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ABSTRACT

Treating water in order to reduce human and environmental risks requires the use of
electricity and chemicals, the generation of which creates emissions of air pollutants such as
NOy, SOz, PM2s, and CO2. Emissions of air pollutants establishes a health and environmental
risk tradeoff between air and water pollution. Addressing air-water tradeoffs by adopting a one
environment framework requires new methods for quantifying these tradeoffs, new technologies
to minimize air-water tradeoffs, and new tools for decision makers to incorporate these tradeoffs
into compliance decisions. In my thesis, | develop methods for quantifying damages from air
emissions associated with water treatment; assess the feasibility of forward osmosis (FO), a
technology which holds the promise to avoid air-water tradeoffs; and create a tool to holistically
assess compliance with air and water emission standards for coal-fired power plants (CFPPs).

| start my thesis by creating a method to quantify the damages caused by the air
emissions that resulting from the treatment of drinking water (Chapter 2), municipal wastewater
(Chapter 3), and flue gas desulfurization (FGD) wastewater (Chapter 4). These studies use life-
cycle models of energy and chemical consumption for individual water treatment unit processes
in order to estimate embedded emissions of criteria air pollutants and greenhouse gasses per
cubic meter of treated water. Damages from these additional air emissions are assessed and
incorporated into benefit-cost analyses. | find that for drinking water rules, the net benefit of
currently implemented rules remains positive but the promises of net benefits for some proposed
rules are conditional on the compliance technology that is selected. For municipal wastewater, |
find that while there are ~$240 million (in 2012 USD) benefits in air emission reduction from
installing biogas-fueled electricity generation nationwide, there are several states where biogas-

fueled electricity creates more air emissions than it displaces. For FGD wastewater treatment, |



find that complying with the effluent limitation guidelines has an expected ratio of benefits to
cost 0f1.7-1.8, with damages concentrated in regions with large chemical manufacturing
industries or electricity grids that are heavily reliant on coal.

In the next part of the thesis, | assess the techno-economic feasibility of power plant
waste heat driven FO to reduce the air emissions associated with FGD wastewater treatment. In
Chapter 5, | assess the quantity, quality and the spatial and temporal availability of waste heat
from US coal, nuclear, and natural gas power plants. | find that while 18.9 billion GJ of
potentially recoverable waste heat is discharged into the environment, only 900 million GJ of
that heat is from the flue gas and is at a temperature high enough to drive water purification
using forward osmosis (FO). In Chapter 6, | build a model of FO to assess its thermal energy
consumption and find that the 900 million GJ of waste heat produced at coal and natural gas
power plants is sufficient to meet their boiler feedwater and FGD wastewater treatment needs. In
Chapter 7, | incorporate cost into the energy consumption model of FO, and conclude that
treatment of FGD and gasification wastewater using waste heat driven FO is economically
competitive with mechanical vapor recompression.

In Chapter 8, | create an energy-balance model of a CFPP and nine environmental control
technologies for compliance with FGD wastewater and carbon capture regulations. | use this
model to maximize plant revenue at the National Energy Technology Laboratory’s 550 MW
model CFPP without carbon capture. | find that revenue is maximized by using residual heat for
water treatment or carbon capture. If both carbon capture and zero liquid discharge water
treatment regulatory standards are in place, | conclude that the plant maximizes revenue by
allocating residual heat and steam to amine-based carbon capture and electricity to mechanical

vapor recompression for FGD wastewater treatment.
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CHAPTER 1: INTRODUCTION

1.1 Context

The federal government first started to meaningfully address environmental regulations
for water quality in the late 1960s and early 1970s. Until then, the nation’s environmental waters
had been left unfishable and unswimable by decades of industrial and municipal wastewater
discharges.! The nation’s drinking water was no better, as a 1969 study by the US Public Health
Service found that more than 40% of drinking water systems did not comply with state and
federal standards.? This state of affairs launched a flurry of regulatory activity to clean up water
in the US. These activities were codified by Congress in two landmark pieces of legislation, the
Clean Water Act (CWA) and the Safe Drinking Water Act (SDWA). Both pieces of legislation
have led to significant impact on the quality of environmental waterbodies and drinking water.>

The regulations promulgated by the Environmental Protection Agency (EPA) under the
CWA and SDWA drive utilities, municipalities, industry, and private citizens to make decisions
about water treatment technologies to install or infrastructure to build (Figure 1.1). More than
15,000 publicly operated treatment works (POTWSs) in the United States treat domestic,
commercial, and industrial wastewater in order to protect receiving waterbodies under Clean
Water Act regulations.® Industries often install on-site wastewater treatment systems in order to
comply with the nearly 60 Effluent Limitation Guidelines (ELGs) promulgated by the EPA
under the auspices of the Clean Water Act.® Finally, 52,000 community water systems across the
country treat and supply water to 286 million people in a manner compliant with Safe Drinking

Water Act standards.’
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Figure 1.1 — Environmental compliance decision making for a (A) generic compliance decision
and (B) example for coal-fired power plants (CFPPs) decisions to comply with the effluent
limitation guidelines (ELGSs). In general, an environmental problem rises to the policy agenda, a
regulation is promulgated, and the regulated sector makes a decision about how to comply with
the new regulation. As a result of the compliance decision, discharges of the regulated pollutant
decrease. Compliance decisions also change the costs to the regulated industry and lead to

other environmental changes.

Water infrastructure requires the use of electricity and chemicals. The average electricity
consumption for water treatment in the United States is approximately 0.05-0.1 kWh/m?328 This is
likely to increase as regulations target more difficult to remove contaminants and water suppliers
have to move to more saline sources of water. Energy consumption for municipal wastewater

varies between 0.25-0.6 kWh/m?3, mostly due to the electricity consumption for pumping air in



activated sludge processes.®® Treatment also requires chemicals such as alum for coagulation,
sodium hypochlorite for disinfection, fluorosilicic acid for fluoridation, and activated carbon for
adsorption processes. !

The emissions produced by electricity generation and chemical manufacturing result in a
public health tradeoff. Emissions of criteria air pollutants lead to human health and
environmental damages.!?*®> Emissions of greenhouse gases contribute to climate change.!® If the
compliance technologies that municipalities or industries choose to install are energy- or
chemical-intensive, emissions of air pollutants can set up risk tradeoffs that potentially lead to
damages greater than the benefits.

In a few cases, policy makers and regulators have considered risk tradeoffs while setting
regulatory levels. In the water area, the most notable example of the EPA considering risk
tradeoffs is that of pathogens and disinfection byproducts.’*® While promulgating the Long-
Term Enhanced Surface Water Treatment Rules, the EPA explicitly balanced the risks of
microbial contamination in drinking water and cancer from disinfection byproducts. In only one
recent regulation, however, did the EPA consider air emission damages in setting a regulation
about water quality, the Effluent Limitation Guidelines for steam electric generating units.%-%°
Even in this case, the EPA only considered air emissions from electricity generation and did not
include air emissions from chemical manufacturing.

While regulators have quantified risk tradeoffs for these rules, there are a multitude of
other cases where they have not. Often these overlooked risk tradeoffs are scenarios where the
risks cross environmental media or cross sector boundaries. A handful of examples from the

literature of overlooked risk tradeoffs include the pesticide atrazine,! the gasoline additive



methyl tert-butyl ether (MTBE),?2 and the use of brominated activated carbon for mercury
removal in coal-fired power plants (CFPPs).2324

Members of the policy?®>2® and environmental engineering?’ communities have
acknowledged a need to move away from a single-media or single-sector approaches. Instead
they advocate for the adoption of a one environment framework. Whereas a traditional
regulatory framework is based upon regulating an individual sector or single environmental
media at a time, the one environment framework recognizes that all sectors impact the
environment and that the environment consists of all media. Using a one environment
framework requires taking into account how rules impact all environmental media and the
impacts on all sectors of the economy simultaneously.?® Adopting a one environment framework
challenges the current structure of regulatory agencies of bounded oversight, which is the
tendency of regulatory bodies to have responsibility for only one media or sector.?> While the
structure of regulatory bodies would need to change to accommodate this framework, a tool for
performing one environment regulatory analyses already exists — benefit-cost analysis (BCA).

Benefit-cost analysis is a frequently used tool for policy analysis. Its use in the United
States dates back to the Army Corps of Engineers in the 1930s. It became a cornerstone of the
regulatory process after it was mandated by Executive Order 12291 in 1981.28 As BCA is already
used in setting water and wastewater regulations, using BCA to address one environment
considerations is an attractive proposal. However, there is still a need to develop the methods
required to quantify one environment thinking analyses so that they can be incorporated into

BCA:s.



1.2 Towards a One Environment Approach in Water Treatment

There are three main barriers impeding the adoption of a one environment framework for
water treatment decisions. First, as mentioned above there is a lack of methods and tools for
quantifying tradeoffs across environmental media and sectors in order to include tradeoffs in
BCAs. Second, most conventional water treatment processes require chemicals or electricity, so
there is a need to develop new technologies that reduce or eliminate reliance on chemicals and
electricity. Finally, there is a need for tools to support treatment system operators in making
compliance decisions that reflect a one environment approach.

First, life-cycle assessment (LCA) is a widely used tool for modeling the environmental
impacts of a good or process across environmental media and sectors.?® However, many LCA
practitioners have been hesitant to place dollar values on these environmental impacts.®® This
reluctance is often due to a desire to promote analytical transparency and for analysts to not
impose their values onto an analysis. But, choosing between options in a comparative LCA
without valuing the environmental impacts of different options is a challenging, if not
impossible, task.%® Valuing LCA impacts using conventional, well-known and frequently used
metrics would allow LCA to more easily contribute to one environment decision making.

Second, it may be impossible to avoid cross-sector and cross-media impacts without
water treatment technologies that rely on chemicals or electricity. Fortunately, engineers are
developing a variety of water treatment technologies that can run on low-temperature waste heat
and are suitable for a variety of applications.®-* However, when used in the real world many of
these systems rely on the combustion of primary fuel for energy.®” As a result, they do not avoid

the tradeoffs between air and water. Understanding the availability of waste heat and the



feasibility of waste heat driven water treatment systems is critical to avoid air and water risk
tradeoffs.

Finally, there is also a need for the development of decision support tools for holistic
regulatory compliance. This gap is most evident in the electricity generating sector, as it is the
largest source of air®® and industrial water pollution® in the United States. Driven by frequent
regulatory activity on air pollution from power plants, tools such as the Integrated Environmental
Compliance Model*° exist to support power plant decision making for evaluating compliance
strategies with air emission regulations. The large gap between the 1982 and 2015 EPA
Effluent Limitation Guidelines on Steam Electric Generating Units (ELGs) means that there has
not been a regulatory driver to create similar tools to support compliance decisions for
wastewater treatment, let alone tools to facilitate complying with both air and water regulations
in a cost-effective manner.

1.3 Overview

Replacing the current regulatory environment of piecemeal, single-sector and single
media regulations with a one environment regulatory framework is a critical step in protecting
human health and ensuring that the nation’s water infrastructure does not inadvertently increase
health risks. This thesis contributes to the one environment approach by developing a model to
quantify the air emissions and damages that result from water treatment. | then use this model in
a variety of contexts. These air emission damages are then used in a benefit-cost analysis for
water and wastewater treatment decisions. In this thesis, | also examine the technologies and
choices that CFPPs face in making compliance decisions that take into account multiple

regulations targeting pollutants in different environmental media.



This work is separated into two parts. In Part I, | develop and use a tool to quantify and
value the damages from air emissions associated with water and wastewater treatment. This tool
is then used in three different case studies: municipal drinking water, municipal wastewater, and
CFPP wastewater. In Part I, | focus on applying one environment thinking to environmental
compliance decision-making at CFPPs. This entails modeling holistic energy and technology
choices for CFPP compliance with the ELGs and the Clean Power Plan.

Chapter 2 develops a model for quantifying air emissions associated with water
treatment. | then use this model to quantify the health, environment, and climate (HEC) damages
from air emissions associated with six regulations that have already been promulgated or are
currently under consideration. These drinking water standards are for arsenic, lead and copper,
disinfection byproducts, strontium, hexavalent chromium, and the perfluoroalkyls PFOA and
PFOS. This model quantifies the air emissions, and the resulting damages are then integrated
into a benefit-cost analysis framework. | find that while air emissions are unlikely to reverse the
signs of the BCAs for these regulations, different compliance technology options can impose
radically different air emission damages. As a result, the EPA should account for these
differences in air emission damages when they identify the best available technology for
drinking water regulations.

Chapter 3 adapts this model to municipal wastewater treatment and uses it to quantify the
HEC benefits of widespread adoption of anaerobic biogas-fueled electricity generation. In this
chapter, | first quantify the air emission damages associated with wastewater treatment at
POTWs in the United States. | then calculate the potential air emission reductions from

substituting grid electricity with on-site biogas fueled electricity generation. | find that biogas-



fueled electricity generation has the potential to reduces air emission damages associated with
wastewater treatment by $310 million annually or 25% of the total damages.

Chapter 4 applies this model to the treatment of flue gas desulfurization (FGD)
wastewater in order to demonstrate the need for highly resolved, spatial data in making
regulatory decisions. This study incorporates emissions from CFPP electricity and chemical
manufacturing into the BCA for FGD wastewater treatment performed by the EPA. 1 also
quantify the differences in using spatially-resolved data versus average process or nation-level
data. Using this model, I find that there is an order of magnitude difference in air emission
damages associated with FGD wastewater treatment and the EPA reported benefits of reduced
FGD wastewater pollution.

In Part | of this thesis, | demonstrate that the use of electricity to treat drinking water and
wastewater sets up the potential for air emission damages in excess of the benefits that result
from water treatment. Avoiding these tradeoffs is a critical task for environmental engineers as
they protect human health?” and will require new, creative approaches for selecting compliance
technologies and designing regulations. In Part Il of this thesis, | examine the techno-economic
feasibility of one solution for avoiding air-water tradeoffs at CFPPs — the use of waste heat,
instead of electricity, to drive treatment processes.

Chapter 5 starts Part 11 of this thesis by examining the quantity, quality, and spatio-
temporal availability of waste heat from thermal power generation facilities. | quantify the
recoverable heat from the exhaust gas and cooling water by combining energy balance models
with EIA data on coal, nuclear, and natural gas power plants in the United States. | also perform
an economic assessment to model the maximum distance away from power plants where waste

heat transport is economically viable. | find that the off-site applications of waste heat that are



often discussed in the literature (e.g. district heating**2 or desalination®**®) are unlikely to occur
due to spatio-temporal constraints. On-site applications of waste heat however are technically
viable and hold the potential to improve power plant efficiency.

Chapter 6 develops a model of forward osmosis (FO), a technology that has shown
promise in using waste heat for water treatment.*>#% | use this model to identify general trends in
the design and operation of waste heat driven FO systems. | use these trends in order to develop
engineering rules of thumb that reduce the energy consumption of the system. Finally, I use this
model to create first order estimates of waste heat driven FO treatment capacity from the US coal
and natural gas power generation fleet. | find that for all but five coal- and natural gas-fired
power plants in the US, waste heat driven FO can theoretically meet FGD wastewater and boiler
feedwater treatment needs.

Chapter 7 extends the model of FO developed in Chapter 6 and uses it for a techno-
economic assessment of FO’s feasibility. | perform optimization for four different case studies
of FO, of which three are for flue gas desulfurization wastewater treatment and one is for
gasification wastewater treatment system. | then benchmark FO against the EPA identified best
available technology, mechanical vapor recompression and crystallization (MVCC), to determine
if FO is economically competitive. | find that waste-heat driven FO is a competitive way for
coal-fired and gasification power plants to achieve compliance with the ELGs.

Chapter 8 creates a model to support regulatory compliance at CFPPs by identifying
revenue optimal solutions for energy dispatch to electricity generation, carbon capture, and
wastewater treatment. | apply this model to the National Energy Technology Laboratory’s 550
MW pulverized CFPPs without carbon capture model and include five different water treatment

technologies (four thermal and one electric) and four different carbon capture technologies (three



thermal and one electric). | use this model in order to determine the revenue optimal energy

allocation strategy under six different regulatory regimes. Critically, | find that regulatory

uncertainty surrounding carbon capture prevents power plants from making energy-efficient
choices surrounding flue gas desulfurization wastewater treatment.

