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Executive Summary 

Health impact assessment (HIA) is a suite of tools used to characterize potential health 

effects of policies, projects, or regulations. The objective of this HIA was to understand the impact 

of decommissioning units at two large coal-fired power plants on mortality and morbidity in the 

Southern Front Range region of Colorado. Based on Community Multiscale Air Quality (CMAQ) 

chemical transport models of fine particulate matter with an aerodynamic diameter less than 2.5 

μm (PM2.5) and ozone (O3), we modeled five potential emissions reductions scenarios and 

estimated the potential health benefits of reduced exposures to PM2.5 and ozone for premature 

deaths, cardiovascular and respiratory hospitalizations, and other health outcomes for ZIP codes 

in the Southern Front Range region, including the cities of Denver, Colorado Springs, and Pueblo. 

Health Benefits Scenarios 1 and 2 estimated the health benefits of shutting down most units at 

the Comanche plant in Pueblo, CO (one newer unit remained operational) relative to a baseline 

scenario using emissions from 2011 (Scenario 1) or a counterfactual baseline scenario that 

accounted for sulfur dioxide emissions controls (scrubbers) installed at the Martin Drake plant in 

Colorado Springs in 2016 (Scenario 2). Health Benefits Scenario 3 estimated the benefits of 

shutting down the Martin Drake plant relative to the 2011 baseline. Health Benefits Scenario 4 

estimated the health benefits of shutting down the Martin Drake power plant and shutting down 

all but one boiler at the Comanche power plant relative to a 2011 emissions baseline. Health 

Benefits Scenario 5 estimated the marginal health benefits of decommissioning these plants 

(with one remaining coal-fired boiler at Comanche) relative to a counterfactual baseline year that 

considered emissions controls installed at the Martin Drake facility in 2016. In addition to 

estimating the number of deaths, hospitalizations, and other health outcomes that would 

potentially be avoided by reducing emissions at these facilities, we also estimated the monetary 

impact using outcome valuations typically used in US EPA health benefits analyses and examined 

the environmental justice implications of reduced emissions and exposures across the Southern 

Front Range. 

• For Health Benefits Scenario 1 (Comanche Units 3 and 4 were “zeroed out” and compared 

to a baseline where all other emissions were at 2011 levels), we estimated that reducing 
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population exposures to PM2.5 would result in 1 (95% CI: 0 - 1) fewer premature death 

each year. Reductions in PM2.5 and O3 exposures would also result in fewer restricted 

activity days among adults [5 (95% CI: -3 – 95)] and fewer missed school days for children 

[27 (95% CI: -19- 582)]. Benefits of retiring the Comanche units were similar when 

emissions controls at Martin Drake are taken into account (Health Benefits Scenario 2).  

• For Health Benefits Scenario 3 (emissions at Martin Drake were “zeroed out”), we 

estimated that reducing population exposures to PM2.5 and O3 would result in 4 (95% CI: 

2 - 5) and < 1 (95% CI: 0 - 1) fewer premature deaths each year, respectively. Reductions 

in PM2.5 and O3 exposures would also result in fewer restricted activity days among adults 

[10 (95% CI: 0 – 74)] and fewer missed school days for children [4 (95% CI: 2- 5)]. 

• For Health Benefits Scenario 4, we estimated that reducing population exposures to PM2.5 

and O3 would result in 4 (95% CI: 2 - 6) and < 1 (95% CI: 0 - 1) fewer premature deaths 

each year, respectively. Among the largest annual health benefits are avoided asthma 

symptom days among children [16 (95% CI: -1 – 141) due to PM2.5 and 13 (95% CI: -348 - 

972) due to O3] and minor restricted activity days among adults [69 (95% CI: 0 - 488) due 

to PM2.5 and 71 (95% CI: -31 - 750) due to O3]. We also estimated that, for Health Benefits 

Scenario 1, children in the study area would miss 77 (95% CI: -77 - 1180) fewer days of 

school each year due to lower O3 exposures.  

• Annual health benefits were lower for Health Benefits Scenario 5 compared to Scenario 4 

due to the smaller change in exposure concentration after accounting for the control 

technologies installed at Martin Drake in 2016. For Health Benefits Scenario 5, we 

estimated that reducing population exposures to PM2.5 and O3 would result in 2 (95% CI: 

1 - 3) and < 1 (95% CI: 0 - 1) fewer premature deaths each year, respectively. Other annual 

benefits under Health Benefits Scenario 2 included 2 (95% CI: -17 – 44) and 9 (-242 – 678) 

avoided asthma symptom days due to PM2.5 and O3 exposures, respectively; 28 (95%CI: -

2 – 188) and 48 (95%CI: -16 – 513) minor restricted activity days due to PM2.5 and O3 

exposures; and 53 (95% CI: -48 – 833) avoided school absences among children due to O3 

exposures. 
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• Monetized health benefits when both plants were “zeroed out” ranged from $4.2 million 

(95% CI: $2.1 million - $7.2 million) for Health Benefits Scenario 4 to $1.7 million (95% CI: 

$0.8 million – 3.2 million) for Health Benefits Scenario 5. Benefits tended to be smaller 

when only one plant was considered. In all of the analyses, the monetized impacts were 

driven by the value of avoided premature mortality. 

In addition, we found that ZIP codes with lower median incomes tended to receive a greater 

share of the health benefits of decreasing exposures to PM2.5 and O3 resulting from power plant 

shutdowns. This finding suggests that reducing emissions at the power plants could potentially 

alleviate some environmental justice concerns in the area. 
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Introduction 
 
Health Effects of Air Pollution from Coal Fired Power Plant Emissions 

The World Health Organization‘s Global Burden of Disease (GBD) project has determined 

that air pollution is currently the world’s largest single environmental health risk, estimated to 

result in 7 million deaths annually (Forouzanfar et al. 2016). Specifically, fine particulate air 

pollution (particulate matter with an aerodynamic diameter less than 2.5 µm; PM2.5) has been 

identified as a major risk factor for cardiovascular, pulmonary, and cerebrovascular (i.e. stroke) 

morbidity and mortality (Brook et al. 2010; Health Effects Institute 2010; Krewski et al. 2009; 

Pope et al. 2009). Similarly, short term and long term exposures to ozone (O3) have also been 

associated with morbidity and mortality, particularly for respiratory diseases (Bell et al. 2005, 

2004; Jerrett et al. 2009; US Environmental Protection Agency 2013). Although recent declines 

in urban air pollution levels across the United States are associated with longer life expectancy, 

(Correia et al. 2013) current levels of PM2.5 and ozone are still high enough to pose a public 

health risk (Fann et al. 2012b). A large proportion of the adverse health impacts in the United 

States attributed to ambient air pollution are the result of emissions from industrial facilities 

and electricity-generating stations that burn coal (Fann et al. 2009, 2012a). Other important 

sources of air pollution that contribute to adverse health effects include emissions from 

transportation, other industrial emissions, and residential energy use (Caiazzo et al. 2013; 

Lelieveld et al. 2015). 

