water supply intake is listed as Sunbury Municipal Water
Authority approximately 26 miles downstream on the West Branch of the Susquehanna
River. For outfall 053, the nearest public water supply intake is listed as PA American
Water Company approximately 4 river miles downstream on the West Branch of the
Susquehanna River. FGD wastewater is treated and then mixed with other process
waters and sent to outfall 053 (Lat 41°4'5.96" and Long -76°51'18.98"); the NHD Com ID
is 66918973. The drainage area at this point is 6,650 mi? and the Q,, flow is reported to
be 798cfs, based on USGS stream gauge 01553500. The FGD treatment system consists
of equalization, desaturation, coagulation/precipitation, flocculation, sedimentation,

pH control, and sludge thickening and filtration. Sludge cake is deposited in the onsite
landfill. The internal monitoring point for the treated FGD wastewater is not specified in
the permit.

Outfall 050 requires bromide monitoring 2/month using a 24-hour composite with
reporting of the daily maximum and average monthly concentration (mg/L) and average

21 Documents related to this can be accessed at the NC DEQ website: https://deg.nc.gov/about/
divisions/water-resources/water-resources-hot-topics/dwr-coal-ash-regulation/duke-energy-npdes-
permits-for-facilities-with-coal-ash-ponds/duke-energy-npdes-modifications-renewals

22 The Settlement between Sierra Club et al and the Commonwealth of Pennsylvania Department of
Environmental Protection et al. Docket No. 260 M.D. 2017, is available at http://www.pennfuture.org/
Files/Admin/DEP-and-Sierra-Club-Settlement-Final—01-10-2018.pdf, and some documents related to
PA Power plants can be accessed at the PADEP website: https://www.dep.pa.gov/About/Regional/
SouthwestRegion/Community%20Information/Pages/Coal-Power-Plant-NPDES.aspx
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monthly load (Ibs/day). Flow is continuously metered and reported as average weekly
and average monthly. Outfall 052 requires bromide monitoring 2/month using a 24-hour
composite with reporting of the daily maximum and average monthly concentration
(mg/L) and average monthly load (Ibs/day). Flow will be monitored once a day and
reported as daily maximum and monthly average. Outfall 053 (which is expected to
contain the FGD wastewater) requires bromide monitoring 2/month using a 24-hour
composite with reporting of the daily maximum and average monthly concentration
(mg/L) and average monthly load (Ibs/day). Flow is continuously metered and reported
as daily maximum and average monthly.

Cheswick Generating Station. NPDES permit PA0001627 authorizes discharge from the
Cheswick Generating Station. The facility operates discharges to Little Deer Creek and
the Allegheny River. Outfall 003 is at Lat 40°32'12" and Long -79°47'39, and discharges
into NHD Com ID 123972852 at river mile 15.75. The drainage area at this point is
11,500 mi?, and the estimated Q,,, flow is 2761 cfs. The nearest downstream drinking
water intake is Oakmont Borough at Allegheny River mile 13, 2.4 miles downstream of
outfall 003. IMP 503 is the FGD wastewater, which is included in outfall 003. Bromide
monitoring will be required at both locations with a frequency of 1/week for a 24-

hour composite. Bromide to be reported as daily maximum and average monthly
concentrations (mg/L) and daily maximum and average monthly load (Ibs/day). It is not
clear if flow is continuously metered at IMP503 or outfall 003.

Keystone Generating Station. NPDES Permit No: PA0002062 authorizes discharge from
the Keystone Generating Station in Armstrong County, PA. The facility operates multiple
outfalls, with most discharging to Plum Creek, Crooked Creek, and unnamed tributaries
to these creeks. However, the wet flue gas desulfurization wastewater is sent to Outfall
001, which discharges to the Allegheny River at mile point 0.3400 (Lat 40°44'31.00"

and Long -79°35'11.00"); the NHD Com ID of this location is 123860701. The fact sheet
identifies the river at this location as having a Q,,, of 2,070 cfs, and the relevant drainage
area as being 9,023 mi2. The design flow for the outfall is 0.32 MGD (avg) and 0.4 MGD
(max). The permit application identifies the nearest downstream public water intake