Finally, Chapter 9 synthesizes the preceding chapters and provides recommendations to
four different audiences: regulators, municipal water utilities, coal-fired power plants, and
researchers.
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CHAPTER 2: AIR EMISSIONS DAMAGES FROM MUNICIPAL DRINKING
WATER TREATMENT UNDER CURRENT AND PROPOSED
REGULATORY STANDARDS!

2.1 Abstract

Water treatment processes present inter-sectoral and cross-media risk trade-offs that are
not presently considered in Safe Drinking Water Act regulatory analyses. This paper develops a
method for assessing the air emission implications of common municipal water treatment
processes used to comply with recently promulgated and proposed regulatory standards for
arsenic, lead and copper, disinfection byproducts, chromium (V1), strontium, and PFOA/PFOS.
Life-cycle models of electricity and chemical consumption for individual drinking water unit
processes are used to estimate embedded NOy, SOz, PM2s, and CO2 emissions on a cubic meter
basis. We estimate air emission damages from currently installed treatment processes at US
drinking water facilities to be on the order of $500 million USD annually. Fully complying with
six promulgated and proposed rules would increase baseline air emission damages by
approximately 50%, with three-quarters of these damages originating from chemical
manufacturing. Despite the magnitude of these air emission damages, the net benefit of currently
implemented rules remains positive. For some proposed rules, however, the promise of net
benefits remains contingent on technology choice.

2.2 Introduction

The Safe Drinking Water Act (SDWA) provides regulatory authority to the US federal
government to create enforceable standards for drinking water quality and safety.! These

standards have enabled extraordinary gains in public health,? and retrospective analyses of

! This chapter is based on a paper co-authored with Prof. Meagan Mauter that was submitted to
at Environmental Science & Technology.
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historic drinking water quality regulations indicate that the benefits have far exceeded any
compliance costs.? 3 Fully assessing these benefits and costs for emerging drinking water
contaminants is more challenging, particularly when contaminant removal processes impose
systemic risk tradeoffs.

The most notable example of these risk trade-offs in drinking water regulatory analyses is
for disinfection and disinfection byproducts. In establishing the Long-Term Enhanced Surface
Water Treatment Rules,® the EPA set regulatory standards to balance the competing risks of
acute illness from microbial contamination with the risks of cancer from disinfection
byproducts.® There is also a growing body of research on inter-sectoral risk trade-offs involving
drinking water, including the use of methyl tert-butyl ether (MTBE) as a gasoline additive,’
bromide for mercury control at power plants,® °® and atrazine as a pesticide.!® But the
incorporation of inter-sectoral and inter-media (e.g. water and air or water and soil) trade-offs
into regulatory analyses is often limited by the “bounded oversight” of the regulators responsible
for designing drinking water regulations.” ! Researchers have argued that benefit-cost analysis
can address bounded oversight to express the benefits and damages to a variety of media.'> 13
Even with benefit-cost analysis, however, an analyst must make a deliberate choice to include
cross-media impacts in the scope.

Drinking water regulatory analyses have also neglected to consider trade-offs that occur
over the life-cycle of the water treatment system, most notably the operation phase. Drinking
water systems comply with SDWA rules by installing separation processes that rely on
electricity and chemicals.'* *° Life-cycle assessments (LCAs) of drinking water systems have
demonstrated that the majority of impacts associated with drinking water treatment occur as a

result of electricity and chemical consumption during plant operation.'>*® These impacts include
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emissions of greenhouse gasses (GHGs) and the criteria air pollutants (CAPs) NOy, SO», and
particulate matter from electricity generation and chemical manufacturing. These indirect
emissions of GHGs and CAPs produced over the life cycle of water treatment impose human
health, environmental, and climate (HEC) damages.!%?3

While there are a multitude of drinking water treatment LCAs that quantify the energy
intensity or GHG and CAP emissions from water treatment, > 242% we are unaware of any that
quantify the human health damages associated with these emissions. Furthermore, the vast
majority of these LCAs were performed for a single treatment train, rather than for the diverse
set of processes currently installed at drinking water treatment facilities around the US.
Performing an accurate estimate of the air emission damages from US water treatment plants
under current and future regulatory scenarios is further confounded by the high regional
variability in the emissions factors associated with chemical and electricity process inputs. In the
absence of quantitative methods for estimating air emission damages from existing and emerging
water treatment processes, rulemaking activities have been unable to consider competing risks
from diminished air or water quality.

This work fills the air-water risk tradeoff gap by developing and applying a quantitative
method for evaluating the life-cycle air emission damages from drinking water treatment. We
build life-cycle models of electricity and chemical consumption for drinking water unit
processes, estimate the embedded emissions of NOx, SOz, PM2s, and CO, and provide spatially
resolved estimates of associated damages to human health and the environment. We apply this
method to estimate the air emission damages from installed water treatment processes at all US
drinking water facilities. Finally, we evaluate the air-water risk tradeoffs for six proposed and

promulgated drinking water regulations.
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2.3 Methods

2.3.1 Estimating Air Emission Damages from Drinking Water Treatment

To calculate the air emission damages associated with drinking water treatment processes

we combine treatment level-facility data with state-level data on electricity consumption,

chemical manufacturing, and air emission damages (Figure 2.1).
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Figure 2.1. Method for calculating the drinking water air emission damages and net benefits or

net costs for the regulations included in this analysis.

For this analysis, we focus on six different contaminant/regulations and compliance

technologies: Arsenic,* Lead and Copper,! Disinfectant By-Products (DBPs),® Hexavalent

Chromium,® Strontium,* and Perfluorooctanoic Acid (PFOA) and Perfluorooctyl Sulfonate

(PFOS)3* (Table 2.1, Supporting Information in Appendix 1Section 1.0). Three of these rules

(Arsenic, Lead and Copper, and DBP) are finalized. The other three rules, Hexavalent

Chromium, Strontium, and PFOA/PFOS, are at various stages in the regulatory process. These
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rules will require the installation of new treatment processes at non-compliant facilities. Our
analysis of the air emission impacts of regulations considers only the effects of installing new
processes at non-compliant plants to meet proposed standards. If a facility already has a
compliance technology installed and is compliant with the standard, we do not consider it in
evaluating the air emissions associated with complying with that rule.

Table 2.1. Rules and Compliance Technologies

Rule Compliance Technologies  Standard Number of Non-Compliant
Systems

Arsenic Iron Co-Precipitation 10 ug/L 1,086

Lead and Copper Corrosion Inhibitor Lead 15 ug/L 2,757
Copper 1.3 mg/L

DBP GAC Adsorption TTHM 80 ug/L 1,697
HAAS 60 ug/L

Chromium (V1)  Reverse Osmosis 10 ug/L 25

Strontium Lime Soda Ash Softening 1.5 mg/L 113

PFOS/PFOA Reverse Osmosis / Total 70 ng/L 27,000

GAC Adsorption

Drinking Water System Data. We use data from the Safe Drinking Water Information
System (SDWIS),*® Unregulated Contaminant Monitoring Rule (UCMR),*¢ and Information
Collecting Rule (ICR) ¥ (SI Section 2.0) to identify the (1) state, (2) installed treatment
technologies (SI Section 3.0), and (3) volume of water for each of 47,500 drinking water systems
serving 288 million people.

We use the location of each facility reported in SDWIS to identify the appropriate state-
level marginal emissions factor®® for generating electricity used during water treatment. SDWIS
also identifies currently installed treatment processes that we use in developing a model of
baseline emissions from drinking water treatment. SDWIS does not report water production, and

so we estimate total annual water production for system i, Vi [m®/yr], as the product of SDWIS
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reported population served, Popserved [person], and the average per capita water consumption per
year, Ayc [m*/person-yr], of 124 m3/person-yr®® as shown in Equation 2.1.
Vi = ApcPopiservea (2.1)

We determine facilities that will need to install additional treatment technologies to
comply with the six water quality rules (Table 2.1) by comparing the MCL for each rule to water
quality data reported in the UCMR and the ICR. If water quality data are not available for a
facility, we apply state-averaged water quality data for that facility. We assume that any
compliance technologies that are installed are operated to in order to achieve compliance with
the regulation.

Life-Cycle Inventory of Air Emissions from Drinking Water Systems. For each facility in
our dataset, we use SDWIS® to inventory the water treatment technologies currently installed in
the “baseline” treatment train. For non-compliant systems, we also inventory technologies
necessary to bring a “regulated” treatment train into compliance with each of the six pending or
proposed water quality rules (SI Section 1.0). Average electricity?” *° and chemical inputs®® 274
for each of these treatment processes is obtained from the published literature and reported in Sl
Sections 2.0 and 3.0 and Tables S1-S3. Finally, we estimate the air emissions embedded in these
electricity and chemical inputs in the year 2014.

The mass of annual air emissions associated with electricity consumption, M,’fffjc [a/yr] is

calculated for each pollutant j from drinking water facility i under scenario h of either the
baseline scenario or new regulation scenario using Equation 2.2. Emissions are the product of
the volume of water produced at facility i, ¥ [m®/yr], the total electricity consumption of the unit
processes, g, that are installed in the baseline or newly-regulated scenario, h, Eqn"’ [kWh/m?], and

the marginal emissions factors per kWh for air pollutant j in state I, emsji [g/kWh].38 42 The
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emissions factors for CO2, NOy, and SO, are marginal emission factors, as only a small
percentage of US electricity generation is consumed by water treatment processes.*® * Marginal
emission factors are not available for PM2s and so we use state-level average emission factors
from the EPA Emission Inventories.*? Electricity is assumed to be generated in the state where
the drinking water facility is located.

Mﬁ,lfjc = %Egtlhemf,j,l (2.2)

Mii; =X ¥%Qisi(eimpn + ZaEdredn + Ef Tiemsin %) (23)

Similarly, the mass of annual air emissions associated with chemical consumption by
each water treatment facility, My ; ; in [g/yr], is calculated using Equation 2.3. Air emissions
from chemical manufacturing originate from three sources. The first source is emissions
released directly during the manufacturing of chemical f, efm,f,h in [g-emissions/g-chemicals].
The second source of emissions is from the combustion of thermal energy to drive chemical
manufacturing, which is the product of the energy consumed from fuel source d, Eé)_f in [MJ/g-
chemical], and emission per unit of thermal energy, eZ, in [g-pollutant/MJ]. The final source is

emissions from electricity consumed in chemical manufacturing which is the weighted average

Vi

of the grid emissions, ¥, ey f 1 n A
" [AQ!

in [g-emissions/kWh] multiplied by the electricity consumed

to produce a unit of chemicals, EfC in [kWh/g-chemical]. This weighting is done according to a
state’s chemical manufacturing sector size and we assume chemical manufacturing follows the
nationwide distribution in chemical production.*® The sum of these emissions per unit of
chemical is then multiplied by the water required to be treated at facility i, ¥ in [m®/yr], and the
chemical dosage, Qi [g-chemical/m®]. Additional detail about the methods used to calculate

chemical emissions can be found in the our published work.*® We also perform sensitivity
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analyses (SI Section 4.0) on assumptions about the geographic distribution of chemical
manufacturing and binding air pollution regulations.

Damages from Drinking Water Systems. To calculate the associated air emission
damages from drinking water systems at the facility-level, we use AP2,2! EASIUR,*" and the
social cost of carbon® to estimate the damages per ton of additional pollutant j occurring in state
I, djin [$/g]. In this chapter we report damages from CAPs using AP2 with EASIUR results
reported in the SI (SI Section 5.2, Tables S10 and S11, and Figure S1). Our results are sensitive
to the assumed value of a statistical life ($8.3M in 2012$) and social cost of carbon ($42/short
ton in 2012$). To first order, the impact of alternative values of a statistical life or social costs of
carbon can be assessed by linearly scaling our damages.

Air emission damages associated with electricity consumption are calculated at the
facility-level, Df}fc in [$/yr], by multiplying the amount of electricity consumed at facility i by
d;, (Equation 2.4). Air emission damages associated with the production of chemicals

consumed in water treatment are calculated for each state | as the product of d;; and estimated

mass of air emissions from chemical manufacturing in that state (Equation 2.5).

Dpi® =X, djiMp (2.4)
Vi=
Dy =%, dj,lMg,i,j# (2.5)

The total damages nationwide for treatment train h, Dy in [$/yr], is given by Equation 2.6.
Dy = ¥ Dy + X, Df;, (2.6)
2.3.2 Benefit-Cost Analysis of Drinking Water Regulations
We compare the damages calculated using Equation 2.6 to the benefits reported in the
regulatory documentation for Arsenic, the Lead and Copper Rules, and the Disinfection
Byproduct Rules. Costs (C) considered in these regulatory analyses include technology
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installation and regulatory oversight. The costs do not include damages from embedded air
emissions, as the EPA did not calculate them during the BCA process. Benefits (B) include
health benefits and other environmental benefits. The net benefits (N) of a rule are calculated
using Equation 2.7.
N=B-C-D, (2.7

For the three rules that are still in development, we use published estimates of
compliance technology costs to calculate the health benefits from improved water quality
necessary for the rule to provide a net benefit to society.*®
2.3.3 Evaluating Regulatory Compliance Options

The EPA recommends two compliance technology options for PFOA/PFOS: reverse
osmosis or granular activated carbon. In the main analysis laid out in Section 2.1, we model
plants installing granular activated carbon adsorption processes to comply with the PFOA/PFOS
health advisory. We repeat the calculations in Section 2.1 using reverse osmosis as the
compliance technology to explore the difference in damages resulting from selecting an
alternative technology.
2.3.4 Forecasting Emissions from Electricity Consumption

The marginal emission factors from electricity generation are expected to decrease as
coal fired power plants are replaced by natural gas plants and renewable energy sources. This
transition may, in turn, reduce the embedded air emission damages from drinking water
treatment. We use EIA Annual Energy Outlook 20174 forecasts of electricity generation, Gkm
[kWh], to calculate national average shares of electricity from fuel m (coal, natural gas, diesel,
and zero operating emission energy sources) in year k between 2015-2050. We then calculate

national average emission factor forecasts, earm [g/kWh], over this interval for SO2, NOx, PMz2s,
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and CO; using average emission factors from fuel source coal, natural gas, and diesel.>® We then
multiply national average emission factor forecasts by the amount of electricity consumed to
drive baseline and regulatory treatment trains and average damages per mass of air pollution

values in order to calculate expected damages through 2050 (Equation 2.8).

Dip = X(d; X% Yg(Egy %)) (2.8)
Because we use marginal emission factors for the main analysis and average emission factors for
forecasting, Equation 2.8 overestimates the damages. We correct for this overestimation, Dy,

[$/yr], by multiplying the ratio of calculated results for 2014 from Equation 2.5, Dh [$/yr],

forecasted results for 2014 from Equation 2.8, Dk [$/yr] (Equation 2.9).