Fossil fuel combustion for electricity generation and other industrial or residential uses 

is a significant source of air pollution in the United States (US Environmental Protection Agency 

2016c). Coal is a fossil fuel, and burning coal results in several air pollutant emissions, including 

oxides of nitrogen (NOx), sulfur dioxide (SO2), mercury and other heavy metals, and fly ash, a 

type of particulate matter (US Energy Information Administration 2018a). Sometimes this fly 

ash is emitted directly into the atmosphere, but most power plants have control technologies 

in place, including electrostatic precipitators or large filtration systems called “baghouses”, to 

filter this pollutant before it can be released through the smokestack. However, gases such as 
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SO2 and NOx are harder or more expensive to control. When SO2 and NOx are released into the 

atmosphere, they can oxidize in the atmosphere and combine with ammonia to form sulfate 

and nitrate particles; these particles are a type of fine particulate matter. Additionally, NO2, 

which is a byproduct of any type of combustion, in the presence of sunlight and volatile organic 

compounds can react to produce ground-level ozone pollution (US Energy Information 

Administration 2018a).  

Coal remains an important fuel source for electricity generation and is responsible for 

30.1% (1,208 billion kWh) of the electricity used in the United States in 2017 (US Energy 

Information Administration 2018c). For comparison, natural gas, wind, and photovoltaic solar 

were responsible for 31.7% (1,273 billion kWh), 6.3% (254 billion kWh), and 1.2% (53 billion 

kWh) of electricity generated, respectively (US Energy Information Administration 2018c). As of 

2017, coal-fired power plants in the US had a total generating capacity of 260 gigawatts; overall 

capacity is projected to drop by 65 GW between 2018 and 2030, but remain constant between 

2030 and 2050 (US Energy Information Administration 2018b).  

Air Quality in the Front Range Region of Colorado 

Air quality in Colorado is measured using a network of fixed-site monitors distributed 

across the state; in total, there are 53 sites measuring seven different pollutants and 

meteorological conditions (Colorado Department of Public Health & Environment 2017). Under 

the Clean Air Act (CAA) of 1970, the US Environmental Protection Agency (US EPA) established 

National Ambient Air Quality Standards (NAAQS) for six pollutants, including particulate matter 

(PM) and ozone. When concentrations measured at these monitors meet these standards, the 

area is considered in “attainment” (National Research Council 2004). Currently, air quality across 

the state meets the NAAQS for PM2.5, PM10, carbon monoxide, sulfur dioxide, lead, and nitrogen 

dioxide. However, the Denver-Boulder-Greeley-Ft. Collins-Loveland metropolitan area is 

considered in non-attainment of the 2008 O3 NAAQS (US Environmental Protection Agency 

2018). Long term monitoring data of the Front Range region of Colorado suggests that, unlike the 

east coast of the United States where air quality is improving over time, ozone is a worsening 

problem in the Front Range area of Colorado as well as the entire western United States (Cooper 
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et al. 2010). 

The NAAQS and associated regulations have resulted in significant reductions in criteria 

pollutant concentrations nationwide, despite the concurrent growth in population, gross 

domestic product, energy consumption, and vehicle miles traveled since 1970 (US Environmental 

Protection Agency 2014). However, air quality problems still persist. When concentrations 

measured at monitors exceed the levels prescribed in the NAAQS, the area is considered in non-

attainment of the standard, which triggers several regulatory actions. Included in this regulatory 

process is the development of a State Implementation Plan (SIP), which outlines the state’s plan 

to reduce ambient concentrations and meet the NAAQS (National Research Council [NRC] 2004). 

SIPs can include a number of different types of source controls, e.g., installing scrubbers on power 

plant emissions stacks to remove pollutants from the waste stream, or restrictions on certain 

activities such as painting or operating gas powered lawn mowers (National Research Council 

[NRC] 2004). For example, the Colorado SIP for attaining the ozone standard outline measures to 

reduce emissions of ozone precursors (volatile organic compounds and NOx), including vehicle 

inspection and maintenance programs and additional regulations for oil and gas development 

(Colorado Air Quality Control Commission 2016). In addition to helping reduce ozone 

concentrations, reductions in NOx resulting from implementation of the SIP will also reduce 

secondary PM2.5 concentrations in the region, leading to potentially greater health benefits. 

Even though air quality in the United States has improved substantially since 1970, 

current AQM programs may not be fully protective of public health for several reasons. 

Importantly, the CAA Amendments of 1990—enacted to strengthen the CAA of 1970—require 

NAAQS to be protective of public health, even for sensitive subpopulations, but epidemiological 

research has not yet identified “safe” levels below which there are no adverse health effects 

(Bell et al. 2006; Cesaroni et al. 2013; Daniels et al. 2004; Schwartz et al. 2002). Any air quality 

management actions that lower air pollutant concentrations could potentially lead to public 

health benefits (Pope et al. 2015). This means that, even in Colorado where particulate matter 

concentrations meet the NAAQS, reducing concentrations could have a positive public health 

impact. In addition to the lack of known “safe” exposures, the AQS monitoring network is not 
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designed to fully capture variability in pollutant levels within an urban area (Hubbell 2012; Levy 

and Hanna 2011; Matte et al. 2013), meaning an area within a city might be designated as in 

attainment of the air quality standards even though some residents living near sources of 

pollution, e.g., large coal-fired power plants or major highways, experience exposures that 

exceed the NAAQS concentrations (Isakov et al. 2009).  