(for all the outfalls) as the Buffalo Township Municipal Authority in Freeport at river mile
29.4; the flow at the intake is estimated to be 2,250 cfs. The public notice document
explicitly states “the discharges are not expected to affect public water supplies.” The
discharge for outfall 001 will be measured for flow (MGD), and a variety of chemical
constituents, including bromide. Measurements will be made only when the discharge
incorporates more than one waste stream, which is expected to be twice a year. Flow
will be estimated, and bromide will be measured in a grab sample. Measurement of

this discharge does not replace measurement of the internal monitoring points (IMPs)
for the two waste streams that make up this discharge. IMP 101 represents the treated
scrubber blowdown, which will include daily flow measurements and a weekly bromide
measurement (as a 24-hour composite). The permit fact sheet indicates the design
flow for this location is 0.32 MGD (average) with a 0.4 MGD maximum. The facility
reports that the average of reported monthly average flows over the most recent five-
year period was 0.256 MGD and the average of the daily maximum flows was 0.32 MGD.
Bromide and flow will be measured twice per discharge at internal monitoring point 201,
which represents treated wastewater from the pigging wastewater treatment facility.
This flow is expected to be variable; the fact sheet indicates it is expected to operate
twice per year.

Total Dissolved Solids (TDS) are also required to be monitored. This facility permit pre-
dates the changes promulgated in August 2010 (Chapter 95.10) related to treatment
requirements for new and expanding mass loadings for TDS. Thus, the new permit is not
subject to these changes in chapter 95 discharge limits related to TDS.
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Bruce Mansfield Generating Station. NPDES permit number PA0027481 authorizes
discharge from the First Energy Generation Bruce Mansfield Plant to multiple tributaries
of the Ohio River (Little Blue Run, Mill Creek). The fact sheet summary indicates that
flue gas desulfurization wastewaters are only discharged if there is a leak within the
FGD system. The nearest public drinking water intake is identified as Midland Borough
Municipal Authority (PWSID 5040038), which is less than 2 miles downstream of the
outfall on the Ohio River; the flow at the intake is 5,880 cfs. The permit requires grab
samples for bromide twice a month from IMP107 (service water filter and backwater
water) and once a month from IMPs 307, 407, and 507 (cooling tower blowdown).
Bromide monitoring is also required monthly at outfalls 707 and 007, which receive

the water from IMP107, 307, 407, and 507 as well as stormwater (IMP 607). Bromide
monitoring is also required once a quarter at outfalls 021, 042, and 043, which receive
springs and seeps from the lower abutment and springs/seep water affected by the
impoundment and discharge into Little Blue Run; once a quarter at each of outfalls 023,
025, 026,027,028, 029, 030, 031, 032, 033, 034, 035, 036, 037, 038, and 041 which each
receive springs and seeps affected by the impoundment and discharge to Mill Creek;
once a quarter at each of outfalls 039 and 040, which each receive springs and seeps
affected by the impoundments and discharge to an unnamed tributary to Mill Creek; and
twice a month at outfall 022, which receives supernatant from the impoundment as well
as seepage and other sources. The Permit Fact Sheet indicates that “no FGD wastewater
discharges actively occur or are expected.” Only in the event of a line break within the
FGD system, outfall 022 might receive FGD wastewater by way of a spill abatement
NPDES sump, located in the vicinity of the FGD thickeners.

Cape Fear Steam Electric Power Plant. NPDES Permit NCO003433 authorizes discharge
from Duke Energy’s Cape Fear Power Plant location; the plant has been decommissioned
and is no longer operational. The decommissioned plant site operates three outfalls,
with one (007) discharging to an unnamed tributary to the Cape Fear River and two
others (008,009) discharging to the Cape Fear River. In stream monitoring monthly for
total bromide is required at two locations: 0.9 miles upstream of outfall 008A in the Cape
Fear River, and approximately 250 meters downstream of outfall 008A in the Cape Fear
River. However, instream monitoring requirements are waived as long as the permittee
participates in the Middle Cape Fear River Basin Association, which has agreed to
sample for all the required parameters at the specified locations.