2.4 Results and Discussion
2.4.1 Air Emission Damages from Operating Baseline and Compliant Treatment Trains

We estimate that baseline operation of water treatment plants consumed 2500 GWh of
electricity, consumed 1.5 million tons of chemicals, and generated $500 million dollars in air
emission damages in 2014 (expressed in 2014 dollars and using a value of a statistical life of $9
million) (Figure 2.2A, 2.2C, and 2.2E). Emissions from chemical manufacturing contribute 73%
of the damages in the baseline treatment train. The damages associated with operating baseline
water treatment are several orders of magnitude lower than the benefits of avoided illness and

death from untreated drinking water.?
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Chemical Manufacturing Electricity Generation

Total Damages

Baseline Treatment Train

Per Capita Annual
Electricity Damages
in Baseline Treatment Trains [$/year]

[ <$0.25 [1$0.50-$1.00
[1$0.25-$0.50 C1$1.00-$1.80

Annual Damages
$134M

Per Capita Annual
Chemical Damages
from Baseline Treatment Trains [$/year]

[ <$0.25 [1$1.00-32.50
[1$0.25-$0.50 [ $2.50-$4.00
[1$0.50-$1.00 I $4.00-$5.90

$363M

Per Capita Annual
Air Emission Damages

[ <$0.25 [1$1.00-52.50
[150.25-$0.50 [ $2.50-$4.00
[1$0.50-$1.00 I $4.00-$6.54

Annual Damages
$497M

Regulated Treatment Train

Per Capita Annual
Chemical Damages
in Regulated Treatment Trains [$/year]

[ <50.25 [1$0.50-31.00

Annual Damages
$179M

[1$0.25-50.50 C1$1.00-51.81

Per Capita Annual
Chemical Damages
in Regulated Treatment Trains [$/yeal

[ <$0.25 [19$1.00-32.50
[1$0.25-$0.50 [ $2.50-$4.00
[1$0.50-$1.00 I $4.00-$6.80

$581M

Per Capita Annual
Air Emission Damages
in Regulated Treatment Trains [$/year]

[ <$0.25 [1$1.00-$2.50
[1$0.25-$0.50 [ $2.50-$4.00
[1$0.50-$1.00 I $4.00-$7.44

Annual Damages
$760M

Figure 2.2. Per capita air emission damages associated with operating drinking water treatment

processes under current and future regulatory scenarios. State-level damages embedded in

electricity consumption by water treatment processes for the (A) baseline treatment train and the

(B) regulated treatment train assuming compliance with all promulgated and proposed SDWA

regulations. State-level damages embedded in chemical consumption by water treatment

processes for the (C) baseline treatment train and the (D) regulated treatment train. Total air
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emissions damages for the (E) baseline treatment train and the (F) regulated treatment train. In
panels (B), (D), and (F) the asterisk indicates a > 50% increase in air emission damages for the
regulated treatment train that is compliant with the six drinking water regulations studied in this
paper relative to the baseline train. Emissions and damages are tabulated in SI Tables S8 and
S9 and SI Section 5.1. Results calculated using EASIUR to price CAP damages can be found in

Sl Section 5.2 and Tables S10 and S11.

Achieving compliance with the six drinking water regulations increases air emission
damages by $260 million (in 2014$) annually (Figure 2.2B, 2.2D, and 2.2F). This represents an
increase of 53% from the emissions associated with the baseline treatment train. Of this $260
million in damages, 76% are damages from chemical manufacturing. Over 85% of these
damages, $230 million (in 2014$), stem from compliance with the PFOA/PFOS Health Advisory
at 27,000 drinking water facilities nationwide. Emissions and damages increases estimated for
compliance with each of the six regulations are broken down in SI Section 6.0, Tables S12-S17,
and Figures S2-S7.

The state-level damages presented in Figure 2.2 are based on a nationwide average of per
capita water consumption. Per capita water consumption, however, varies across states.
Accounting for this variability in water consumption may lead to differences in damages,

especially in western states where water consumption is higher on a per capita basis.*!

28



2.4.2 Benefit-Cost Analysis of Drinking Water Regulations
Table 2.2 Benefit-cost analysis for the six drinking water regulations after accounting for

estimated air emission damages.

Benefits Costs/Damages Net
Compliance Electricity Chemical
Costs Damages Damages
Contaminant ($/m in 2014$)
Finalized Rules
Arsenic 0.14 0.16 0.0006 0.000002 -0.024
DBP 2.70 0.94 0.0012 0.0080 1.80
Lead and Copper 7.70 1.25 0.0006 0.0003 6.50
Rules Under Consideration
Chromium (V1) >().23%* 0.20%8 0.025 0.0014 >0
Strontium >0.44%* 0.40% 0.0008 0.042 >0
PFOA/PFOS** >0.61* 0.60% 0.0017 0.0080 >0

*Rules that are under consideration do not have published estimates for their benefits and compliance costs.
**Using Granular Activated Carbon as the compliance technology.

For the three finalized rules (Arsenic, DBPs, and Lead and Copper), the signs on the
benefit-cost analysis do not change with the inclusion of air emission damages (Table 2.2). The
DBP and Lead and Copper rules had large benefits to society, and accounting for air emissions
damages does not change this conclusion. The arsenic rule was a net cost to society without
incorporating air emissions from drinking water; including air emissions in the benefit-cost
analysis only increases the cost.

For the three rules that are not yet finalized, Table 2.2 presents the minimum benefits
required given estimates of air emission damages from this analysis and literature-based
compliance technology costs.*® % On a per cubic meter basis, air emission damages contribute 2-

11% of the total costs to society for these rules. Air emissions are therefore a small, but non-
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negligible contributor to these overall costs. The benefits required for these rules to impart net
social benefits range from $0.23/m? to $0.61/m?3 (in 2014$).

There are several unquantifiable co-benefits of adopting the six drinking water
regulations that are not accounted for in this analysis. These include the reduction of unregulated
contaminant concentrations associated with the advanced treatment technologies that are
installed to comply with these rules. There is also the possibility that, in the process of
complying with new water quality regulations, monitoring and enforcement of existing water
quality regulations is improved.

2.4.3 Evaluating Regulatory Compliance Options

1500
[ Chem. Manuf

[ Electricity

1200 A

[Million $/yr]
(o)) (<o)
8 3

Air Emission Externalities
w
o
o

RO GAC

Figure 2.3. Air emission damages from reverse osmosis and granular activated carbon
treatment for PFOA/PFOS removal at 58,000 drinking water facilities across the US. The error
bars show the uncertainty in the location and presence of binding regulations affecting emissions

from the chemical manufacturing sector (SI Section 4.0) and Tables S4-S7.

Quantifying the air emission externalities of drinking water treatment processes can also
assist in compliance technology selection. Of the two compliance options for PFOA/PFOS

removal, reverse osmosis is the highest damage alternative (Figure 2.3). Using reverse 0Smosis
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to comply with the PFOA/PFOS standards imposes air emission damages of $1.2 billion
annually (in 2014%). The use of GAC to achieve compliance with PFOA/PFOS imposes air
emission damages of $220 million/yr (in 2014$), a sixth of the damages from reverse osmosis.
The primary source of air emission damages from RO is the electricity used to drive the process,
rather than from emissions embedded in chemical consumption. In contrast, granular activated
carbon leads to more damages from chemical manufacturing than reverse osmosis, with
subsequently more uncertainty.

Reverse osmosis and granular activated carbon have different removal efficiencies for
PFOA/PFQOS, with RO producing higher quality water. This sets up a trade-off between
reducing health risks from PFOA/PFOS in drinking water and minimizing the environmental and
health risks from criteria air pollutants and greenhouse gasses. To account for this additional
$1.0 billion in air emission damages annually, reverse osmosis would need to save an additional
124 statistical lives through PFOA/PFOS concentration reduction. These additional statistical
lives could also be saved by the co-benefits of RO by producing higher quality water.

2.4.4 Future Air Emission Damages from Electricity Consumed in Drinking Water Treatment

As the grid evolves to rely less on fossil fuel sources, damages from air emissions are
expected to decrease (Figure 2.4). By 2050, annual damages associated with emissions from
electricity generation that result from compliance with these six standards decreases by $36
million per year from the 2015 level of $97 million. This reduction in damages from electricity
will lower the required benefits presented in Table 2.2 to achieve net benefits from these

drinking water rules.
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Figure 2.4. Projected air emission damages from electricity generated to treat US drinking
water with the baseline treatment train and the additional emissions that result from drinking
water compliance. N.B. That this figure does not include damages resulting from the electricity
consumed during chemical manufacturing.
4.0 Implications

Stronger epidemiological evidence of health impacts from contaminated water, enhanced
public awareness of water quality issues, and improved analytical techniques for detecting
aqueous contaminants are each drivers for stricter water quality regulations.: > While the
counter-argument to installing the advanced treatment technologies necessary for compliance has
historically been cost, we proposed that the very real risks of air emission externalities of water
treatment should also be considered. On the order of 100,000 deaths from air emissions occur
annually in the US.>* We advocate a regulatory assessment process that explicitly considers the
life-cycle tradeoffs between improved water quality and reduced air emissions.

Adapting the regulatory assessment process for the six water quality regulations
evaluated in this analysis would be unlikely to significantly change the assessment of net benefits
or the regulatory standards. However, as demonstrated for the PFOA/PFOS rule, it may

influence the selection of the best available technology for regulatory compliance.
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Adapting the regulatory assessment process to include life-cycle air emissions may also
broaden the scope of environmental justice analyses. This analysis demonstrates that spatial
distribution of the damages, and not simply the water quality benefits, varies across the United
States and should be considered in evaluating regulations. Areas with high-levels of coal-fired
electricity generation or chemical manufacturing may experience damages from air emissions in
excess of benefits from improved drinking water quality. Performing spatially-resolved air
emissions analyses allows the EPA to quantify these trade-offs as part of their standard
environmental justice analyses.

Finally, this analysis supports the ongoing transition from single-media focused
regulations (e.g. drinking water) towards more holistic analyses that account for the
countervailing risks analyzed in this paper. Previous examples of the EPA moving to holistic
regulatory activity includes the cluster rules for the pulp and paper industry® and Executive
Order (EO) 13211 mandating that all regulations, including drinking water regulations, undergo
an energy inventory if they are deemed “economically significant.”** Unfortunately, it is not
standard practice for analyses performed under EO 13211 to assess emissions associated with
this electricity generation or incorporate the damages into benefit-cost analyses performed under
EO 12866. Even if damages from the emissions associated with electricity generation were
included in EPA BCAs for drinking water treatment, the emissions from chemical manufacturing
would be overlooked. As chemical manufacturing damages contribute roughly three times as
much as electricity generation, their inclusion is important in ensuring a comprehensive analysis

of these trade-offs.
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In short, more rapid adoption of environmental regulatory frameworks that account for
inter-sectoral and cross-media risk trade-offs should be a priority at both the national and state
levels.
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2.7 Nomenclature

Symbols

A Per capita annual water consumption [m®/person-yr]

B: Benefits from a drinking water regulation [$/yr]

C: Compliance costs from a drinking water regulation [$/yr]
D: Air emission damages for drinking water treatment [$/yr]

D: Corrected damages forecast [$/yr]
d: Damages per unit of NOx, SOz, PM2s, and CO2 [$/g]

E: Energy consumption [KWh/m?®], [kWh/g-chemical], or [MJ/g-chemical]

e: Emissions factor per unit of energy [g/kWh] or [g/MJ]

G: Annual electricity generation [KWh]

M: Annual mass of NOx, SOz, PMz2s, or CO2 emissions [g/yr]
N: Net benefits or costs from a drinking water regulation [$/yr]

Pop: Population served by a facility [people]

Q: Chemical dosage [g-chemical/m?]
V: Annual value of products from the chemical manufacturing sector [$]
V: Annual water production [m3/yr]
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W: Electricity consumption for water treatment process [KWh/m?]

Subscripts

af- Average emissions factor

cm: Chemical manufacturing

d: Thermal fuel

f: Chemical

g Unit process

h: Treatment train (baseline or newly-regulated)

i: Drinking water facility

j: Air pollutant (NOy, SO2, PM2s, or CO3)
: Year

Ik State

m: Fuel source for electricity generation

\mf- Marginal emissions factor

PC! per capita

served:  POpulation served by a facility
Superscripts

<. From chemical manufacturing
From thermal fuel combustion
Elec:  From electricity generation

W Electricity consumption
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CHAPTER 3: AIR EMISSION BENEFITS OF BIOGAS ELECTRICITY
GENERATION AT MUNICIPAL WASTEWATER TREATMENT PLANTS?

3.1 Abstract

Conventional processes for municipal wastewater treatment facilities are energy
intensive. This work quantifies the air emission implications of energy consumption, chemical
use, and direct pollutant release at municipal wastewater treatment facilities across the US and
assesses the potential for biogas combustion for heat and electricity generation to offset these
damages. We find that embedded and on-site air emissions from municipal wastewater treatment
imposed human health, environmental, and climate (HEC) damages on the order of $1.26 billion
USD in 2012, with 83% of these damages attributed to electricity consumption by treatment
processes. An additional 9,800,00 tons of biogenic CO- are directly emitted by wastewater
treatment and sludge digestion processes currently installed at plants. Retrofitting existing
wastewater treatment facilities with anaerobic sludge digestion for biogas production and biogas-
fueled heat and electricity generation would reduce HEC damages by 22.8% relative to the
baseline electricity emissions, or $241 million annually. These findings reinforce the importance
of accounting for use-phase embedded air emissions and spatially-resolved marginal damage
estimates when designing sustainable infrastructure systems.
3.2 Introduction

Aging systems, tighter regulatory standards, and expanding demand are driving
significant growth in the construction of publicly operated treatment works (POTWSs) in the US.?
These facilities are likely to operate for several decades, a time during which the US electricity

sector will likely undergo radical change. Next generation wastewater treatment processes must

2 This chapter is based on a manuscript co-authored with Prof. Meagan Mauter and is in
preparation for submission to Sustainable Chemistry & Engineering.
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meet standards for pathogen and nutrient control,>2 while also creating opportunities for nutrient
recovery,*® minimizing electricity demand, buffering against intermittency in electricity supply,
and reducing direct and embedded air emissions from the treatment process.

Biological wastewater treatment generates direct emissions of volatile organic
compounds (VOCs) and greenhouse gasses (GHGS), including CO2, CHs, and N2O. These
emissions stem from the biodegradation of organics in secondary treatment processes.>?° Past
efforts to quantify these emissions through direct monitoring® 1% 223 or modeling!® 14 18 24 have
been limited to individual plants. As a result, we lack a spatially-resolved national emissions
inventory of GHGs from wastewater treatment facilities that is critical to informing climate
policy. We also lack tools for valuing the broader human health, environmental, and climate
(HEC) damages that result from VOC and GHG emissions. Indeed, previous assessments of
VOC emission damages have focused exclusively on health impacts to workers.?> 2°

In addition to direct emissions from biological wastewater treatment, there are embedded
air emissions from the consumption of electricity and chemicals in the treatment process.26-2
Electricity and chemical consumption has been evaluated for both conventional and emerging
treatment processes, including small scale systems for decentralized wastewater treatment.28-2%
3136 Studies that translate these electricity and chemical inputs into air emissions use national
grid average emissions factors,® and thus do not account for the marginal or regional variability
in the emissions intensity of the grid. Finally, there are no studies that monetize the air emission
damages from wastewater treatment, which stymies the inclusion of air emission damages in

benefit-cost analyses used in regulatory and planning processes.
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Despite limited quantitative information on direct or embedded emissions from US
wastewater treatment facilities or their associated damages, energy recovery and emissions
reductions from wastewater treatment are a priority for many states.>’* Anaerobic sludge
digestion for biogas generation is a particularly cost-effective approach to energy recovery, as it
does not require modification of the primary and secondary treatment processes.**! The biogas
production rate is approximately 0.07 m® per m® of wastewater,*? and the recovered biogas can
be combusted to help meet the thermal and electrical energy requirements at the plant. The life
cycle emissions reduction benefits of displacing electricity consumption are likely to be highest
in regions with a coal-dependent grid.

This paper quantifies the air emission benefits of anaerobic sludge digestion at municipal
wastewater treatment facilities in three steps. First, we develop a model of the life-cycle
emissions of criteria air pollutants (CAPs) and greenhouse gasses (GHGs) from electricity
generation, chemical manufacturing, and on-site emissions associated with municipal wastewater
treatment at all wastewater treatment facilities in the continental US. We then use this model to
evaluate the HEC externalities from air pollution associated with wastewater treatment using
AP2* and the social cost of carbon.** Finally, we evaluate the potential of biogas-fueled heat and
electricity to reduce emissions relative to natural gas combustion and local grid supplied
electricity.