Environment Justice and Air Pollution 

In the United States, poor and poorly educated people die at higher rates compared to 

those of higher incomes and better education (Pappas et al. 1993), and recent evidence 

indicates that this disparity continues to grow (Masters et al. 2012). Exposure to environmental 

pollutants, such as lead, industrial waste, and ambient air pollution is unequally distributed by 

class and race (Brown 1995) and contributes to higher rates of illness and death among 

individuals and communities of lower socioeconomic status (SES) (Adler and Newman 2002). 

The movement to address disproportionate burden of hazardous environmental exposures in 

low SES communities is referred to as environmental justice; the unfair burden among these 

communities is known as environmental injustice (Brulle and Pellow 2006). EPA defines 

environmental justice as “the fair treatment and meaningful involvement of all people 

regardless of race, color, national origin, or income with respect to the development, 

implementation, and enforcement of environmental laws, regulations, policies” (US 

Environmental Protection Agency 2016a). US EPA also goes on to define “fair treatment,” 

stating:  

Fair treatment is the principle that no group of people, including a racial, ethnic or a 

socioeconomic group, should bear a disproportionate share of the negative 

environmental consequences from industrial, municipal and commercial operations or 

the execution of federal, state, local and tribal programs and policies. In implementing 

its programs, EPA has expanded the concept of fair treatment to include not only 

consideration of how burdens are distributed across all populations, but the distribution 

of benefits as well (US Environmental Protection Agency 2016a).  

This concept of fair treatment extending to the benefits of environmental policies is important 

for air quality management actions which have the potential to result in benefits that are not 
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equally distributed across an area. 

There have been numerous studies that link increased exposure to ambient air pollution 

with residence in low SES communities (Jerrett et al. 2001; Miranda et al. 2011; Morello-Frosch 

et al. 2011; Pearce et al. 2006), though this relationship has not been found consistently (New 

York City Department of Health and Mental Hygiene 2013; Vrijheid et al. 2012). In addition to 

higher levels of pollution in low SES areas, low SES communities often have unequal access to 

resources to help mitigate the negative effects of comparatively higher pollution exposures 

(Schulz and Northridge 2004). However, through policy and regulatory mechanisms, ambient 

environmental pollution is considered a modifiable risk factor for disease. Environmental 

policies have resulted in decreased population exposure to ambient air pollution (Chan et al. 

2012; National Research Council 2004; Popp 2001), which in turn, has been linked to improved 

population health outcomes (Gauderman et al. 2015; Laden et al. 2006). However, questions 

remain regarding the relative benefit of these policies to low versus high SES groups (Cesaroni 

et al. 2013; Levy et al. 2002). 

Health Impact Assessment 

Health impact assessment (HIA) is a decision-making methodology to systematically 

incorporate public health research into public policy with the goal of improving population 

health (Cole et al. 2005; National Research Council 2011). HIA is considered to be a suite of tools 

that provides decision makers with recommendations to promote positive health impacts and 

to mitigate adverse health impact of proposed policies or regulations (Bhatia et al. 2014). 

Activities involved in HIA may range from “broad,” which includes holistic, sociological, and 

qualitative approaches, to “tight” which focus on limited scope questions that may have a more 

quantitative approach (Kemm 2000). One of the primary functions of HIA, particularly related 

to questions regarding environmental policy, is to provide health outcomes data that may be 

used in cost-benefit analyses. For example, epidemiologic studies have demonstrated 

consistently that traffic-related air pollution is related to excess illness and mortality (HEI Panel 

on the Health Effects of Traffic-Related Air Pollution 2009). Quantitative HIA incorporates 

epidemiologic evidence on the relation between exposures and disease and applies this 

exposure-response information (known as a concentration-response function) to background 
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disease incidence (i.e. cardiovascular death rate in study population) to derive population-level 

estimates of a health outcome that may attributable to the exposure (Bhatia and Seto 2011). 

These estimates can be used in scenarios to understand the expected health outcome given a 

proposed or hypothetical change in an environmental exposure. 

Though HIA have been used in an array of public health and environmental policy 

proposals (Dannenberg 2016), there is growing use of the method for understanding the 

societal impacts of ambient air quality. In Europe, Kunzli et al. have estimated that outdoor air 

pollution causes 6% of total deaths, with half related to traffic-related air pollution, 25,000 new 

cases of chronic bronchitis in adults, and more than half a million asthma attacks (Künzli et al. 

2000). Fann et al. estimated that exposure to ambient PM2.5 has resulted in 130,000 excess 

deaths in the US, and 1.1 million years of life lost among the population age 65 and older (Fann 

et al. 2012b). Further, Levy et al. have demonstrated that policies to reduce point source 

emissions from older power plants would provide greater benefits for susceptible 

subpopulations, including African Americans, individuals with less than a high school education, 

and people with diabetes (Levy et al. 2002). Hubbell et al. (2009) provide a useful schematic for 

the analytical framework of quantitative HIA (Figure 1). 

 
Figure 1: Schematic for conduct of analytical health impact assessments. Source: Hubbell et al., 
2009 

As these excess diseases and their related costs (referred to as externalities in the 
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economics literature) are not borne by the polluters (i.e. motorists, point sources), they are 

passed on to society, and often measured by the value of lost work days, restricted activities 

due to increased symptoms, health care events, or premature mortality (Delucchi 2003; Leigh 

and Geraghty 2008; Parry et al. 2007). For example, Levy et al. estimated that improved 

emission controls using the best available technology in five older power plants in the 

Washington, DC area would result in 240 fewer premature deaths, 60 fewer cardiovascular 

hospital admissions, and 160 fewer emergency departments for pediatric asthma per year for 

the underlying population (Levy et al. 2002). US EPA estimated that nationally, the 

implementation of the Clean Air Interstate Rule (2004) and the Nonroad Diesel Rule (2005) 

combined to result in 30,000 fewer premature deaths from air pollution annually (Hubbell et 

al. 2009). Based on economic theory, a value can be assigned to these excess health-related 

costs that can be used as a gauge to assess the potential costs (or savings) from a public 

project. For example, the Global Burden of Disease uses disability adjusted life years (DALYs) 

to account for excess morbidity and premature mortality (Murray and Lopez 1997), which 

may be assigned a dollar value to implement in benefit cost analyses or similar public policy 

evaluations (Morrow and Bryant 1995). 