Asheville Steam Electric Plant. NPDES Permit NC0000396 authorizes discharge from
Duke Energy’s Asheville Power Plant. This plant operates outfalls to the French Broad
River, an unnamed tributary to the French Broad River, and to Lake Julian, all in the
French Broad River Basin. Outfall 001 receives discharges from multiple wastewaters,
including FGD wastewater. Internal outfall 005 is the FGD wastewater, which will
discharge to the secondary settling basin after the Ash Pond. The internal FGD
wastewater monitoring point does not require bromide measurement. FGD wastewater
may also be discharged to the local POTW. Monthly instream monitoring for bromide
is required 5,500 feet upstream and 2,900 feet downstream of outfall 001. The analysis
method and detection limit are not discussed.

Allen Steam Station. NPDES Permit NC0004979 authorizes discharge from Duke
Energy’s Allen Steam Station to the Catawba River (Lake Wylie), and unnamed tributary
to the Catawba River, and the South Fork Catawba River, within the Catawba River Basin.
FGD wastewater is treated and discharged through internal monitoring outfall 005 to
the ash basin; the ash basin wastewater is treated and then discharged through outfall
002. Upon completion of a new retention basin, FGD wastewater will be sent to the

new basin; the basin’s wastewater will be treated and discharge through outfall 006.
FGD wastewater treatment includes chemical addition (lime, ferric chloride, polymer,
hydrochloric acid, nutrients), clarification, heat exchange, bioreactors, sludge treatment.
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Bromide is required to be monitored through monthly grab samples at outfall 002, with
weekly sampling required during dewatering. Once the retention basin is built, its outfall
will have monthly grab sampling for bromide. Weekly flow monitoring or estimation

is required.

Marshall Steam Station. NPDES Permit NC0004987 authorizes discharge from Duke
Energy’s Marshall Steam Station to the Catawba River (Lake Norman) in the Catawabe
River Basin. FGD wastewater is discharged through outfall 002 from the ash settling
basin. Upon completion of a new retention basin, FGD wastewater will be discharged
through the new basin and to outfall 005. Internal monitoring point (outfall 004) contains
treated FGD wastewater discharged to the ash settling basin; after modification, IMP
(outfall 006) will contain this wastewater prior to discharge to the new basin. Bromide is
to be monitored monthly through grab samples of the effluent at the discharge from the
ash settling basin. After the modification, bromide will be monitored monthly through
grab samples of the effluent at the discharge from the retention basin. Weekly flow
monitoring or estimation is required.

Belews Creek Steam Station. NPDES permit NC0024406 authorizes discharge from
Duke Energy’s Belews Creek Power Plant. This plant operates one outfall to the West
Belews Creek / Belews Creek Lake (outfall 001) and one outfall to the Dan River
(outfall 003); both in the Roanoke River Basin. Treated FGD wastewater is released
through internal outfall 002, and then travels to the ash basin; ash basin discharge

is released through outfall 003. A new outfall 003a/006 will receive FGD wastewater
after construction of a new lined retention basin; it will discharge to the Dan River. FGD
treatment includes chemical addition (lime, ferric chloride, polymer), clarification, filter,
two stage bioreactors. Due to residual high selenium, the permit fact sheet indicates

a plan to add membrane ultrafiltration treatment to this process. The implications for
bromide removal are not clear in the permit or fact sheet; however, ultrafiltration usually
refers to a size exclusion membrane that would allow small ions like bromide to pass
through. Bromide is required to be measured monthly in grab samples for the effluent
from outfall 003. There is no requirement for bromide measurement in the new outfall
003a. No seep discharges have bromide measurement requirements.

The permit contains a section (A 24.) entitled “Bromide Reduction Evaluation.” This
section is provided here in its entirety:

A. (24.) BROMIDE REDUCTION EVALUATION

Duke Energy shall investigate technical solutions to reduce bromide in the
discharge from Outfall 003. Duke Energy shall submit semi-annual reports on

the efforts it undertakes to reduce bromide at the source as well as efforts at
downstream water treatment plants to reduce formation of total trihalomethanes
(TTHM). Duke Energy shall continue to work with the downstream public water
supply systems to find a solution to the issue of the TTHM formation in the
distribution system of the downstream water systems. The semi-annual status
reports (3 copies) shall be submitted to the Division of Water Resources, Complex
NPDES Permitting Unit.