3.3 Methods
3.3.1 Air Emission Damages from Municipal Wastewater Treatment

We use methods for calculating air emission damages associated with currently installed

municipal wastewater treatment processes that are similar to our previous work on calculating air

emission damages associated with drinking water treatment in Chapter 2.26 We make three
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changes to that method for an analysis of emissions associated with wastewater treatment. First,
we source data on installed wastewater treatment processes at 14,693 publicly operated treatment
works (POTWs) within the continental US from the Clean Watersheds Needs Survey
(CWNS).*6 Second, in addition to emissions from electricity generation and chemical
manufacturing, we incorporate on-site emissions of greenhouse gasses and VOCs from microbial
activity, natural gas combustion to heat bioreactors, biogas combustion, and fugitive biogas
emissions from wastewater and sludge digestion processes. Third, we account for emissions and
damages of VOCs that result from electricity generation and chemical manufacturing using the
US EPA’s National Emissions Inventory*’ (for electricity generation) and from the life-cycle
assessment literature*®-° (for chemical manufacturing). Details of the methods for calculating
air emissions and damages associated with electricity generation and chemical manufacturing
can be found in Chapter 2.2° The treatment technologies included in our analysis, data inputs, and
a summary of the methods can be found in SI Sections 1.0-3.0 in Appendix 2.

Wastewater Treatment System Data. We use the CWNS results for data on POTWs. For
47 of the 48 continental US states and the District of Columbia, we use 2012 CWNS data.*
South Carolina did not participate in the 2012 CWNS and so we use 2008 CWNS data® for that
state. This combined CWNS dataset includes 14,693 POTWs, or 99.6% of the nation’s
wastewater treatment facilities. CWNS data includes (1) installed technologies, (2) treatment
flow, and (3) the state and county of the facility. We use this data to estimate the electrical and
chemical inputs for each facility and to compute location-specific emission factors and emission

damages.
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Life-Cycle Air Emissions for Wastewater Treatment Systems. We evaluate the life-cycle
air emissions of four CAPs (SO2, NOx, PM2s, and VOCs) and three GHGs (CO2, CH4, and N2O).
There are three sources of CAP and GHG emissions associated with wastewater treatment. First,
there are on-site emissions. On-site emissions of pollutant j at facilities i include emissions from

biodegradation in activated sludge processes, Ml-f‘fr, emissions from biogas combustion at

facilities with anaerobic digestion and biogas combustion, Mf]‘-’mb, fugitive emissions of biogas

Fugitive

at facilities with anaerobic digestion but no biogas combustion, M; ; , and emissions from

natural gas combustion to supplement biogas combustion heating of the anaerobic digester.

There are also emissions of pollutant j from generating the electricity used to drive wastewater

Elec

processes at facility i, M;;°“. Finally, there are emissions of pollutant j from manufacturing the

chemicals used in wastewater treatment processes at facility i, Ml-c_]’-‘em. As noted above, the

details on the calculation methods for these last two sources can be found in our previous work?®
and are summarized in Sl Section 3.0.

For each wastewater treatment facility with activated sludge processes or aerobic
digestion installed, we calculate the direct emissions of VOCs and GHGs resulting from

wastewater treatment, M/¢" [g/yr], using Equation 3.1 and emission factors listed in Table S4.

Aer __ Aer
Mi,j - J'Ll,influentetreat,j (3.1)

Emissions are the product of water treated, Vi,infiuent [M*/yr], and average literature reported

emissions per cubic meter, e/%7, ; [9/m®],°>*° listed in Table S4.

For anaerobic sludge digestion, we assume that the biogas is either captured and

combusted or released to the atmosphere as fugitive biogas. For facilities with anaerobic sludge

Comb

digestion and that report having biogas combustion, we calculate combustion emissions, M;’;
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[g/yr], using Equation 3.2. We assume that 99% of biogas is combusted with the remaining 1%

released to the environment, and scale the emissions factors listed in Table S4 accordingly to
calculate the biogas combustion emission factor, e°™ [g/m®]. We multiply the resulting
emission factors by the volume of influent wastewater, Vi infiuent [M3/yr].

Mf})mb = lLl,influentejcomb (3.2)
For facilities with anaerobic sludge digestion that do not report biogas combustion, we assume
that roughly 82% of biogas is flared without the heat being used by the plant, with the remaining

18% released as fugitive emissions. This assumption is based on past reviews of biogas

generation in the US.>” As shown in Equation 3.3, we calculate fugitive emissions,

Fugitive
M g

iy [9/yr], by multiplying influent wastewater volume, Vi infiuent [M/yr], and scale the

emissions factors listed in Table S4 accordingly to calculate the fugitive biogas emissions factor,

e/ 9" [g/m?] listed in Table S4.

ijygitive _ %,inﬂuent ejFugitive (3.3)
Finally, we calculate emissions from natural gas combustion for anaerobic digester heating at
facilities with an anaerobic digester but insufficient amounts of biogas combusted to heat the
digester. We calculate emissions of pollutant j at facility i resulting from natural gas
combustion, M{f’j‘;, using Equation 3.5. We do this by first calculating the amount of thermal
energy required to heat the sludge. The amount of heat required is the product of the flow rate of
sludge into the anaerobic digester, ¥; g,,q5e [M3/yr], the density of wastewater, p [g/m®], which
we assume to be 1000 g/m?*? the heat capacity of wastewater, ¢, [g/m?], which we assume to be

4.18 J/g-°C,* and the required temperature to raise the sludge temperature from the average

temperature in activated sludge processes of 30°C to achieve an optimal temperature of 38°C.*2
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The amount of heat produced from biogas is the product of the influent wastewater, ¥; i, rient
[m3/yr], production of biogas per cubic meter of influent wastewater, P [m3-biogas/m3-influent
wastewater],*? and the higher heating value of biogas, HHViogas [J/m3-biogas].*® The difference
between heat required and heat produced from biogas generation is the amount of heat that needs
to come from natural gas, Qnc [J/yr] (Equation 3.4). We then divide by the higher heating value
of natural gas, HHVnG [J/m3-natural gas],>® and multiply by the emissions factor for pollutant j

for natural gas combustion in an industrial boiler, ey ; [¢/m?] (Equation 3.5).%

Qne = ¥istuagePpAT — Winfruent PHHVpiogqs(3.4)

MIE = g (ke ) (3.5)

HHV G

Damages for Wastewater Treatment Systems. Using Equations 3.6-3.9, we calculate
damages from direct emissions from aerobic processes, Di®*® [$/yr]; biogas combustion, D™
[$/yr]; fugitive emissions, Di79""e [$/yr]; and natural gas combustion, DiN® [$/yr], at the facility-
level. The damages are the product of damages per marginal gram of emissions from county k,
djx [$/g], and the emissions from aerobic processes, M{_‘j" [g/yr]; biogas combustion, Mf]‘?mb

Fugitive

[g/yr]; fugitive emissions, M; i [g/yr]; and from natural gas combustion, M{f’f [o/yr].

DT = ¥;d; M (3.6)

Dfe™ =3 d;  M{7™P (3.7)
DiFugitive _ Zj dj,k Mf]ygitive (3.8)
D¢ =¥;di M (3.9)
We use the social cost of carbon to estimate the damages from GHG emissions and county-level

marginal damages from AP2 to estimate damages from CAPs emissions. We use 100-year

global warming potentials to convert CHz and N2O into CO- equivalents.** In keeping with the
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IPCC’s determination that CO2 emissions from wastewater treatment are biogenic in origin, we
report CO2 emissions associated with biodegradation separately from damages associated with
VOC, CHa, and N2O emissions and do not include them in our total damage results.

Damages from chemical manufacturing and electricity generation are calculated using
Equations S2 and S4.

3.3.2 Evaluating the Energy Self-Sufficiency of Wastewater Treatment Plants

As shown in Figure 3.1, we calculate the air emission reduction benefits of installing
biogas-fueled heat and electricity generation at all 14,693 wastewater treatment facilities in the
contiguous United States in three steps. These steps include calculating the potential heat and
electricity generation of biogas production and combustion, calculating the difference in
emissions between a natural gas and biogas combustion scenario and a baseline grid electricity
scenario and biogas-fueled electricity generation scenario, and pricing the damages resulting in
these different air emission scenarios.

Biogas Heat Generation Potential. Anaerobic digestion requires heating to raise the
temperature of the sludge to higher temperatures than secondary treatment processes. Literature
reports that biogas has a heat density of 22.4 MJ/m? of biogas.*> We allocate heat produced by
biogas combustion to heating the anaerobic digester. If there is additional heat needed for the
anaerobic digester, we use Equation 3.4 to calculate the heat required from natural gas
combustion.

Biogas-Fueled Electricity Generation Potential. We estimate electricity generation
potential from biogas, Gi [KWh/yr], using Equation 3.10.%° Anaerobic digestion requires, on
average, 0.09 kWh per cubic meter of sludge treated and we allocate any electricity generated

from biogas combustion to cover this difference. Any biogas-fueled electricity generation above
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Figure 3.1. Methods for calculating the benefits from biogas-fueled electricity generation and
the damages resulting from biogas heat generation. There are three primary steps in this
analysis: (1) calculating electricity based on installed treatment technologies and with biogas-
fueled electricity generation using anaerobic digestion and the heat demand that needs to be
supplemented from natural gas combustion; (2) calculating emissions based on grid electricity
demand, natural gas combustion in an industrial boiler, and biogas generation; and (3)
calculating the benefits of biogas-fueled electricity generation and damages resulting from

natural gas combustion.
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the demand can be sold to the grid or used for non-process needs on-site. The biogas electricity
factor, BEF [kWh/m?®], is the amount of electricity that can be generated based on the influent
wastewater flow rate, Vi infiuent [M3/yr]. We select a BEF of 0.113 kWh/m?3, consistent with a
review performed by the Electric Power Research Institute.®* We also perform sensitivity
analysis on the BEF by using a high (0.139 kWh/m3) and low (0.0925 kWh/m?®) BEF.

G; = BEF * ¥ infiuent (3.10)

We use the electricity generated from biogas combustion to calculate the self-sufficiency
of wastewater treatment facilities and the net electricity demand at these facilities after
installation of anaerobic sludge digestion. We define the self-sufficiency of wastewater
treatment at facility i, Ri, as the ratio of biogas-fueled electricity generated to the electricity
demand at a POTW upgraded with biogas usage. Electricity demand at the POTW is the product
of treated water volume, Vi influent [M3/yr], and the sum of electricity consumption for all treatment

processes g installed at the plant, ¥, W '¢¢ [kWh/m?] (Equation 3.11).

Gi

(3.11)

R; =
i E
Zg Vi,influent Zg Wg lec

The net electricity demand, Eneti [KWh/yr], at these facilities is the baseline electricity demand
minus the biogas-fueled electricity generated (Equation 3.12).
Eneti = ¥ infruent g Wi + Woneoropic) — Gi - (3.12)

We model the installation of anaerobic sludge digestion at all facilities and assume that plants
with aerobic sludge digestion no longer operate those systems in favor of an anaerobic digester.
3.3.3 Air Emissions from Biogas Collection and Combustion.

Biogas-fueled electricity generation affects air emissions in four ways. First, there is an
increase in biogas combustion emissions. Second, with the addition of biogas usage, there are

reduced fugitive emissions of biogas from facilities that were previously emitting biogas to the

52



environment without flaring. Third, there is an increase in emissions from natural gas
combustion to heat the anaerobic digester. Finally, there is a decrease in emissions due to the
reduction in grid electricity consumption.

First, we calculate increases in emissions resulting from increases in biogas combustion
at upgraded facilities that previously did not have anaerobic digestion or flare biogas that was
produced in anaerobic digesters. To do this, we use Equation 3.2.

We calculate the reduced emissions from controlling and combusting fugitive emissions

fugitive
i,j,anerobic

of biogas, M [g/yr], using Equation 3.13. These emission changes are calculated by

multiplying the wastewater influent flow rate, V; i riuene [M*/yr], by the difference in emissions

factors between fugitive emissions factor, ejf ugitive 19/mq] and combustion emissions factor,

ef"mb [9/m®]. As noted above, we assume that 18% of biogas that is produced at facilities that

do not report biogas combustion are directly emitting biogas to the atmosphere.®” Equation 3.13

fugitive
i,j,anerobic

therefore calculates the estimates of emissions, M [g/yr], from these remaining facilities.

fugitive _
Mi,j,anerobic - Vl,lnfluent

(ejfugitive _ ejc"mb) (3.13)

There are also additional emissions associated with combusting natural gas to heat the
anaerobic digester if not enough biogas is produced to completely meet the demand calculated in
Equation 3.2. We allocate heat produced from biogas combustion to heat the digester rather than
other needs on site that are outside the scope of our analysis (e.g. space heating for buildings, use
in CHP systems). We calculate emissions resulting from natural gas combustion to supplement
heat from biogas combustion, Mé"faembic’ilj [g/yr], using Equation 3.5.

Finally, we calculate emissions associated with reduced grid electricity usage using
Equation 3.14. We first calculate the net generation of electricity after accounting for the pre-

anaerobic digester train by subtracting energy required to drive the pre-anaerobic digester train,
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Y influent g Vl(gEleC [KWh/yr], from the amount of generated electricity, Gi [KWh/yr]. We then

subtract the net electricity generated from the amount required to power the anaerobic digester,

Elec

Y infruent Wanaeronic [KWh/yr]. We multiply the resulting grid electricity demand by the
electricity emissions factor for pollutant j, e, ¢ ;; [9/KWh], which is the marginal emissions

factor®? for CO2, NOy, and SO and the average emissions factor for VOCs and PM.s® for state

Fiet aerovic = €mg i1 VY infient Wangorovic — (Gi = Vamfruent Lg Wi )] (3.14)
Air Emissions Benefits Associated with Biogas-Fueled Electricity Generation. Changes
in air emission damages associated with electricity generation from biogas are the benefits of
reductions in grid electricity usage and damages associated with natural gas and biogas
combustion to operate the anaerobic digester. For facility-level benefits of grid electricity

reduction, we use Equation S2 to calculate damages associated with the baseline grid electricity,

Eietine [$1yr], and the biogas electricity, DELSS [$/yr], scenarios. The benefits of reductions in

grid electricity usage are the difference between these two scenarios. We calculate the increase

in damages from combustion emissions at facility i, DFom2 [$/yr]; the benefits of controlling

i,anaerobic

Fugitive
i,anaerobic

and combusting fugitive biogas emissions, B [$/yr]; the increase in damages from

natural gas combustion, DJ< ., opic.; [$/yr]; and the damages for grid electricity generation,

DELec  pic.: [$/yr], using Equations 3.15-3.18, which are similar to Equations 3.6-3.9.

DEOME e = Xy MESTE (3.15)

i,anaerobic anaerobic,i,j

BFugitiUe — Z] dj’kMFugitl'Ue (316)

i,anaerobic anaerobic,i,j

D-NG = Z] dj,kMNG (317)

i,anaerobic anaerobic,i,j

Elec — Zj dj’kMElec (318)

i,anaerobic anaerobic,i,j
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The net benefits from biogas-fueled electricity generation at facility i, Bi [$/yr], are calculated

using Equation 3.19.