Quantitative HIA may be implemented in tandem with qualitative HIA approaches, in 

which comprehensive policy solutions are developed in partnership with key stakeholders 

including local government agencies, citizen groups, and community organizations (Cole et al. 

2005). For example, regarding unconventional development of natural gas resources, McKenzie 

et al. implemented quantitative approaches to estimate cumulative cancer risk from proximity 

to well pads (McKenzie et al. 2012). In a companion analysis, Witter et al. conducted key 

stakeholder interviews with relevant community parties, including residents, the site operator, 

the surface rights owner, the industry association, the state health department, and the county 

environmental health manager to understand the potential positive and negative outcomes to 

inform decision making processes on unconventional natural gas drilling (Witter et al. 2013). In 

the best-case scenarios, these health outcomes are used to evaluate potential policy decisions. 

In Europe, a series of HIA on the health effects of ambient air pollution were used to estimate 

the public health impacts and associated costs under current levels of air pollution (O’Connell 
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and Hurley 2009). A suite of policy options to reduce ambient air pollution were evaluated, with 

benefits (included reductions in illness and death) were compared with the costs of several 

pollution reduction strategies (Holland et al. 2005). These estimates then informed the 

European Commission’s new policy directives for control of ambient PM2.5 (O’Connell and 

Hurley 2009). 

In summary, quantitative HIA builds upon existing epidemiologic evidence to determine 

population-level health effects of potential policy scenarios that are projected mitigate (or 

increase) environmental exposures. This method is increasingly viewed as the bridge between 

epidemiologic research and public policy assessment for environmental exposures. 

HIA Study Considerations 

In addition to the lack of universal definition and protocol for the conduct of health 

impact assessments, there are several other methodological considerations for the conduct of 

quantitative HIA: 

• Choice of concentration-response function. The concentration-response functions 

implemented in HIA are obtained from peer-reviewed, epidemiologic studies and applied 

to population-level data on a relevant health endpoint for a given study area. Important 

considerations for selection of concentration-response functions are (1) the quality of the 

initial epidemiologic study; and (2) the relevance and availability of the concentration-

response function to the health impact measured (Hubbell et al. 2009). To conduct HIA for 

cardiovascular and pulmonary endpoints, there is a broad set of literature that may provide 

information on concentration-response functions for emergency department visits, 

hospitalizations, and mortality (Bell et al. 2006, 2009; Dominici et al. 2003; Glad et al. 2012; 

Jerrett et al. 2009; Pope et al. 2009). However, despite the increased number of health 

outcomes associated with PM2.5 and ozone exposure (US Environmental Protection Agency 

2009, 2013), including premature birth and low birth weight (Wilhelm et al. 2012), Type II 

diabetes (Eze et al. 2015; Park and Wang 2014), cancer (Pope et al. 2002; Turner et al. 2014), 

and cognitive effects (Zanobetti et al. 2014), there is not yet a critical mass of evidence that 

can provide a comprehensive suite of concentration-response functions for all relevant 

health endpoints for other ambient air pollutants of concern. As a result, HIA may 
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underestimate the total impact of planned mitigation strategies. 

• Geographical Scale. Though there is an extensive history of performing national-scale HIA 

in the United States, particularly by the US EPA (Hubbell et al. 2009; Rhodus et al. 2013), 

there is a growing interest in implementing HIA at the local-scale. However, given that 

many well-established concentration response functions are derived from national-scale 

studies (Pope et al. 2002), the use of these functions for local-scale analysis could result in 

large errors for any given location given a difference in pollution sources, underlying 

disease rates, and demographics for any specific area (Hubbell et al. 2009). 

• Exposure Assignment. One major factor that complicates the implementation of local-scale 

analyses is the pollution exposure assignment to a population in a geographic unit of 

analysis, such as a census tract. In the majority of national level models, pollution levels are 

determined by AQS monitors located within a metropolitan area (Samet et al. 2000). These 

studies tend to focus on between-city differences in health outcomes, rather than between-

city differences. However, fixed-site monitors do not often reflect the spatial variability of 

pollutants over a small scale (Levy and Hanna 2011; Matte et al. 2013). For local-scale 

models, the level of resolution of a spatial model (often in the meters range) allows for a 

more spatially refined exposures but the unit of geographical analysis (e.g. census tract) 

contains varying levels of exposure and unequally distributed population, due to presence 

of land use areas such as parks, natural features, or non-residential zoning areas (e.g. 

commercial or industrial areas.) Currently, there are no established criteria or best practices 

for assigning pollution exposures to study areas in local-scale HIA. 

• Choice of outcome for analysis. For national-scale HIAs that investigated the impacts of 

PM2.5 and ozone pollution, the EPA included a wide array of health endpoints for analysis, 

including mortality, chronic bronchitis, non-fatal heart attacks, hospital admissions, asthma 

emergency department visits, minor restricted activity days, asthma attacks, work loss days, 

worker productivity and school absence rates (US Environmental Protection Agency 2012b, 

2015c, 2015b). As ambient air pollution exposure is associated with a broad array of health 

endpoints, inclusion of a broad suite of outcomes, including indirect effects such as missed 

school days and decreased worker productivity, ostensibly provide a more comprehensive 
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understanding of societal costs and potential benefits of air pollution mitigation strategies. 

However, the choice of outcome depends largely on the availability and quality of outcome 

data for the study area, as well as consistently reported concentration-response functions 

obtained from well-conducted epidemiological studies. 

• Validity. High-quality epidemiologic research is conducted to maximize internal validity, or 

the ability to infer a relation between an exposure and an outcome in the population 

studied, with a secondary emphasis on external validity or generalizability, which indicate 

how those results can be translated to other populations (e.g. different demographics, 

exposure levels, geographic areas.) The assumptions that underlie the application of 

concentration-response functions from epidemiologic studies applied to HIA, particularly 

those of a local-scale, require a set of operating assumptions that may compound the 

uncertainty in effect estimates (Mesa-Frias et al. 2013, 2014). Though the information 

derived from an HIA is critical to understand the potential effects of a given pollution-

control scenario, the evidence is not considered to have the same degree of scientific merit 

as a carefully conducted, scale relevant epidemiologic study (Bhatia and Seto 2011). 