In the event of a Maximum Contaminant Level (MCL) violation for Total
Trihalomethanes (THMs) at the Town of Madison, the City of Eden or any
wholesale customers of those systems, Duke Energy will within 14 days of

the request provide the latest available bromide monitoring data that can be
incorporated into required Public Notices issued by the public water system(s).
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The permit also contains a section (A.26) entitled “Instream Monitoring.” This section is
provided here in its entirety:

A. (26.) INSTREAM MONITORING

The facility shall conduct semiannual instream monitoring (approximately 0.5 mile
upstream and approximately 0.5 mile downstream of the ash pond discharge)

for total arsenic, total selenium, total mercury (method 1631E), total chromium,
dissolved lead, dissolved cadmium, dissolved copper, dissolved zinc, bromide,
total hardness, turbidity, and total dissolved solids (TDS). The monitoring results
shall be reported in the monthly DMRs and submitted with the NPDES permit
renewal application. The monitoring shall be conducted in accordance with the
Sampling Plan approved by the Division. Upon approval, the monitoring plan shall
become the enforceable part of the permit.

Permit application requirements

Permit applications include extensive information and analyses related to the
constituents expected to be in the wastewater and the characteristics of the
receiving waters.

The Clean Water Act (40 C.F.R. §122.21) requires a permit applicant to ‘indicate whether
it knows or has reason to believe that any of the pollutants in Table IV of appendix D

of this part (certain conventional and nonconventional pollutants) is discharged from
each outfall. If an applicable effluent limitations guideline (ELG) either directly limits
the pollutant, or by its express terms, indirectly limits the pollutant through limitations
on an indicator, the applicant must report quantitative data. For every pollutant
discharged which is not so limited in an effluent limitations guideline, the applicant
must either report quantitative data or briefly describe the reasons the pollutant is
expected to be discharged.” Appendix D includes bromide on the list of Conventional

& Non-conventional Pollutants.?® Thus, permit applications for coal-fired power plants
with wet FGD systems that discharge to waterways should indicate bromide as an
expected pollutant in the discharge of the outfall that contains the wet FGD wastewater.
Quantitative data need not be included since the ELGs for steam-electric power plants
do not directly limit bromide.

In addition to national requirements related to bromide, it may also be considered
explicitly in state regulations. For example, under the authority of 25 PA Code 92a.61, the
Pennsylvania Department of Environmental Protection (PaDEP) has determined that it
should implement monitoring in NPDES permits for TDS, chloride, bromide and sulfate.

The monitoring is prompted for discharges that exceed specific thresholds:

a) Where the concentration of TDS in the discharge exceeds 1000 mg/L or the
net TDS load from a discharge exceeds 20,000 |bs/day and the discharge flow
exceeds 0.1 MGD, Part A of the permit should include monitor and report for
TDS, chloride, bromide, and sulfate.

b) Where the concentration of bromide in a discharge exceeds 1 mg/L and the
discharge flow exceeds 0.1 MGD, Part A of the permit should include monitor
and report for bromide.

These requirements apply to all NPDES permitted discharges in the state of
Pennsylvania, and thus, permit applications must include an assessment of whether
these thresholds are expected to be exceeded. Similar requirements could be

23 40 C.F.R. §122.21. Table IV-Conventional and Nonconventional Pollutants Required to be Tested by Existing
Dischargers if Expected to be Present. In Appendix D to Part 122 NPDES Permit Application Testing Requirements
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promulgated by other states to enable identification of facilities that may produce
bromide loads with the potential to affect downstream drinking water plants.

Monitoring requirements for
bromide in NPDES permits

Based on the significant uncertainty associated with bromide concentrations in wet FGD
discharges (due to differences in coal use and bromide addition), as well as the flow
variability in receiving waters and the sensitivity of different drinking water utilities to
different bromide concentrations, bromide concentration monitoring should be required
for all power plants discharging wet FGD wastewater (even if treated to remove other
pollutants) upstream of drinking water utility intakes.