Bi = (Dil,?klfzgeline - Dfrllffi) + B:;%ijbic - Di?lll)rrlr(lll;robic - DL'IYaGnaerobic (319)
3.3.4 Uncertainty Analysis
Table 3.1 Uncertain parameters, values and ranges.
Variable Value in Main Text Uncertainty Analysis Sl Section
Ranges
Uncertainty in Air Emissions and Damages Calculation
Electricity Consumption Literature-Based Literature Minimums S5.2
for Unit Processes Averages and Maximums
Chemical Consumption Literature-Based Literature Minimums S5.3
for Unit Processes Averages and Maximums
Influent Flow CWNS Average Flow CWNS Design Flow S5.4
Biogas Flaring at 82% Flare/18% Emit®>”  100% Flare/0% Emit S5.5
Facilities that Produce but 0% Flare/100% Emit
Do Not Use Biogas
Chemical Manufacturing  Revenue Distribution of  (a) In-State S6.0
Location Chemical (b) Evenly Distributed
Manufacturing Sector (c) In Lowest Damage
State
(d) In Highest Damage
State
(e) Off-Shore
Value of a Statistical Life ~ $8.6M (2014 USD)* $2M-$10M Manuscript
Social Cost of Carbon $43/short ton* $0-$60/short ton Manuscript
Uncertainty in Biogas-Fueled Electricity Generation
Influent Flow CWNS Average Flow CWNS Design Flow S7.1
Biogas Electricity Factors  0.113 kWh/m3 0.0925 kWh/m? (low) Manuscript
0.139 kWh/m? (high)
Electricity Consumption Literature-Based Literature Minimums S7.2
for Unit Processes Averages and Maximums

There are several uncertain parameters in our analysis listed in Table 3.1. These include

uncertainty in calculating air emissions, damages, and biogas-fueled electricity generation. For

the results presented in the main manuscript, we rely on average values based on literature

sources and data. For sensitivity analyses, we run a Monte Carlo analysis on the total damages
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resulting from electricity generation, chemical manufacturing, and on-site emissions. The
probability distributions for flow rate, electricity consumption, and chemical dosage, as well as
the results of the Monte Carlo Analysis can be found in SI Section 5.1. We also perform one-at-
a-time analysis for each of these variables by recalculating Equations 3.1-3.9 and S1-S4 to create
ranges for air emissions damages and biogas-fueled electricity generation, using the range of
values identified in Tables 1 and S1 in SI Section 1.0. Results of the one-at-a-time uncertainty
analyses can be found in the SI Sections listed in Table 3.1.

There is also uncertainty about the location of chemical manufacturing. In the main
manuscript, we assume that chemical manufacturing follows the national distribution of revenue
from chemical manufacturing based on the Annual Survey of Manufacturers data set.®* This is
the same assumption we made in our previous work.?®" We also perform sensitivity analyses
based on several alternative chemical manufacturing distributions as discussed in SI Section 6.0.

Finally, we also perform sensitivity analyses on the electricity self-sufficiency of biogas-
fueled electricity generation. To do this, we calculate a minimum and maximum self-sufficiency
scenario using Equation 3.6. The minimum self-sufficiency scenario is a scenario with the low
BEF value and the maximum electricity consumption for treatment processes. The maximum
self-sufficiency scenario is a scenario with the high BEF value and the minimum electricity
consumption for treatment processes.

3.4 Results

3.4.1 Damages from Municipal Wastewater Treatment

We use the 2012 CWNS to estimate the air emission damages associated with operating installed
wastewater treatment processes. As such, all damage values are specific to 2012 and reported in

2012 USD.® In 2012, wastewater treatment generated air emission damages of $1,300 million.
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The geographic distributions of damages associated with electricity generation, chemical
manufacturing, and direct emissions are shown in Figure 3.2. Electricity generation accounts for
83%, or $1.05 billion, of these air emission damages. There are an additional $190 million
annually (15% of total damages) in on-site emissions. The largest drivers of these direct
damages include VOCs released during secondary treatment ($84 million annually) and $64
million in fugitive methane emissions from facilities with existing anaerobic digesters but

without gas capture or flaring. Damages from chemical manufacturing contribute $16 million.

BF/_}\‘\—A
Electricity Generation [$/yr] Annual Damages from
D=<$1IM  CI$10M-$50M Chemical Manufacturing [$/yr’

S$1M-$5M E3$50M-$100M /=30 09$1M-52.2M
DI$5M-510MEm $100M-5156M =81-51M

e

Annual Damages from

&

Annual Damages from
Direct Emissions [$/yr] Wastewater Treatment [$/yr]
=<5 CI$10M-$50M =I$1.1M-$5M E3$50M-$100M
DI$1M-$5M EI$50M-$82.6M SI$5M-$10M EmS$100M-$190M
CI$5M-510M $10M-$50M

Annual Damages from

Figure 3.2. Air emission damages in 2012 from installed wastewater treatment and sludge
digestion processes due to (A) electricity generation ($1.05 billion in 2012 USD), (B) chemical
manufacturing ($16 million in 2012 USD), (C) direct emissions ($190 million in 2012 USD), and
(D) total damages ($1.3 billion in 2012 USD). N.B. Damages from on-site emissions of biogenic
COs- are not shown in Panel C, and would add an additional $430 million (in 2012 USD) if

valued at the social cost of carbon.
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Air emissions and damages from wastewater treatment are tabulated in S1 Section 4.0 and Tables
S5 and S6.
3.4.2 Energy Self-Sufficiency of POTWs

Anaerobic sludge digestion and biogas combustion have the potential to offset a
meaningful fraction of the air emission damages from electricity consumption at wastewater
treatment facilities. Nationwide, we estimate biogas-fueled electricity generation potential of
3700 GWh (3000-4400 GWh) annually (Figure 3.3A). This amounts to 19-28% of the electricity
consumed in operating wastewater treatment facilities. At POTWSs that completely meet their
electricity need using biogas-fueled electricity generation, there is an excess 1,700 GWh of
electricity produced that could be used for non-treatment needs on-site or potentially sold to the
grid if facilities were to upgrade.

While the potential for biogas-fueled electricity generation is significant, the technical
potential for biogas-fueled electricity generation to displace grid-sourced electricity depends
upon the energy intensity of the installed treatment processes. The maximum potential
electricity demand could be met by biogas-fueled generation potential is plotted in Figure 3.3B,
with the regions of the curve generally corresponding to different wastewater treatment process
intensity. Region 1 includes facilities operating energy intensive processes including primary
treatment for solids removal, activated sludge, disinfection, and tertiary treatment for nitrogen or
phosphorous removal. POTWs in Region 2 are more likely to use trickling biofilters in place of
energy intensive activated sludge processes, and less likely to employ tertiary treatment
technologies. Regions 3 and 4 have either a lagoon plus disinfection (Region 3) or primary
treatment, aeration, and disinfection (Region 4). Finally, Region 5 contains POTWs with only

solids removal and disinfection processes installed.
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Figure 3.3. Potential for biogas-fueled electricity generation to reduce net electricity demand at
wastewater treatment plants in the CWNS database. Panel (A) shows the treatment facility level
estimates of electricity generation via biogas combustion using an average, low, and high biogas
electricity factor (BEF). Panels (B) and (C) show the ratio of electricity generation via biogas to
the electricity demand at all facilities and at large (>5 MGD capacity) facilities, respectively.
The circled numbers indicate different levels of treatment intensity, as described in the text, with
more intense levels of treatment (e.g. nutrient control and tertiary treatment) installed at lower

levels.

Biogas combustion from the plant could completely meet the thermal needs of heating
the anaerobic digestion. The excess biogas that is not used to heat the anaerobic digester
contains 18 million GJ of thermal energy. This excess biogas could be used for other on-site
heating needs or further processed and fed into the natural gas grid.>’

In addition to the technical feasibility of offsetting heat and electricity generation, there
are economic and operational challenges to operating anaerobic sludge digesters and biogas-
fueled generators. As there may not be sufficient biosolids produced at facilities that treat less
than 5 MGD to make biogas-fueled combined heat and power technically feasible,%® we have
replotted the potential for biogas to meet electricity demand at large facilities with inflows of >5
MGD in Figure 3.3C. While large facilities tend to operate more energy intensive process and
have lower offset potentials, they also process more wastewater and have larger biogas

generation potential on a per facility basis.
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3.4.3 Air Emission Benefits from Biogas-Fueled Electricity Generation

A \
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Generation Damages

=<giM  =$5M-$10M =<31M  =85M-$10M
=$1M-$5M =$10M-$30.6M =3$1M-$5M=$10M-$13.0M
C D

Percent Reduction in
Total Reduction in Air Emission Damages
Air Emission Damages m<10%  ©20%-25%
=m<giM =$5M-$10M =10%-15%=25%-26.6%
=$1M-$5M =$10M-$38.8M =15%-20%

Figure 3.4. Changes in air emissions associated with wastewater treatment resulting from

biogas-fueled heat and electricity generation at wastewater treatment facilities in the continental
United States. (A) The changes in air emissions are driven by avoided damages from electricity
generation ($240 million in benefits in 2012 USD). However, there are $390,000 (in 2012 USD)
additional damages occurring from facilities upgraded to combust biogas. Combusting fugitive
emissions and using it to heat the anaerobic digesters at these facilities would also reduce
natural gas combustion emissions by $8 million (in 2012 USD). The asterisks in Panel B indicate
states where reduced natural gas combustion produce at least $100,000 (in 2012 USD) in
benefits annually. The total benefits of upgrading all POTWs to anaerobic digestion and biogas-
fueled CHP are (C) $310 million annually (in 2012 USD) or (D) a 25% reduction in air emission

damages. Benefits are tabulated in SI Section 4.2 and Tables S7-S8.
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Installing anaerobic digestion and biogas usage for heat and electricity generation at all
POTWs that do not currently have these processes installed would produce air emission benefits
of $310 million (in 2012 USD) annually or a 25% reduction in air emission damages from
wastewater treatment (Figure 3.4). Nationwide, biogas-fueled electricity generation offsets $240
million in damages from the grid. As shown in Figure 3.4A, these benefits are greatest in states
with grids that are heavily-reliant on coal (e.g. Pennsylvania and Ohio) or with large populations
(e.g. New York and California). There are $64 million (in 2012 USD) in benefits to controlling
and combusting fugitive biogas emissions (Figure 3.4B). There are also small benefits in
avoided natural gas combustion resulting from using combusted biogas ($8.0 million in 2012
USD) and even smaller additional damages resulting from biogas combustion emissions at
upgraded facilities ($390,000 in 2012 USD).

3.4.4 Uncertainty Analyses

To assess the uncertainty in our air emission damage results we performed Monte Carlo
analyses by assigning a distribution of values to influent wastewater flow rate, electricity demand
of the unit processes, chemical dosing required for operating these processes, and on-site
emissions from wastewater treatment processes. Total damages are robust to uncertainty in these
input parameters (Figure 3.5A). The primary contribution to this uncertainty originates from
uncertainty in the electricity consumption, which itself is a function of the influent flow rate and
the demand from unit processes. The results of the one-at-a-time analyses are reported in Si

Sections 5.2-5.4, S| Section 6.0 and Table S10-S18.
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Figure 3.5. Uncertainty analyses for (A) air emission damages from wastewater treatment at the
default assumptions for the value of a statistical life ($8.6M in 2014USD) and social cost of
carbon ($43/short ton in 2014USD), (B) the value of a statistical life (ranging from 4-10M in
2014 USD) shown in blue and social cost of carbon shown in red (ranging from $20-$60/short
ton CO2¢q), and (C) energy self-sufficiency of wastewater treatment. In panel (B), the dotted and

dashed lines represents the minimum and maximum VSL and SCC considered, respectively.

These results are also sensitive to the value of a statistical life (VSL) and social cost of
carbon (SCC) (Figure 3.5 B). In the baseline analysis, we used a VSL of $8.6M (in 2014 USD)
to value damages of criteria air pollutants. Varying the from $4M-$10M (in 2014 USD)
produces the range shown in blue with damages from $330M/yr (VSL of $4M) to $840M/yr
(VSL of $10M). The SCC used in the base case analysis was $43/short ton of CO- (in 2014
USD). The damages are approximately $250M/yr and $740M/yr when the SCC is $20/short ton
and $60/short ton, respectively. The assumed VSL and SCC are significant determiners of the
final air emission damages associated with municipal wastewater treatment, and therefore the
benefits of anaerobic digestion installation.

Finally, we performed sensitivity analyses on the electricity self-sufficiency of POTWs
(Figure 3.5C) and the amount of electricity generated from biogas (SI Section 7.1 and Figure
S1). The electricity self-sufficiency and electricity generated are dependent on several variables,
including the wastewater flowrate, the BEF, and the unit electricity consumption. The low and
high self-sufficiency cases are shown in blue and red in Figure 3.5B and have a different shape
than the baseline assumptions. The most significant difference is the number of plants capable of

achieving complete self-sufficiency. In the high electricity self-sufficiency case, 60% of systems
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generate enough electricity from biogas-fueled electricity generation to meet all of their
electricity needs. In the low self-sufficiency case, only about 30% are capable of achieving
complete energy self-sufficiency. Analysis on the impact of wastewater flowrate on biogas-
fueled electricity generation can be found in SI Section 7.0 and Figure S1.
3.5 Discussion

In 2012, wastewater treatment processes in the United States generated $1.3 billion in air
emission damages. Electricity consumption is the largest source of these damages, contributing
$1.05 billion in damages resulting from the consumption of 16,000 GWh of electricity. As the
US demand for wastewater treatment is expected to increase by 20-25% by 2032, the electricity
consumption of wastewater treatment and air emission damages is going to increase as well.

Biogas generation has the potential to make municipal wastewater treatment more
sustainable. Biogas combustion for electricity generation can displace grid electricity, reducing
the environmental impact of wastewater treatment in areas with a coal-dependent grid. Despite
this potential for environmental benefit, biogas usage in combined heat and power systems
occurs at less than 1% of the nation’s POTWSs with a capacity of 440 MW.%® Anaerobic
digestion, with or without biogas usage, is much more widespread with 43% of the volume of US
wastewater treated at facilities with anaerobic digesters.>’ Installing biogas-fueled electricity
generation at facilities with anaerobic digestion that currently do not have it thus appears an
obvious opportunity to reduce the environmental impact of wastewater treatment throughout the
United States.>®

Despite this opportunity, there are several barriers to the widespread adoption of biogas-
fueled electricity generation. Given limited budgets for capital investments, POTWSs have

frequently identified the large upfront capital costs for installing biogas-fueled electricity
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generation as a major barrier to adoption.®” Improving the quality of biogas, i.e. increasing the
CHa concentration, by removing impurities (e.g. CO2 or H»S) is another substantial challenge for
making biogas combustion and sale to the natural gas grid more attractive.>® ¢’

Another barrier for implementation, especially for systems that treat less than 5 MGD, is
inadequate biosolids production.®® However, 89% of the systems in our analysis have a capacity
of less than 5 MGD, but only contribute 17% of the total biogas-fueled electricity generation
potential. Co-digestion of other organic wastes (e.g. food and animal waste) can lower the
minimum size to 1 MGD,>"® allowing generation of electricity at additional POTWs.
Developing new technologies to lower the size at which energy recovery is economically viable
is a vital area of research that would reduce the electricity consumption and air emissions
associated with wastewater treatment. Small, decentralized wastewater treatment systems would
also enable other environmental benefits, including source separation, gray water reuse, and the
ability to design systems to target specific pollutants.?® %8

Finally, there are several policy interventions that could support POTW implementation
of biogas-fueled electricity generation. First, as noted above the most significant barrier to
implementation is the upfront capital costs and long payback periods associated with the
equipment required. Policies that offer financial assistance or that internalize the air emission
benefits for POTWs for installing biogas-fueled electricity generation would make the process
more economically attractive. There is also some uncertainty around the net national benefits
from GHG reduction resulting from installing biogas-fueled electricity generation. Policies that
expand data collection and reporting could help quantify this benefit and justify policy

interventions.
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3.6 Conclusions

For infrastructure to be sustainable it has to achieve its mission while balancing its costs,
social impacts, and environmental impacts. For wastewater treatment, the largest source of
environmental impacts are the air emissions associated with electricity generation.?% 3351
Building sustainable POTWs in the future therefore means increasing POTW energy efficiency
and reducing the air emissions associated with consumed electricity. The latter will happen
slowly over the coming decades, as the grid reduces its reliance on coal.

In the short term, biogas-fueled electricity generation holds potential to reduce these air
emission damages. Our work has shown that the air emission reductions from electricity
generation benefits amount to $240 million (in 2012$) annually. Furthermore, as many states®”-
3 move to reduce the climate impacts of water and wastewater treatment, capturing and using
fugitive biogas offers a relatively straightforward solution. The US may realize approximately
$64 million (in 2012 USD) in benefits from avoided emissions of 1.5 million tons CO2eq of
methane in biogas.