Health Impact Assessment of Southern Front Range Coal-fired Power Plants 

 Of environmental and public health interest in the southern front range of Colorado are 

two large coal-fired power plants: Comanche Generating Station, a 1,410 MW facility located in 

Pueblo, CO owned by Xcel Energy, and Martin Drake Power Station, a 185 MW facility located in 

Colorado Springs, CO owned by Colorado Springs Utility. Comanche Generating Station, the 

largest generating station in the state of Colorado, operates three units, each with a capacity 

between 325 and 750 MW; the facility has operated since the 1970’s and burns low-sulfur coal 

as its primary fuel source (Xcel Energy 2017a). On June 6, 2018, Xcel Energy released its updated 

2016 Electric Resource Plan 120-Day Report outlining a proposal to shutter Comanche Units 1 

and 2 and replace this generation source with renewable energy from wind and solar sources 

(Xcel Energy 2017b). Martin Drake Power Station currently operates two units, and in 2016 the 

facility installed flue gas desulfurization scrubbers to dramatically reduce sulfur dioxide emissions 

from the facility (Colorado Springs Utility 2018; Stanton Anleu 2016). In 2015, the Utilities Board 

in Colorado Springs voted to decommission the plant by 2035; the process of decommissioning 
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the facility began in 2015 with the shutdown of Unit 5, the facilities smallest and oldest boiler 

(Colorado Springs Utility 2018). 

 Given the size of these units, the relatively large population living near these facilities, 

and the potential for significant health benefits, we conducted a health impact assessment to 

quantify the likely health benefits of shutting down these two generation stations. Our health 

impact assessment had two goals: 

1. Quantify the health benefits (as avoided deaths, hospitalizations, and other health 

impacts) due to reduced air pollution exposures that would result from decommissioning 

these two southern front range power plants 

2. Assess the economic and environmental justice implications for reducing exposures and 

adverse health effects in the study area 

Completion of this health impact assessment required the use of data from multiple sources, 

including emissions inventories, health outcome data, and data on the populations living near 

the power plants. We also had to consider how plant operations have changed since the most 

recent reliable data became available. Therefore, we used the following CMAQ model runs in our 

analysis: 

1. Model Run 1: The baseline year of 2011, which was selected due to the availability of 

necessary data, including a validated emissions inventory and appropriate health 

outcome data; 

2. Model Run 2: A counterfactual baseline year, which keeps all emissions inventory data 

the same as the baseline year of 2011, but accounts for the scrubbers installed at Martin 

Drake Units 6 and 7 in 2016 and the shutdown of Martin Drake Unit 5 in 2015. This 

scenario answers the question: “what would ambient concentrations have been in 2011 

had the Martin Drake facility installed scrubbers in 2011?”; 

3. Model Run 3: A counterfactual “shutdown year” in which emissions at Comanche Units 4 

and 5 are set to zero (i.e., the units are decommissioned), emissions at Comanche Unit 3 

remain at 2011 levels, and emissions at the Martin Drake Power station remain at the 
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2011 baseline level. This scenario answers the question: “what would ambient 

concentrations have been in 2011 if Units 4 and 5 at the Comanche plant were 

decommissioned?”; 

4. Model Run 4: A counterfactual “shutdown year” in which emissions at Comanche Units 4 

and 5 to zero (i.e., the units are decommissioned), emissions at Comanche Unit 3 remain 

at 2011 levels, and emissions at the Martin Drake Power station are reduced to the 

counterfactual baseline year level (as in Exposure Scenario 2) in order to account for 

scrubbers installed in 2016. This scenario answers the question: “what would ambient 

concentrations have been in 2011 if Units 4 and 5 at the Comanche plant were 

decommissioned and the Martin Drake facility had installed scrubbers in 2011?”; 

5. Model Run 5: A counterfactual “shutdown year” in which emissions at the Martin Drake 

Power Station are set to zero (i.e., the facility is completely decommissioned) and those 

from two of the older units at the Comanche Power Station are set to zero (Unit 3 at the 

Comanche Power Station, which was installed in 2010, was kept operational). This 

scenario answers the question: “what would ambient concentrations have been in 2011 

had most of the units at these facilities (except Unit 3 at Comanche) been shut down in 

2011?” 

The use of counterfactual scenarios is needed in this health impact assessment as the power 

plants are scheduled to be decommissioned in the future, when projected health rates and 

population data are not reliable or not available at the spatial resolution required for the analysis. 

Still, the use of counterfactuals based on the year 2011 should provide a reasonable estimate of 

the magnitude of health benefits that could be expected once the power plants identified in the 

analysis are decommissioned.  

Methods 

The following section details the methods used in this health impact assessment. First, we 

describe the air pollutant modeling and the quantitative HIA model used to estimate attributable 

health impacts. Then, we include a description of the inequality assessment used to examine the 

environmental justice implications of retiring two coal-fired power plants in the region. Finally, 
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we use cost and inequality metrics to assess the potential economic and environmental justice 

implications of retiring these facilities. 

Study Area and Spatial Unit of Analysis 

The study area (Figure 2) encompassed more than 56,000 sq. kilometers on Colorado’s 

Southern Front Range, and included the cities of Denver, Colorado Springs, and Pueblo. In total, 

approximately 3.8 million people live in the study area. The analysis used ZIP code tabulation 

areas (ZCTA) as the smallest spatial unit of analysis. ZCTAs are spatial units designed by the US 

Census Bureau to closely align with US Postal Service ZIP codes, though there may be some 

differences in unit boundaries from year to year (Grubesic and Matisziw 2006). ZCTAs were 

selected as the spatial unit of analysis as 1) they were small enough to partially capture the spatial 

variability in exposures across the study area and 2) they contained populations large enough to 

calculate reliable hospitalization and mortality rates used in the health impact functions (please 

see below).  
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Figure 2. The study area included in the HIA 

Ambient Air Pollutant Concentration Modeling 

We used the Community Multiscale Air Quality (CMAQ) model (version 5.0.2) to simulate 

changes in the air pollutant concentrations over the study domain. CMAQ is an air-chemistry 

transport model that simulates the emissions, transport, chemistry, and surface deposition of air 

pollutants in the lower troposphere. The CMAQ model was developed and is maintained by the 

US Environmental Protection Agency and is the model of choice for regulatory and policy needs. 