At present, FGD wastewaters are routinely mixed with other wastewaters prior to
discharge (see Figure 34 and permit review above) and internal monitoring points (IMPs)
are not required. Internal monitoring points for wet FGD wastewaters (as required by the
2016 ELGs) will provide more accurate assessment of the pollutant loads associated
with this wastewater. As the compliance dates approach for the ELGs, NPDES permits
should require measurement of FGD wastewater flow and bromide concentration at
these IMPs.

Grab sampling may not be suitable for wastewaters that have variable flow and
concentration conditions. As the analysis in Figure 36 and Figure 37 demonstrates,
reported concentrations in grab samples in systems with variable flow and mixtures

of waste streams can be misleading. Flow-proportional sampling should be required

to ensure representative load assessments can be made. This is generally achieved by
requiring a composite rather than a grab sample. In general, a composite sample means
a combination of individual samples (e.g., at least eight for a 24-hour period or four for
an 8-hour period) each obtained at spaced time intervals during the compositing period.
The size of the sample specified should be sufficient to be representative; a minimum
of 100 milliliters (mL) is recommended. The composite must be flow-proportional, with
the volume of each sample proportional to discharge flow rate or the sampling interval
proportional to the flow rates over the time period used to produce the composite. The
reviewed PA permits all include this requirement, while the reviewed NC permits do not.

Sample frequency should be set based on expected variability in the produced
wastewater from the FGD system. The reviewed PA permits require weekly sampling
(24-hour composite) and the reviewed NC permits require monthly sampling (grab).
For continuously operating FGD systems at power plants with stable coal usage (and
therefore likely stable bromide loads), monthly sampling is likely adequate; however, as
noted above, grab sampling should be avoided.

Consideration of Technology-Based Effluent
Limitations (TBELs) and Best Professional
Judgment (BPJ) technology effluent limitations.

No permits were reviewed that included bromide limitations on effluents from power
plants. However, 40 C.F.R. §125.3(c)(3) provides for imposition of technology limitations
on a case by case basis where promulgated effluent limitations guidelines only apply to
certain aspects of the discharger’s operation, or to certain pollutants. Since the Steam
Electric ELGs do not include limits on bromide, and bromide is known to be present in
the discharges from FGD scrubber systems (see for example: (EPRI 2007a, EPRI 2007b,
EPRI 2007c) case-by-case technology limitations may be set. The methods described in
Section 3 and Section 4 could be used to determine the effects of bromide discharges
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on downstream drinking water plants in order to set a bromide discharge limit for each
power plant on a case-by-case basis.

Section Five Data Sources.

Assessing the potential effects of bromide discharges requires understanding of flow
conditions and bromide concentrations in the receiving waters.

Flow data for receiving waters is available from the United States Geological Survey
(USGS) at https://waterdata.usgs.gov/nwis/rt. Bromide data for receiving waters are not
widely available. In Pennsylvania, the PA DEP water quality network can be used directly
(http://www.depgis.state.pa.us/WQN/) or accessed through STORET, where these data
and other bromide data are stored by EPA (https://www.waterqualitydata.us/). Regional
water quality sources are also available, but may be more difficult to locate and access.
In Pennsylvania, sources include Susquehanna River Basin Commission (SRBC) (http://
mdw.srbc.net/remotewaterquality/), Three Rivers Quest (http://3riversquest.org/). For the
Ohio River Basin, the Ohio River Valley Water Sanitation Commission (ORSANCO) (http://
www.orsanco.org/data/) has river data. The Water Research Foundation recently funded
a nation-wide occurrence survey of bromide and iodide in water supplies (Westerhoff
2018), which may provide additional more recent information to enable a national review
of at-risk watersheds.

Information on the discharge (flow and concentration) is needed. Some information is
available in NPDES permit applications or in prior permits. Access to NPDES permits
(and related application materials) often requires file review in state offices. Information
on facility locations, receiving waters for discharges, and discharge monitoring data
(DMR) for certain pollutants can be found in through the Enforcement and Compliance
History Online (ECHO) web tool available from the U.S. Environmental Protection
Agency(USEPA 2018c). https://cfpub.epa.gov/dmr/ez_search.cfm.

Some states also have online systems for DMR reports. For example, PADEP has online

DMR reports at https://www.dep.pa.gov/Business/Water/CleanWater/WastewaterMgmt/
eDMR/Pages/default.aspx.
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