This paper quantified the damages from air emissions using marginal air emission
damage models, but similar marginal damage models for water pollution do not exist. As a
result, past attempts to perform benefit-cost analysis on wastewater treatment by regulators and
researchers have relied on contingent valuation models. Contingent valuation approaches are
often insufficient for developing accurate estimates of environmental goods (e.g. reduced water
pollution).®® As a consequence of this gap, our work has only quantified one-half of these air-
water tradeoffs that result from wastewater treatment. Holistic “one environment” analyses and

decisions for wastewater systems will require an ability to quantify both.
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3.8 Nomenclature

Symbols

BEF: Biogas Electricity Factor [kWh/m?]

Cp: Heat capacity [J/g-°C]

d: Marginal damages per short ton of air emissions [$/ton]

D: Nationwide damages from air emissions [$/yr]

e: Unit emissions [g/mq], [g/kWh], [g9/g-chemical]

E: Electricity demand [KWh/yr]

G: Electrical energy production from biogas generation [KWh/yr]

HHV: Higher Heating Value [J/m?]

M: Mass of pollutants [g/yr]

R: Ratio of biogas-fueled electricity generation to electricity demand [-]
p: Density [g/m?]

T: Temperature [°C]

V Volume of wastewater treated [m3/yr]

W: Electricity consumed during wastewater treatment process [kKWh/m?®]
Subscripts

anaerobic: Anaerobic digester

baseline: Baseline scenario (no additional biogas-fueled electricity generation)

biogas:

Biogas generation scenario
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g: Unit process

i POTW

influent: Influent wastewater

Jj: Air pollutant (i.e. NOx, SO2, PM25, VOC, CO2, CH4, N2O)

k: County

I: State

mf:  Electricity emissions factor

net:  Net baseline electricity demand

NG: Natural gas

sludge: Sludge

treat: Emissions from the treatment facility that are released during wastewater treatment
Superscripts

Bio:  Emissions of biodegradation of organics in wastewater

Comb: Emissions from combustion of biogas

Elec: Emissions from generating electricity consumed to drive wastewater treatment

NG: Emissions from natural gas combustion
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CHAPTER 4: SPATIALLY RESOLVED AIR-WATER EMISSIONS
TRADEOFFS IMPROVE REGULATORY IMPACT ANALYSES FOR
ELECTRICITY GENERATION?

4.1 Abstract

Coal-fired power plants (CFPPs) generate air, water, and solids emissions that impose
substantial human health, environmental, and climate (HEC) damages. This work demonstrates
the importance of accounting for cross-media emissions tradeoffs, plant and regional emissions
factors, and spatially variation in the marginal damages of air emissions when performing
regulatory impact analyses for electric power generation. As a case study, we assess the benefits
and costs of treating wet flue gas desulfurization (FGD) wastewater at U.S. CFPPs using the two
best available treatment technology options specified in the 2015 Effluent Limitation Guidelines
(ELG). We perform a life-cycle inventory of electricity and chemical inputs to FGD wastewater
treatment processes and quantify the marginal HEC damages of associated air emissions. We
combine these spatially resolved damage estimates with EPA estimates of water quality benefits,
fuel switching benefits, and regulatory compliance costs. We estimate that the ELGs will impose
net costs of $3.00/m? for chemical precipitation and biological wastewater treatment and
$11.00/m? for zero-liquid discharge wastewater treatment (expected cost-benefit ratios of 1.8 and
1.7, respectively), with damages concentrated in regions containing a high fraction of coal
generation or a large chemical manufacturing industry. Findings of net cost for FGD wastewater

treatment are robust to uncertainty in auxiliary power source, location of chemical

3 This chapter is based on a paper co-authored with Prof. Meagan Mauter, Prof. Ines Azevedo,
Xiaodi Sun, and A. Patrick Behrer in Proceedings of the National Academy of Sciences. It can
be found at Gingerich, D. B.; Sun, X. B., A. Patrick; Azevedo, I. M. L.; Mauter, M. S., Spatially
resolved air-water emissions tradeoffs improve regulatory impact analyses for electricity
generation. Proceedings of the National Academy of Science 2017, 114, (8), 1862-1867.
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manufacturing, and binding air emissions limits in non-compliant regions, among other
variables. Future regulatory design will minimize compliance costs and HEC tradeoffs by
regulating air, water, and solids emissions simultaneously and performing regulatory assessments
that account for spatial variation in emissions impacts.

4.2 Introduction

An important recent driver of the U.S. transition away from coal-fired electricity
generation has been the implementation of new air and water emission regulations, including the
Cross State Air Pollution Rule,! the Mercury and Air Toxics Standards,? the Clean Power Plan,’
and the Final Effluent Limitation Guidelines (ELGs) for Steam Electric Power Generation
Facilities.* While each of these rules targets the human health, environmental, and climate
change (HEC) externalities of coal-fired power generation, there has been little work
characterizing the interactions between these regulations at the plant or regional levels. In
particular, the control systems plants use to meet air and water regulations are interconnected,
with wastewater being produced in air pollution control systems and air pollution being produced
by water pollution control systems.

For example, the most prevalent SO air emission control technology is wet flue gas
desulfurization (FGD), which uses an aqueous slurry to scrub SO, from CFPP flue gas.>”’ In
2014, wet FGD systems prevented emission of 2.7 million short tons of SO2, with tens of billions
of dollars in benefits to human health.®> These same wet FGD systems produced an estimated 210
million m® of wastewater contaminated with chloride, bromide, mercury, arsenic, boron,
selenium, and other aqueous toxicants scrubbed from the flue gas.® ® Release of these aqueous

contaminants poses risks to human health via fish consumption, drinking water disinfection
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byproduct formation, and recreational exposure routes. This aqueous pollution also reduces
water quality, contaminates sediments in receiving water bodies, and threatens wildlife.1°

On the other hand, treating or eliminating this wastewater discharge will increase
auxiliary power consumption at CFPPs, decrease generation efficiency, and increase air
emissions per unit of energy that is effectively delivered to the grid. These processes will also
consume chemical precipitants, nutrients, soda ash, and anti-scalants manufactured off-site, the
production of which results in additional air emissions that are outside the scope of the ELG
regulatory analyses.” * The extent of air-water emissions tradeoffs will vary with the
composition of the wastewater, the treatment process, the energy inputs, and the location of the
plant.

Benefit-cost analysis (BCA) is the institutionalized method for assessing tradeoffs
stemming from regulatory decisions. # 121% Systematic BCA facilitates accounting across a
diverse set of outcomes and may reduce the influence of special interests or political pressure on
regulatory decisions.'®® On the other hand, narrowly conceived regulatory assessments that rely
exclusively on BCA tend to undervalue non-market goods,’ simplistically assess risks,
disproportionately prioritize the here and now, and promote efficiency over equity.!” These
shortcomings of BCA may be exacerbated by national-level analyses that obscure the
distribution of net benefits at the regional or local levels.®

Over the past decade, several interdisciplinary research efforts have produced spatially
resolved estimates of the marginal human health and environmental damages of additional air
emissions,*® 2 and have been used to quantify the HEC consequences of policy interventions.?
Facile approximation of these damages with county-level resolution significantly reduces the

barriers to assessing the distribution of B/C ratios for regulation affecting air emissions, but very
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few federal BCAs currently employ these methods.?? There is also a need for comparable tools to
assess the spatial distribution of marginal damages from aqueous emissions, allowing BCA to be
performed at the local airshed and watershed scales relevant to public health.

Explicitly quantifying air-water emissions tradeoffs at the local scale is particularly
important when designing national regulation for distinct regional power grids. A large fraction
of the purported benefits of recent air and water regulations at CFPPs are attributed to increases
in the levelized cost of electricity (LCOE) and associated decreases in the deployment of coal-
based electricity generation at the margin.'% 2 In North American Electric Reliability
Corporation (NERC) regions with a diverse electricity generation mix, fuel switching is likely to
lead to large net benefits. Near-term fuel switching is less likely in NERC regions where a large
fraction of electricity generation occurs at CFPPs, especially if the best available technologies for
regulatory compliance are capital intensive and installing them represents large sunk costs. This
heterogeneity in generation infrastructure may lead to unintended local impacts and significant
regional inequities in net damages. More broadly, the reliance on criteria air emissions benefits
to justify regulatory interventions in COz, solids, and aqueous emissions control*® 12 raises
questions about whether the policy design is most efficiently and effectively targeting high HEC
impact pollutants.

Finally, plant-level analysis of air-water emissions tradeoffs is relevant to guiding the
selection of emissions control technologies at CFPPs. The slate of forthcoming or promulgated
regulations will require implementation of multiple additional processes for gas,'® water,* and
solids handling.* 22 Comprehensive planning and simultaneous implementation of these
processes would enable a systems-level redesign of power plants, while staged implementation

of capital-intensive infrastructure forced by piecemeal regulatory design will lead to technology
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lock-in and reduced flexibility in cost-effectively minimizing air and water emission tradeoffs.
Indeed, previous work analyzing the pulp and paper industry suggests that companies make more
cost-effective decisions when designing for air and water emissions control simultaneously.?
The present work leverages and augments the US Environmental Protection Agency’s
(EPA) detailed BCA for the final ELG rule!® to analyze the tradeoffs in air and water emissions
associated with the two best available technology options (BATS) for treating wet FGD
wastewater at CFPPs. Specifically, we extend the regulatory analysis to include the emissions
and HEC damages associated with off-site manufacturing of the chemical inputs to FGD
wastewater treatment which is responsible for a substantial fraction of total HEC damages. We
also quantify the auxiliary power consumption, emissions, and HEC damages associated with
zero liquid discharge (ZLD) processes for FGD wastewater treatment, a BAT option that was not
fully evaluated in the ELG regulatory analysis. Finally, we combine plant-level analyses with
spatially resolved marginal damage estimates to assess air-water emissions tradeoffs associated
with wet FGD wastewater treatment at the state, NERC region, and national scales.
4.3 FGD Wastewater Treatment Process Inventories
Under the finalized ELGs, CFPPs are required to eliminate or treat wastewater discharge from
fly ash transport waters, bottom ash transport waters, flue gas mercury control wastewater, coal
gasification wastewater, combustion residual leachate, and FGD wastewater.” 1° Wastewater
from most processes will be eliminated through dry-handling techniques, but for FGD
wastewater, CFPPs are provided a choice between two different BAT wastewater treatment
approaches with significantly different air and water emissions profiles.” Under the first option,
plants will comply with effluent water quality standards starting in 2018 using chemical

precipitation and biological treatment (CPBT). Under the second, plants may delay
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implementation of water treatment capacity starting until 2023, but are required to comply with a
more stringent zero liquid discharge (ZLD) plan using a combination of chemical precipitation
and softening pre-treatment followed by mechanical vapor compression (MVC) and
crystallization technologies that will further reduce metal emissions and eliminate dissolved
solids discharges unaddressed by CPBT technology. While existing plants have a mix of
installed FGD wastewater management approaches (e.g. impoundments, chemical precipitation,
anaerobic biological treatment, distillation, and constructed wetlands), the present analysis is
performed relative to a baseline of impoundment management. Detailed descriptions of FGD
installations, water quality standards, and BAT options are provided in the Supporting
Information (SI) Section 1.0, Tables S1 and S2, and Figure S1 available in Appendix 3.

We develop process models of the ELGs’ two BATs options for FGD wastewater
treatment: CPBT (Figure 4.1A) and ZLD (Figure 4.1B) as described in SI Section 2.1.” These
process models are drawn from peer reviewed literature and regulatory documentation and
include estimates of electricity consumption,?* 2> water entrainment,** and chemical inputs*
(Tables S3-S5 of SlI Section 3.0) for each unit process in the treatment train. We estimate FGD
wastewater treatment will consume an average 0.71 kwWh/m?® of auxiliary power using CPBT
processes and 37.4 kWh/m? of auxiliary power using ZLD processes. Detailed estimates of soda
ash, lime, hydrochloric acid, and nutrient mix consumption are provided in SI Section 2.0.
Additional methodological details associated with developing the process inventories are

reported in Sl Section 2.1.
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Figure 4.1. Process trains, auxiliary electricity consumption, and chemical consumption
associated with treating 1 m® of FGD wastewater. Water lost during treatment reduces the
volumetric flow between processes, and this reduction is accounted for in the quantified
electricity and chemical inputs. (A) chemical precipitation (with four reaction & mixing tanks)
followed by biological treatment, and (B) chemical precipitation (with four reaction & mixing
tanks) followed by soda ash softening, mechanical vapor compression (MVC), and

crystallization.

4.4 Air Emissions from FGD Wastewater Treatment on a Cubic Meter Basis at the Plant
Level
We estimate the NOx, SO, PM2s, and CO, emissions associated with auxiliary electricity

consumption®* 2> and the manufacturing of chemical inputs?® %’ to FGD wastewater treatment
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processes at U.S. CFPPs at the plant level. To estimate the air emissions associated with
auxiliary electricity consumption per m3, we multiply the electricity consumed in the treatment

process by the emissions factor for each CFPP with a wet FGD system installed (Equation 4.1).
MYlec.gi = 2n Eolecn €ar.i (4.1)

Here, m?{ec,g,i is the mass of air pollutant g [g/m® of wastewater treated] emitted as a result of

auxiliary electricity consumption for each U.S. CFPP with a wet FGD system, i; h is an indicator

variable representing the unit process; Eg'{ec,h is the electricity consumed by each unit process

[KWh/m? of wastewater treated]; and e(’ff,i is the emissions factor [g/kWh] at plant i derived from

eGRID % and National Emissions Inventory data?® for the year 2012, the latest year for which
eGRID data is available. Further details on the calculation of plant emission factors are provided

in SI Section 2.2. We estimate that the generation weighted average emissions factor across all

U.S. CFPPs with installed wet FGD capacity, ec’ff,g, was 1000 g/kwh for CO2, 1.3 g/kWh for

SOz, 0.82 g/kWh for NOy, and 0.32 g/kWh for PM_ s in 2012.

In addition to air emissions from auxiliary electricity consumption, there are embedded
emissions associated with the manufacture of chemical inputs to FGD treatment processes, mgC
[9/m®]. These air emissions are a function of the quantity of chemical used in each unit process
and the sum of 1) direct emissions produced during manufacturing (i.e. emissions released
during chemical production) reported in NREL’s Life-Cycle Inventory database?® and in
Ecolnvent 2.0%7 (SI Section 3.0); 2) indirect emissions from thermal energy consumption (i.e.
boiler emissions) derived from the same NREL database; and 3) emissions from electricity
consumption in chemical manufacturing determined by multiplying state-level grid marginal
emissions factors® by the fraction of U.S. chemical production that occurs in state 13X (Equation
4.2).
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mg =YnY;Qjneim; + Tk Elg,jeli + Eglec,j 21 erif,zyf,l) (4.2)

Where mg is the mass of pollutant g per m® of wastewater treated [g/m? of wastewater treated]

from chemical manufacture; Qn; is the mass of chemical j used in process h per m? of wastewater

[kg-chemical/m® of wastewater treated]; efm, ; are the direct emissions produced during
manufacturing [in g-pollutant/kg-chemical]; Ej ; is the thermal energy input from fuel source k

(bituminous coal, lignite, petroleum, residual fuel oil, natural gas, diesel) [MJ/kg-chemical]; e,{ S
the emission factor from combustion of fuel k [g-pollutant/MJ fuel]; E¢,. ; is the electrical
energy consumed in the manufacturing process [kKWh/kg-chemical]; Vi is the value of chemical
products from U.S. state | [$]; and eﬁlf,l is the marginal emissions factors for CO2, NOy, and

S0.,% and average emissions factors for PM2.s* from the electricity generated in state | [g-
pollutant/kWh]. The methods used to calculate direct, thermal energy, and electrical energy
emissions factors for chemical manufacturing are reported in SI Section 2.2.