Details about this version of the model can be found in Gantt et al. (2015). Briefly, the CMAQ 

model was used to simulate air pollutant concentrations for a representative summer (June 29 
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to August 18, 2011) and a winter period (January 2 to February 21, 2011). We only modeled a 

representative summer and winter period because the CMAQ model is computationally intensive 

and we needed to perform this work in a reasonable timeframe. The year 2011 was selected 

since this is the most recent version for which validated pollutant emissions were available 

through the National Emissions Inventory (NEI; US Environmental Protection Agency 2012a). 

Model results for the first sixteen days were ignored to account for model spin up and the HIA 

analysis was performed with model results from 30 summer and winter days. Results generated 

for each of these months using the health impact assessment models (described next) were 

scaled up to represent the full year.  

Model simulations were run at three different resolutions: 36 km, 12 km, and 4 km. The 

36 km domain approximately covered the continental US, the 12 km domain covered parts of the 

Mountain West region, and the 4 km version roughly covered the four state region of Colorado, 

Utah, New Mexico, and Arizona. The 36 km and 12 km model results are used to inform the initial 

and boundary conditions for the 4 km version (299 rows x 281 columns x 25 vertical layers). 

Atmospheric chemistry was simulated using the Carbon Bond 2005 chemical mechanism and 

particle chemistry and thermodynamics was simulated using the aerosols module 5 (AE5) (Sarwar 

et al. 2012). As mentioned earlier, anthropogenic emissions were based on the most recent NEI 

product while biogenic emissions were based on the Biogenic Emission Inventory (BEIS) version 

3.14 model (Carlton and Baker 2011). Meteorological inputs were generated using version 3.1 of 

the Weather Research and Forecasting (WRF) model (Skamarock et al. 2008).  

Modeled concentrations of only O3 and PM2.5 were used for the HIA described below. 

These two pollutants were selected because they have been shown to account for the majority 

of adverse health outcomes and for which concentration-response functions are readily available 

(Fann et al. 2012b; US Environmental Protection Agency 2012b, 2015c).  

Finally, the CMAQ modeling system that includes the chemical transport model and its 

relevant inputs for the year 2011 (e.g., meteorology, emissions, land use types) were requested 

from the Intermountain West Data Warehouse (Intermountain West Data Warehouse 2018). 
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Health Impact Assessment Model 

A quantitative health impact assessment model was used to predict the number of cases 

of mortality and morbidity attributable to ambient air pollutant exposures in the study area. 

Health impact modeling requires four input variables: baseline incidence rates for health 

outcomes of interest, a concentration response coefficient, an estimate of exposure, and the 

number of persons exposed. The model implemented in this report was based upon the 

Environmental Benefits and Mapping and Analysis Program (BenMAP) (US Environmental 

Protection Agency 2016b). BenMAP is a software tool developed by US EPA to facilitate 

quantitative health impact assessments of ambient air pollution.  

The health impact function (Eq. 1) is adapted from the expression for attributable risk, 

and is defined as: 

∆𝑌𝑌 = 𝑦𝑦0 × �1 −  𝑒𝑒−𝛽𝛽 ∆𝑥𝑥� × 𝑃𝑃 × 𝐷𝐷  (Eq. 1) 

where ΔY is the change in the number of attributable impacts during the study period (cases), y0 

is the baseline health outcome incidence rate (cases per person per day), β is the concentration-

response coefficient (1/ppb or 1/µg m-3), Δx is the estimated change in ambient concentration 

(ppb or µg m-3), P is the number of people exposed, and D is the number of days in the study 

period (US Environmental Protection Agency 2015a).  

 We modeled two health benefit scenarios in our health impact assessment (Table 1). 

Health Benefit Scenarios 1and 2 assessed the health benefits of reducing exposures at the 

Comanche plant (keeping the newest unit operational) relative to the 2011 baseline case 

(Scenario 1) and the 2016 counterfactual baseline year which accounted for controls at Martin 

Drake (Scenario 2). Health Benefits Scenario 3 estimated the benefits of eliminating emissions at 

Martin Drake relative to the 2011 baseline case. Health Benefit Scenarios 4 and 5 assessed the 

health benefits of shutting down the Martin Drake facility and the two units at Comanche at the 

same time. In Scenario 4, health benefits were estimated for the change in exposure relative to 

the 2011 baseline and in Health Benefits Scenario 5, health benefits were estimated for the 

change in exposure relative to the 2016 counterfactual baseline. It is important to note that 
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emissions at all other facilities included in the emissions inventory remain the same in both 

scenarios. 
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Table 1. Summary of the Health Benefits Scenarios used in this HIA 
Scenario Name Baseline Exposure Scenario Post-Shutdown Exposures 
Health Benefits Scenario 1 Model Run 1: CMAQ was run 

for representative summer 
and winter periods using the 
2011 NEI for emissions at all 
sources in the area. 

Model Run 3: CMAQ was run 
for representative summer 
and winter periods using the 
2011 NEI for emissions at all 
sources in the area except 
Comanche Units 4 and 5, 
which were “zeroed out.” 

Health Benefits Scenario 2 Model Run 2: CMAQ was run 
for representative summer 
and winter periods using the 
2011 NEI for emissions at all 
sources in the area except 
Martin Drake. For this facility, 
we adjusted the 2011 NEI 
emissions to account for 
scrubbers installed in 2016. 

Model Run 3: CMAQ was run 
for representative summer 
and winter periods using the 
2011 NEI for emissions at all 
sources in the area except 
Comanche Units 4 and 5, 
which were “zeroed out.” 

Health Benefits Scenario 3 Model Run 1: CMAQ was run 
for representative summer 
and winter periods using the 
2011 NEI for emissions at all 
sources in the area. 

Model Run 4: CMAQ was run 
for representative summer 
and winter periods using the 
2011 NEI for emissions at all 
sources in the area except 
Martin Drake, which was 
“zeroed out.” 

Health Benefits Scenario 4 Model Run 1: CMAQ was run 
for representative summer 
and winter periods using the 
2011 NEI for emissions at all 
sources in the area. 

Model Run 5: CMAQ was run 
for representative summer 
and winter periods using the 
2011 NEI, with emissions at 
Martin Drake and the two 
oldest units at Comanche 
“zeroed out.”  

Health Benefits Scenario 5 Model Run 2: CMAQ was run 
for representative summer 
and winter periods using the 
2011 NEI for emissions at all 
sources in the area except 
Martin Drake. For this facility, 
w adjusted the 2011 NEI 
emissions to account for 
scrubbers installed in 2016. 

Model Run 5: CMAQ was run 
for representative summer 
and winter periods using the 
2011 NEI, with emissions at 
Martin Drake and the two 
oldest units at Comanche 
“zeroed out.” 
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We accounted for uncertainty in each of the health impact model inputs using a Monte 

Carlo approach. For each input, including the change in exposure, health rates, concentration-

response coefficient, and population, we generate a distribution of possible values (using the 

mean estimate and the standard error of the mean), and then randomly draw from this 

distribution 1000 times. The result is a distribution of 1,000 possible health impact estimates. We 

report the median of this distribution as the “most likely” estimate of the health benefits and use 

the 2.5th and 97.5th percentiles of the distribution to generate a confidence interval around that 

“most likely” estimate.  

Additional details on the inputs for Eq. 1 are detailed in the following sections. 

Health Outcome Incidence Rates 
 

Mortality data were obtained from the Colorado Department of Public Health and 

Environment. Records from the years 2010-2014 were available, and each record contained 

information on year of death, primary cause of death identified on the death certificate as 

defined by the International Classification of Disease 10th Revision (ICD-10), the ZIP code of 

residence at death and age at death. For our analysis, we assumed ZIP codes and ZCTA were 

equivalent. Mortality data were aggregated to the ZCTA level and used to calculate crude five-

year average morality rates for the population 30 years of age or older for two sets of causes 

based on ICD-10 code: all-cause mortality (includes all ICD-10 codes) and non-accidental 

mortality (includes ICD-10 codes A00 – R99). The designation of “non-accidental” mortality was 

based on an environmental epidemiology study of the effects of ozone exposure on mortality 

(Bell et al. 2004). ZCTA populations were based on the American Community Survey (ACS) 5-

Year Estimates at the ZCTA level (US Census Bureau 2014). 

Hospitalization data were obtained from the Colorado Hospital Association. Records 

from the years 2010-2014 were available, and each record contained information on year of 

the hospitalization, primary diagnosis defined by ICD-9 codes, and the ZIP code of residence 

and age at the time of the hospitalization. Again, we assumed ZIP codes and ZCTA were 

equivalent. These hospitalization data were aggregated to the ZCTA level and used to calculate 
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crude 5-year average hospitalization rates for the population 65 years of age or older for two 

sets of causes based on ICD-9 codes: cardiovascular diseases (ICD-9 codes 390–459) and 

respiratory diseases (ICD-9 codes 460–519). Again, we used the ACS 5-Year estimates at the 

ZCTA level to calculate crude incidence rates for hospitalizations (US Census Bureau 2014). 

There are several other health outcomes that are causally related to PM2.5 and ozone 

exposures for which area-specific incidence data are not available. These outcomes include: 

emergency department visits for asthma among children (less than 18 years of age), asthma 

symptom days among children (i.e., days with cough, wheeze, or shortness of breath), missed 

days of school among school-aged children (6 to 18 years), minor restricted activity days (adults 

ages 18 and older), and work loss days (for adults ages 18-64). We took baseline incidence rates 

for these outcomes from the BenMAP User Manual and assigned them to each of the ZCTA in 

the study area (US Environmental Protection Agency 2015a). 

Eq. 1 requires the use of daily incidence rates to estimate the number of cases 

attributable to change in daily exposure concentrations. To estimate daily incidence rates, we 

assigned each ZCTA an annual rate (either the 5-year average annual rates calculated at the 

ZCTA level from the mortality and hospitalization data or the national-level rates from BenMAP) 

and then divide by 365 to obtain a daily rate.   

Concentration-Response Functions 
 

Concentration-response functions were based on existing environmental epidemiology 

studies of the health effects of exposure to PM2.5 and O3. For this study, we used the same 

concentration-response functions for PM2.5 and O3 that are available in BenMAP (US 

Environmental Protection Agency 2015a). BenMAP used US EPA criteria for study design, 

validity, and generalizability when choosing studies from the large body of air pollution 

epidemiology (US Environmental Protection Agency 2009, 2012b, 2013, 2015c). For premature 

mortality due to PM2.5 we used the estimate from the American Cancer Society study (Krewski 

et al. 2009); this concentration-response function is the most widely cited study in the HIA 

literature. For all other impacts, we used pooled estimates from multiple studies based on 

methods reported in the most recent Regulatory Impact Analysis for the PM2.5 NAAQS (US 
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Environmental Protection Agency 2012b). This pooling approach, which weighted each of the 

study-specific concentration-response coefficients by the precision (i.e., the standard error) of 

the coefficient, generated an “average” concentration-response coefficient for each pollutant-

outcome pair. Pooling across several studies is useful when existing epidemiology studies may 

be small, conducted in areas outside of the HIA study area, or have limited generalizability 

(Hubbell et al. 2009). A list of the studies used in this HIA along with the pooled concentration-

response coefficients is available in the Appendix A. 

Exposure Assessment 

Exposures were assigned to each ZCTA using a geostatistical technique called kriging. The 

exposure assessment methodology is illustrated in Figure 3. First, concentrations were predicted 

at known locations (4 km x 4 km) using the CMAQ model (see section above for details on this 

modeling tool) and then summarized to daily and monthly concentrations at each point. A subset 

of grid cells from the full grid was selected and used in the exposure assessment (the boundary 

for the points selected is shown in in Figure 2). Next, concentrations are estimated at a much 

more dense grid of points (1 km x 1 km) using a statistical model. Finally, a population-weighted 

average of all the estimated concentrations that fall within a ZCTA is generated for each day and 

the entire month. This population weighted average is assigned to every person living in the 

ZCTA. 