We assume that chemical inputs are commodities purchased on the national market and
that the spatial distribution of chemical manufacturing for wastewater treatment follows that of
U.S. chemical production as reported in the 2013 Annual Survey of Manufacturers.3! Using this
approach, we estimate a single value for the embedded air emissions from chemical
manufacturing on a m® basis and determine the effective air emission impacts at the plant level
by adjusting for the volume of FGD wastewater treatment. Sensitivity analysis on the spatial
distribution of chemical manufacturing is provided in SI Section 4.0, including cases where we
assume that 1) chemicals are manufactured evenly throughout the 48 contiguous states, 2) that
chemicals are manufactured in the states where the chemicals are used, that chemicals are
manufactured 3) only in Nebraska (the state with the lowest marginal damages) or 4) only in

New Jersey (the state with the marginal highest damages), and 5) manufactured offshore (Figure
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S2, and Tables S6-S10). While the total mass of emissions does not change significantly under
these alternative cases, the spatial distribution of the emissions and the populations exposed to
those emissions vary widely. As a result, subsequent monetization of incurred damages varies by

32%-310% of total chemical damages incurred by CPBT treatment and 34%-470% incurred by

ZLD treatment.
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Figure 4.2. Average air emissions per m® of FGD wastewater treatment using CPBT or ZLD
processes. Emissions are determined at the plant level and the averages reported here are
normalized to plant generation in 2014. (A) NOy, (B) SO, (C) PM25,and (D) CO2 emissions
generated due to auxiliary power consumption and chemical manufacturing. Processes
correspond to those detailed in Figure 4.1. Results are tabulated in Table S11 of SI Section 5.0,
and the distribution of air emissions at the plant, state, and NERC region levels is reported in SI

Figure S3.
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We sum emissions from auxiliary electricity consumption and chemical manufacturing
(mgec,g,i + mg) to obtain net air emissions per m® for CPBT and ZLD processes at the plant

level. Figure 4.2 reports average net air emissions per cubic meter of CPBT and ZLD wastewater
treatment, mg, at U.S. CFPPs normalized by plant generation (Wi [KWh]) in 2014 (Equation 4.3),
while Table S11 of SI Section 5.0 tabulates these same values. Plant-level emission factors vary
significantly by age, boiler efficiency, coal quality, and installed air emissions control
technologies, and the distribution of these emissions factors for CFPPs with wet FGD systems is
provided in SI Figure S3.

w
—_— z:imelec,g,iwi
mg =
ZiWi

+mg (4.3)

Additional electricity for operating wastewater treatment processes could also be drawn
from the grid, where the marginal emissions factors are lower due to the mix of coal, natural gas,
nuclear, and renewable sources. We report state and NERC region marginal air emissions
distributions in SI Figure S3. Using a state-level grid reduces the median emissions per cubic
meter of wastewater to 1.6 g/m?of NOx, 49.3 g/m?® of SO, and 1.5 kg CO2/m? for CPBT and to
20 g/m®of NOx, 35 g/m?® of SO, and 20 kg CO2/m?® for ZLD. Using the NERC-level grid reduces
the median emissions per cubic meter of wastewater to 1.6 g/m® of NOx, 49.2 g/m? of SO, and
1.8 kg CO2/m3 for CPBT and to 20 g/m®of NOx, 29 g/m?® of SO, and 20 kg CO./m? for ZLD.

Most emissions from CPBT processes stem from chemical inputs to the treatment
process, while emissions from ZLD processes are dominated by auxiliary electricity
consumption at the plant. Air pollutant emissions from CPBT processes are an order of
magnitude lower than from ZLD processes for pollutants other than SO. In this case,

manufacturing of nutrient inputs to biological processes has a significant SO footprint, while

SO, emission factors at plants with FGD control technology are relatively small.
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4.5 Total Annual Air Pollutant Emissions from FGD Wastewater Treatment at U.S. CFPPs

We estimate the total annual air emissions from FGD wastewater treatment, M, [kg/yr],

under each ELG option by multiplying the volumetric emissions factors (mp,, ,; + m$) of

pollutant [kg] by estimated FGD wastewater volume at the plant level (Equation 4.4).

. Gscrubbed,i*Wi
Mg = Zi [(mglfec,g,i + mg)(yZl Capaat)’i * Gscrubbed,i) (Lﬂ (4-4)

Yi Gscrubbed,i*Wi
Here, the second term is the national annual wastewater production volume determined by
multiplying EPA’s estimate of the national average annual volume of wastewater produced per

unit of wet FGD scrubbed nameplate capacity,'* # [m%kW.yr], by the sum of plant capacity,

Capacity; [KW], and percent of the plant exhaust gas scrubbed via wet FGD, Gg¢ryuppeq,ir OVEr

all U.S. CFPPs. Finally, the third term, (M) represents the fraction of national
YiGscrubbed,i*Wi

scrubbed electricity generation at plant i. Sensitivity analysis on the volume of FGD wastewater
produced per kWh of generation is provided in SI Section 1.0. A detailed description of the
methods is reported in SI Section 2.3.

There are several policies and regulations that may limit emissions increases. Clean Air
Act (CAA) Title V requires operating permits for large point source emitters®® and MATS
establishes a total PM limit for existing CFPPs.2 In addition, National Air Quality Standards
(NAAQS) mandate State Implementation Plans (SIPs) for realizing emissions reductions in non-
compliant regions. SIPs may limit emissions from both existing sources®* and new facilities.®®
While our base case analysis assumes no binding air emission regulation limits, we consider the
effect of limited emissions increases in our sensitivity analysis by evaluating scenarios with no

additional emissions of SOz, NOx, and PM2s from electricity generation, from chemical
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manufacturing in states containing a non-attainment area, or from both electricity and chemical
manufacturing.
4.6 National Annual HEC Damages from Air Emissions Associated with FGD Wastewater
Treatment at U.S. CFPPs
Monetizing the HEC damages associated with air emissions from FGD wastewater treatment
facilitates efficient policy design. We estimate human health and environmental damages at the
plant level using marginal damages from the AP2 model,*® a widely implemented integrated
assessment model that estimates the human health and ecological damages associated with a
marginal change in the emissions of SOz, NOx, and PM2 s from point sources in U.S. counties
(detailed in SI Sections 2.4 and 6.0 and Figure S4). To estimate damages associated with CO>
emissions, we adopt the average social cost of carbon (SCC) estimate at a 3% discount rate
provided by the Interagency Working Group of $43 per short ton CO> in 2014 dollars based on a
pulse in 2020.%¢

To account for significant disagreement in the methodological approach and numerical
assumptions used in valuing carbon emissions reductions, we perform a sensitivity analysis by
varying the SCC between $0 and $100 per short ton (Sl Section 7.0, Table S12, and Figure S6).
Low CO emissions factors for CBPT processes (Figure 4.2) mean that the total damages change
by only 12% over this SCC range. The CO emissions of ZLD processes are substantially
greater, leading to a change of 55% in the total damages over the SCC range. In neither case does
a $0/short ton CO2 SCC price impact the conclusion of the BCA.

We estimate annual HEC damages from air emissions associated with FGD wastewater
treatment at each U.S. CFPP at the county level. The distribution of downwind damages for the

G.G. Allen CFPP, for which precise FGD wastewater volumes are available,** is provided in SI
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Figure 4.3. Estimated annual HEC damages associated with transitioning from FGD wastewater
impoundment to FGD wastewater treatment by CPBT or ZLD processes. Damages downwind of
power plant and chemical manufacturing are aggregated to the state in which the emissions
were generated. HEC damages from CPBT wastewater treatment accounting for (A) only
auxiliary electricity generation, (B) only chemical manufacture, and (C) both auxiliary
electricity generation and chemical manufacture. HEC damages from ZLD wastewater treatment
accounting for (D) only auxiliary electricity generation, (E) only chemical manufacture, and (F)
both auxiliary electricity generation and chemical manufacture. Damages are tabulated in Table

S13 of Sl Section 8.0. This analysis is performed relative to a baseline of no advanced FGD
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wastewater treatment (i.e. wastewater impoundment) and uses estimated wastewater volumes
from 2014. We assume that chemical manufacturing follows the 2013 chemical sector
distribution, that auxiliary power is generated onsite, a value for the social cost of carbon of $43
per short ton of COz, a value of a statistical life of $8.5 million, and non-binding NOx and

SO regulations. Sensitivity analyses on these assumptions are detailed in SI Section 14.

Section 6.2 and Figure S5. The estimated HEC damages are $320 million for CPBT treatment
processes and $1,100 million for ZLD treatment processes, with expected cost-benefit ratios of
1.8 (range of 1.5 to 2.5) for CPBT and 1.7 (range of 1.4 to 1.9) for ZLD treatment processes
(Figure 4.3, SI Section 8.0, and Table S13). Note that while the costs of FGD wastewater
treatment exceed the benefits of FGD wastewater treatment, the HEC benefits of FGD processes
are at least an order of magnitude higher than the costs of FGD wastewater treatment.!® Annual
emissions from chemical manufacturing will add significantly to total air emission damages for
the CPBT treatment process, especially in states with large chemical manufacturing bases (e.g.
California, Texas). The air emission damages from chemical manufacturing will be much smaller
for ZLD processes, where the majority of emissions are associated with auxiliary electricity
generation. Under this option, states with large amounts of coal generation capacity (e.g. Ohio,
Pennsylvania) would be responsible for the majority of air emission damages.

4.7 Air-Water Emissions Tradeoffs from FGD Wastewater Treatment

Comprehensive assessment of air and water emissions tradeoffs for FGD wastewater treatment
requires comparing the HEC and technology implementation costs against the human health,
ecosystem, and fuel switching benefits of installing aqueous emission control technologies. Ex

ante estimates of future costs and benefits are highly uncertain®' and improving these estimates is
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an active area of research. Nevertheless, this work adapts and extends the EPA’s analysis
regulatory analysis of the full ELG rule®® to estimate the stand-alone benefits and costs of FGD
wastewater treatment. We disaggregate the benefits and costs of FGD wastewater treatment from
those of other wastewater streams covered under the ELG regulation and we reference our
analysis to a baseline of impoundment water management. Detailed descriptions of methods,
assumptions, and sensitivity analysis on these assumptions are provided in Sl Sections 4 (Tables

S6-S10 and Figure S2), and SI Sections 7-14 (Tables S12-S24 and Figures S6-S12).
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Figure 4.4. (A) Estimated benefits and costs of chemical precipitation and biological treatment
(CPBT) and zero liquid discharge (ZLD) technologies for FGD treatment on a per cubic meter
basis. Benefit estimates are derived from the EPA’s regulatory analysis of the ELG rule and
include reduced greenhouse gas (GHG) and criteria air pollution (CAP) emissions that stem
from fuel switching and reduced water emissions leading to improved human and ecological
heath. Damage estimates are derived through a combination of EPA’s regulatory analysis for
compliance costs and the analysis described in this work for damages associated with auxiliary
electricity and chemical manufacturing emissions. The error bars on the net cost value represent
the extremes of the sensitivity analysis for seven key variables reported in (B) and detailed in Sl

Tables S17, S23, and S24.
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The social costs of FGD wastewater treatment under the assumptions detailed above
exceed the estimated social benefits for CPBT and ZLD by a factor of 1.8 and 1.7, respectively
(Figure 4.4A, S1 Table S17). The largest costs are the capital and operational costs of the
technology, while the largest source of benefits stem from fuel switching, and the associated
reductions in COz and criteria air emissions, resulting from these increased electricity generation
costs. Since these costs and benefits are directly related (SI Figure S8), reducing the cost of
technology operation is also expected to reduce the fuel switching benefits.

Our conclusion that FGD wastewater treatment imposes net costs is robust to sensitivity
analyses reported in Figure 4.4B and Sl Tables S17, S23, and S24, including the distribution of
FGD wastewater treatment technologies currently installed at CFPPs and assumptions about the
location of chemical manufacturing, the value of a statistical life, the presence of binding
regulations limiting NOx, SOz, and PM2.s emissions from power plants and chemical
manufacturing facilities in non-attainment areas, the compliance cost to fuel switching
relationship, the social cost of carbon, and the origin of auxiliary power supplied for wastewater
treatment. Even in scenarios where we assume no additional marginal emissions of SOz, NOy,
and PM2 s from electricity generation or from chemical manufacturing in states containing a non-
attainment area, treating FGD wastewater using BATs recommended by the EPA still imposes
net costs as a result of compliance costs, chemical manufacturing emissions in states without
non-attainment areas, and CO> emissions damages (Table S22).

This sensitivity analysis also highlights the importance of using plant or location-specific
emissions factors and spatially resolved marginal damage values in regulatory analysis of the
national electricity grid. Replacing regional or national average emissions factors with plant or

location-specific emissions factors increases estimates of total emissions and resulting damages
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from auxiliary electricity generation for FGD wastewater treatment by 26-36% ($3.9-$5.5
million dollars annually for CPBT and $200-$280 million dollars annually for ZLD) (SI Section
8.2). Similarly, assumptions about the location of chemical manufacturing influence the
associated estimates of air emissions damages by an order of magnitude (SI Section 4.0).

Replacing national average marginal damage estimates with spatially resolved marginal
damage values has comparable implications. We compare results using county-level marginal
damage estimates provide by AP2 to results computed using 1) national average marginal
damage determined by averaging all county-level marginal damages and 2) using national
average marginal damage estimates provided by the EPA. The first case underestimates the air
emissions damages of FGD wastewater treatment by 4% for CPBT and 10% for ZLD. In
contrast, the national average marginal damage estimates provided by the EPA overestimates air
emissions damages by 25% for CPBT and 7% for ZLD. Additional details of these calculations
are available in SI Section 15 and Table S25.
4.8 Implications for Regulatory Analysis of Air and Water Emissions Controls at CFPPs
Though market conditions and regulatory pressure have reduced the fraction of electricity
generation by CFPPs to 33% in 2015,% a full transition to low-carbon electricity generation will
take several decades.®>%" In the interim, CFPPs are likely to make significant capital investments
in emissions control technologies. Quantifying the air-water emissions tradeoffs of these capital
improvements will be critical to avoiding unintended HEC consequences, to mitigating these
consequences through technology innovation, and to maximizing the value of investments
emissions control technologies.

This work adopted a life-cycle emissions inventory framework to assess air-water

emissions tradeoffs of treating FGD wastewater. As previously noted, damage estimates from
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wet FGD wastewater treatment are at least one to two orders of magnitude smaller than the
health and environmental benefits of removing SO. emissions via wet FGD processes. This
analysis does not reconsider implementing SO controls, or evaluate options for replacing wet
FGD systems with dry FGD alternatives. Instead, we assess only the air emission implications of
a recent policy shift—regulation of wet FGD wastewater discharge—under two different
wastewater treatment technology options.

When accounting for emissions from chemical manufacturing processes that occur off-
site, using the appropriate plant or regional level emissions factors, and applying spatially
resolved marginal damage estimates, we estimate that the costs of FGD wastewater treatment by
BAT treatment processes exceed the benefits by a factor of 1.7 to 1.8 for our base-case analysis.
Sources of systematic error in this estimate exist due to the absence of models that spatially
resolve the marginal benefits of reduced aqueous pollution, the difficulty of accurately capturing
the ecosystem benefits of higher water quality, methodological issues associated with valuing the
SCC, and the difficulty of projecting improvements in the energy and chemical efficiency of
FGD wastewater treatment technology. Despite these limitations, this BCA aids comprehensive
decision making processes that include non-monetary benefits of FGD wastewater treatment by
establishing priorities for plant retrofit, identifying wastewater treatment technologies that
maximize HEC benefits, and highlighting the need for improved energy and chemical efficiency
of wastewater treatment technologies.

This analysis also highlights the magnitude of HEC benefits available from reducing
criteria air emissions from the electricity generation sector. The largest benefits of FGD
wastewater treatment are the reduced HEC damages associated with fuel switching, rather than

the averted damages caused by reduced water pollution. While it is desirable that CFPPs reduce
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their environmental impacts from both water and air pollution, the most efficient pathway toward

reducing air pollution damages is to directly regulate greenhouse gas and criteria air emissions.
Minimizing sustainability tradeoffs and reducing the compliance costs of emissions

control requires future regulatory design to address air and water emissions control processes

simultaneously. This work reinforces the need for comprehensive regulation that allows plants

to strategically redesign the electricity generation process to minimize costs and HEC damages

across all emissions control processes. Spatially resolved water emission marginal damage

models to complement those for estimating air emissions marginal damages would greatly

facilitate that effort.
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4.10 Nomenclature

Symbols

Capacity: Generator Nameplate Capacity [kKW]

EW: Auxiliary Electricity Consumed for Water Treatment [kKWh/m?®]

EC: Energy Inputs for Chemical Manufacturing [MJ/kg], [MJ/L], [kWh/kg], [KWh/L]

eC: Emissions Factor per Unit of Chemical [g-pollutant/kg-chemical], [g-pollutant/L-
chemical]

e’ Emissions per MJ of Thermal Energy Input for Chemical Manufacturing [g/MJ]
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Gscrubbed:

M:

=]

V:

W:
Subscripts
af

cm:

elec.

Emissions per kWh of Electricity Input to Water Treatment or Chemical
Manufacturing [o/kwWh]

Percent of a Plant’s Exhaust Gas Scrubbed with a Wet FGD unit [%]

Total Annual Air Emissions from Chemical Manufacturing and Auxiliary
Electricity Consumption [g/yr]

Mass of Air Emissions from Chemical Manufacturing per m® of Wastewater
Treated [g/m®]

Mass of Air Emissions from FGD Wastewater Treatment per m?® of Wastewater
Treated [g/m®]

Average Emissions from Chemical Manufacturing and Auxiliary Electricity
Consumption per m?® of Wastewater Treated [g/m®]

Dose of Chemical in a Unit Process [kg/m®] or [L/m?]

Annual Value of Products from the Chemical Manufacturing Sector [$]

Annual Net Electricity Generation [KWh/yr]

Average Emissions Factor

Direct Emissions from Chemical Manufacturing

Auxiliary Electricity Consumption in Water Treatment or Chemical
Manufacturing

Pollutant

Unit Process for Wastewater Treatment

Coal-Fired Power Plant

Chemical
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mf.

Thermal Fuel Source
U.S. State

Marginal Emissions Factor
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PART I

AVOIDING AIR-WATER TRADEOFFS ASSOCIATED WITH CFPP
WASTEWATER TREATMENT
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CHAPTER 5: QUANTITY, QUALITY, AND AVAILABILITY OF WASTE
HEAT FROM UNITED STATES THERMAL POWER GENERATION?

5.1 Abstract

Secondary application of unconverted heat produced during electric power generation has
the potential to improve the life-cycle fuel efficiency of the electric power industry and the
sectors it serves. This work quantifies the residual heat (also known as waste heat) generated by
U.S. thermal power plants and assesses the intermittency and transport issues that must be
considered when planning to use this heat. Combining Energy Information Administration
plant-level data with literature-reported process efficiency data, we develop estimates of the
unconverted heat flux from individual U.S. thermal power plants in 2012. Together these power
plants discharged an estimated 18.9 billion GJw of residual heat in 2012, 4% of which was
discharged at temperatures greater than 90 °C. We also characterize the temperature, spatial
distribution, and temporal availability of this residual heat at the plant level and model the
implications for the technical and economic feasibility of its use. Increased implementation of
flue gas desulfurization technologies at coal-fired facilities and the higher quality heat generated
in the exhaust of natural gas fuel cycles are expected to increase the availability of residual heat

generated by 10.6% in 2040.
5.2 Introduction

In 2012, U.S. electric utilities converted 38 billion GJen of coal, natural gas, and nuclear

energy into 12.3 billion GJeiec of electricity,! an average efficiency of 32%. Electricity generation

4 This chapter is based on a paper co-authored with Prof. Meagan Mauter. It can be found at
Gingerich, D.B.; Mauter, M.S., Quantity, Quality, and Availability of Waste Heat from United
States Thermal Power Generation. Environmental Science & Technology 2015, 49(14), 8297-
8306.
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at these plants is performed by combusting fuel (e.g. coal and natural gas) or using nuclear
reactions to heat a fluid. The resulting hot fluid drives the blades of a turbine and its associated
generator, thereby converting thermal energy into mechanical energy and then electric energy
(see Supporting Information (SI) Section 1.0 and Figure S1 for additional detail on power plant

operations and thermodynamics).?3

Thermal generation processes are plagued by inefficiencies that leave approximately two-
thirds of energy input unused for electricity generation.*® In addition to the thermodynamic
limits on power plant efficiency, common sources of inefficiency for power generation include
incomplete combustion, inefficient heat transfer from combustion gasses to the steam cycle, heat
loss during condensation, heat transfer to the environment, and seasonal temperature changes
affecting ideal efficiency. While a portion of the unconverted energy is captured for use in air
and fuel pre-heating systems®’ or applied in processes downstream of the turbines, significant
quantities of heat are passively released during steam conveyance?* or discharged into the
environment through cooling water and exhaust streams.?>® Recoverable energy that is not

converted into electricity is henceforth referred to as “residual heat” in this manuscript.

Plant-level efforts to improve power generation efficiency focus on decreasing the heat
rate, defined as the fuel input needed to generate a unit of electricity,® of a power cycle. This is
accomplished through a combination of retrofits to the plant infrastructure,'®*> mathematical
modeling and optimization of thermodynamic operating conditions,®!%” and improved plant

maintenance and operation.*%16:18

Increasing the efficiency of fuel combustion can also be accomplished by expanding the
system boundaries to include applications of heat beyond electricity generation. Common

examples include district heating for the residential and commercial sectors,*® heating and
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cooling in the processes of chemical synthesis and metal smelting, or thermal processes for water
desalination.?°2* Common among these diverse applications is the substitution of residual heat
(sometimes augmented with high temperature steam) for heat generated through primary fuel

sources or electricity.®

Increasing power plant efficiency through heat capture and usage also confers
environmental benefits. Thermal pollution released in the cooling water has the potential to
harm aquatic life,?® the diversity of aquatic ecosystems,?® and lake mixing regimes.?’ Finding
ways to divert residual heat to practical applications could assist thermal power generators in
complying with heat discharge regulations that protect receiving water bodies.? Previous studies
have shown that waste heat has a non-negligible impact on climate?® and projected that
substituting residual heat for primary energy could reduce net greenhouse gas emissions by

13%.°

Studies estimating the quality, quantity, and availability of residual heat are sparse in the
literature.>2® Those available are focused solely on heat quantity and use data from before the
sharp increase in natural gas driven electric power generation and the increased use of post-
combustion flue gas desulfurization (FGD) control technologies. Industrial and manufacturing
processes, under-exploited geothermal resources, automobiles, waste facilities, and the built
environment also discharge significant quantities of heat. An estimate of unconverted heat
quantity produced by industrial and manufacturing processes was recently published
elsewhere,>?° though the granularity of the underlying data preclude careful quantification of
spatial distribution, heat quality, and the temporal availability of the heat. The present
manuscript focuses exclusively on the residual heat produced by electric power generation

facilities.
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In this study we estimate the temperature, heat flux, and spatial-temporal availability of
residual heat from the U.S. coal, nuclear, and natural gas power generation sectors. We exclude
from this analysis petroleum, biomass, geothermal, wind, hydropower, and solar power systems.
These estimates are informed by thermodynamic or average process models of power plants,
Energy Information Administration (EIA) plant-specific data, and economic models. We also
offer novel contributions to the existing literature by incorporating temperature limits imposed
by acid gas condensation on the quality of heat extracted, providing estimates for the spatial and
temporal availability of residual heat, and estimating future heat availability under EIA projected
fuel mix and carbon policy scenarios. These results will help to inform policy objectives for
residual heat usage by clarifying the technical and economic viability of extracting and

conveying heat from power plants in the U.S.
5.3 Methods
5.3.1 Quantity and Quality of Residual Heat

The methodological steps for modeling the quantity and quality of residual heat are
summarized in Figure 5.1. Estimates of power plant efficiencies are reported in the
literature®1339-3" and by manufacturers,® but actual efficiencies vary significantly based on load,
capacity factor, ramping rates, and environmental conditions. To account for these variations,
we use plant-level data for electricity generation, fuel consumption, and cycle type reported in
EIA Form EIA-923! to estimate the quantity of unconverted heat based on the heat input and
electricity output from the system. The fuel and cycle types considered in this manuscript
include coal, nuclear, natural gas combined cycle (NGCC), natural gas gas turbine (NGGT), and

natural gas steam turbine (NGST).
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We first divide plant-specific annual generation (Welecj ) by an average process turbine
and generator efficiency (nconv,i) Of 86% for steam cycles and 93% for gas cycles® to calculate
the heat used for electricity generation. We then calculate power cycle efficiency (Meycle,1,jk) by

dividing the heat used for electricity generation by the total heat input (Qsuelj k) in the fuel
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Figure 5.1. Methods and data sources for calculating residual heat quantity and availability.
Green rectangles are plant-specific data sources, blue rectangles are average process data, grey
rectangles are intermediate calculations, and black rectangles are final reported values. Using
EIA Form 923 plant-specific data, we calculate the unconverted heat at each U.S. power plant.
We calculate the recoverable fraction, or total residual heat, by incorporating literature
reported average process efficiency data and accounting for limitations on heat recovery
imposed by pollution control and exhaust systems at each power plant. Summing plant level
residual heat over all U.S. power plants provides residual heat totals for the year 2012. We
combine the residual heat totals with EIA Form 860 location data for each generator to perform
spatial characterization of residual heat availability using calculations of recovered residual
heat and heat losses during transport. Temporal availability, provided by plant capacity factors,
is calculated using plant-specific EIA Form 860 and Form 923 data. Residual heat forecasts are

estimated using residual heat totals and EIA electricity generation predictions.
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(Equation 5.1, Table 5.1), where the power plant fuel/cycle type combination is denoted by i, the

specific generator is denoted by j, and the power plant is denoted by k. Finally, we calculate

Table 5.1 Efficiency, energy, and exergy of U.S. power plants.

Residual Heat Source
(% of Input)

Fuel and Power Cycle Efficiency Energy Exergy o
Coal
Steam Turbine>3303437 29 504 Exhaust Gas
9.3% 4.3% 14.2%
Condenser
47.0% 2.0% 71.5%

Other Losses/Destruction
14.2% 62.0% 14.3%

Natural Gas
Combined Cycle®33:38 45.5% Exhaust Gas
7.3% 1.0% 15.5%
Condenser
34.5% 0.8% 73.2%
Other Losses/Destruction
12.7% 45.9% 11.3%
Steam Turbine®3! 30% Exhaust Gas
5.7% * 8.7%
Condenser
51.0% 3.1% 78.2%
Other Losses/Destruction
13.3% 45.9% 13.0%
Gas Turbine® 31.0% Exhaust Gas
59.4% * 89.7%
Other Losses/Destruction
9.6% * 10.3%
Nuclear
Steam Turbine®32343 29.0% Condenser
65.5% 2.4% 99.2%
Other Losses/Destruction
5.5% 63.0% 0.8%
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unconverted heat (Qunconverted,ijk) by subtracting heat for electricity generation from the heat

equivalent of fuel input (Equation 5.2).

Welec'j'k/n )
conv,l
i = 5.1
ncycle,L,],k quel']'k ( )

— Welec,j,k
Qunconverted,i,j,k - quel,j,k - (5-2)

Nconv,i

Unconverted heat escapes via wall losses, or is discharged in condenser systems and
exhaust gasses. Only a portion of this unconverted heat is potentially recoverable, defined
throughout this manuscript as residual heat, and including all heat isolated to a controllable
process stream that is not otherwise allocated to the prevention of acid mist condensation
formation. Functionally, wall losses are considered non-recoverable, while heat discharged in
condenser systems is considered recoverable. Operationalizing this definition for exhaust gasses

requires consideration of the fuel and the air pollution control technologies present at the plant.

The acid gas mist condensation temperature determines the fraction of recoverable heat in
the exhaust of both coal and natural gas fired power plants. For those coal-fired power plants
that do not report an operational FGD unit in EIA form 923, we model all exhaust gas heat as
unrecoverable. For those coal-fired plants with operating FGD units, and for all natural gas
units, we model exhaust heat as recoverable between Texnaust (Table 2) and the estimated dew

point of SO at standard concentrations and pressures in desulfurized exhaust.*

Desulfurization systems vary widely in their removal efficiency, but SO, concentrations
of 75 ppb and H»O partial pressures of 0.01 atm are robust estimates for the median FGD process
in coal plants.*! Due to poor data on the range of concentration, as well as the difficulty of
capturing heat between 30°C and 50°C, we assume the lower recoverable limit is likely to be

closer to 50°C.*? This corresponds to a partial pressure of SOz in the exhaust of around 260 ppb.
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The median total sulfur content in pipeline natural gas is 4.58 mg/Nm3#3 though there is
significant variation depending on the source of the gas and the standards set by the company
operating the pipeline. Because of this variation we assume that the maximum permissible
amount of sulfur in piped natural gas (13.7 mg/Nm?3)* was present in the gas before combustion
and then perform a mass balance to obtain an upper bound of 500 ppb on sulfur in the natural gas
exhaust. The resulting dewpoint is approximately 49°C, but given the feasible constraints on
low temperature heat recovery,*? we assume a lower recoverable limit for natural gas exhaust to
be 50°C. Chemical composition, the heat capacity of the exhaust gasses, and calculations of the

acid gas dew point are detailed in SI Sections 2.1 and 2.2 and Table S1.

A portion of the residual heat from the exhaust flue gas is used to improve plant
efficiency by preheating and dehumidifying combustion air® and fuel.” The existing literature
does not provide robust estimates of the temperature drop resulting from these processes, thereby
limiting our ability to deduct this heat from total estimates of residual heat. The scarcity of
reasonable estimates for efficiency gains resulting from preheating and dehumidifying processes

also suggests that there may be higher value secondary uses for this heat.

With these limits on exhaust heat capture established, we define a normal distribution of
unconverted heat among these streams for each fuel type and power cycle using averages and
standard deviations of previously published thermodynamic analyses on real and simulated
power plants (Table S2).51330-38 The fraction of energy content in each unconverted heat stream
relative to total unconverted energy is reported in Table 5.1 as a. Additional methodological

details are presented in SI Section 3.0 and Table S2.

We then estimate the residual heat in the condenser and exhaust streams for each power

plant in the U.S. We use @Risk (Palisade Corporation, Ithica, NY), a Monte Carlo simulation
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software package, to randomly select 1,000 values from a normal distribution describing the
percentage of fuel energy in the electricity, condenser, exhaust, and other loss streams. We then
multiply these randomly generated a values by the unconverted heat at each generator (Equations
5.3 and 5.4) yielding estimates for the heat content in each energy stream. We use the results of
these 1000 iterations to identify the first, second, and third quartile estimates of residual heat in

each energy stream. Additional methodological details are described in SI Section 4.0.

Qcondenser,i,j,k = acondenser,iquel,j,k (5-3)

Q _ (Gxcp ign,i*(THign,i+273.15))=(G*Cp Low,i*(TLow,i+273.15))
exhaust,i,j,k 1,000,000 (ML])

(5.4)

(G*Cp,High,i*(THigh,i+273-15))_(G*Cp,Low,i*(TLow,i+273-15)) (5 5)
7 .
1,000,000 (M_])

Qtotal,i,j,k = acondenser,iquel,j,k +
We total the residual heat at each U.S. power plant by summing over k. Finally, we total
the amount of residual heat generated in the U.S. and classify it based on the five fuel/cycle

combinations studied.
5.3.2 Temporal Availability of Residual Heat

The temporal availability of residual heat will determine the range of viable end uses.
Although plants produce heat while idling, the bulk of fuel is consumed, and the majority of heat
is generated, while the plant is producing electricity. Therefore, we use capacity factor, a 0.0 to
1.0 measure of how frequently a generator is producing electricity, as a conservative estimate for
the temporal availability of residual heat. We calculate capacity factor for each generator by
dividing the generator’