 For ZCTAs that fall along the edge of the CMAQ grid and are not completely covered by 

the grid, we assumed the population-weighted concentration estimated for the portion of the 

ZCTA that overlaps with the grid is applicable to the entire ZCTA. This is a reasonable approach 

in this application because most of the ZCTAs along the edge of the study grid have low 

population densities and pollutant concentrations (see Figure 3).  
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Figure 3: Example illustration of the exposure assessment methodology used in the health 
impact assessment 

Exposed Populations 

 The number of exposed people in each ZCTA was taken from the 2010-2014 ACS 5-year 

estimates (US Census Bureau 2014). We assumed the entire population was exposed in each 

scenario. Exposure were based on the residential ZCTA of each person in the study area, which is 

consistent with most of the epidemiology studies used to generate the concentration-response 

functions used in this study. Although this approach may potentially bias the health impact 

estimates (Tchepel and Dias 2011), individual level data on commuting patterns and other 

mobility behaviors were not available for this study population.  

 For each pollutant-outcome pair, we limited the exposed population to those in the 

relevant age groups; for example, we assessed premature mortality only for the population in 

each ZCTA that is 30 years of age or older, and asthma symptom days are only assessed for 

children ages 7 to 14. This was done to match the population age groups used in the original 

studies; concentration-response coefficients for one population age group may not be 

appropriate for other age groups. Stratification of the population was done using the age- and 

sex-specific data available from the ACS (US Census Bureau 2014). 
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Economic Analysis  

 A full cost-benefit analysis is beyond the scope of this assessment. However, it was 

feasible to monetize the health benefits of each shutdown scenario using values assigned to each 

outcome by US EPA (US Environmental Protection Agency 2010). For this assessment, we used 

the same monetized values used in the most recent Regulatory Impact Analysis for the ozone 

NAAQS (US Environmental Protection Agency 015c). The monetary value of a health outcome can 

be determined in a number of ways. For mortality, which is assigned a value of $10 million per 

premature death is based on the concept of willingness-to-pay, which asks people how much 

they are willing to pay to reduce their risk of dying prematurely and adjusts that value based on 

their expected remaining life (US Environmental Protection Agency 2010). For hospitalizations 

and other health-care utilization outcomes (e.g., emergency department visits), the value 

assigned to each hospitalization avoided is based on the average cost of care. For outcomes such 

as work loss days, school loss days, or asthma exacerbation days, values are often based on the 

potential lost wages of the employee or adult who misses work to care for a sick child (US 

Environmental Protection Agency 2015c). 

 The monetized value of the health benefits (i.e., avoided adverse health impacts) of 

retiring the coal-fired power plants should be considered complementary to the number of 

health benefits estimated for the population. The data used to inform the economic analysis are 

used in national-scale assessments, and in many cases, the value of a health outcome depends 

on several factors, including income and healthcare costs.  

Environmental Justice Analysis 

 Given the demographic and socioeconomic diversity of the study area, one of the study 

goals was to assess the environmental justice implications of retiring these coal fired power 

plants. As stated earlier, US EPA has defined environmental justice as the fair treatment of all 

groups under environmental regulations, and has extended this idea of fair treatment not only 

to the distribution of exposures but also to the distribution of health benefits (US Environmental 

Protection Agency 2016a). We examined the distribution of health benefits using two 

complementary approaches: 
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1. Changes in exposure (Δ ppb or Δ µg m-3) and health benefit rates (benefits per 1,000 

people) were mapped for each pollutant and health outcome, which helps to identify 

areas within the study area that benefit most under the shutdown scenarios 

2. Differences in health benefits across demographic and socioeconomic groups were 

assessed using the Concentration Index curve. The concentration index first ranks ZCTAs 

by their degree of social advantage, and then compares the change in exposures by this 

social advantage (Harper et al. 2013; O’Donnell et al. 2008). Because we measured a 

positive outcome (decreases in adverse health impacts), we interpreted a concentration 

index curve above the 1:1 line of inequality to mean that benefits were higher among 

ZCTAs with lower social advantage (Maguire and Sheriff 2011); this would be a positive 

outcome from an environmental justice perspective, as lower social advantage groups 

typically bear disproportionately higher health burdens as a result of environmental 

pollutants. Here, we defined low social advantage as having a higher proportion of non-

white residents (e.g., higher proportions of residents that identify as Hispanic/Latino or 

Black/African American) or a lower median income (Fann et al. 2011). It is important to 

note that these are “neighborhood” level characteristics of social disadvantage and may 

not reflect individual level characteristics. For example, it is possible for a “low 

disadvantage” person to live in a “high disadvantage” neighborhood.  

These inequality metrics are used to examine whether shutting down these plants has a 

“equal” benefit to all residents, and if not, whether environmental justice communities (e.g., 

minority and low-income communities) may be left out of the health benefits. There are no 

established standards against which to compare inequality metrics. In general, a scenario 

which reduces inequality (i.e., reduces the Atkinson index or results in a Concentration Index 

curve that closely matches the 1:1 line of equality) is considered favorable. 
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Results 

The following section summarizes the changes in exposure and subsequent health 

benefits for each of the health benefits scenarios outlined in this report. Here, we focused 

primarily on Health Benefits Scenarios 4 and 5, which focus on shutdowns at the two plants 

simultaneously. We also present results for Health Benefits Scenarios 1-3, which focus on one 

plant at a time. Additional information for these single plant scenarios is included in the 

Appendices. 

 
Changes in Exposure due to Reductions in Power Plant Emissions 

Exposures generally decreased when emissions at the power plants were reduced, though 

in cases some exposures to ozone were higher after plant emissions were removed from the 

model. (Table 2). Table 2 shows the change in exposure concentrations for Health Benefits 

Scenario 4, which reduced emissions at both power plants relative to the 2011 baseline; this 

scenario represented the “greatest reduction” case. (Comparable tables for the single plant 

shutdown health benefits scenarios are available in Appendix B. In general, exposure reductions 

for the single plant shutdown scenarios were much smaller than the scenarios where both plants 

were “zeroed out” in the CMAQ model run.) For PM2.5, decreases in the seasonal and daily means 

were greatest for the summer months; on average, the seasonal mean PM2.5 concentration 

during the summer across all ZCTAs decreased 0.04 µg/m3 (SD = 0.05 μg/m3) when emissions at 

Martin Drake are eliminated and Comanche were reduced. The highest change across all ZCTAs 

was 0.36 μg/m3. Reductions in winter PM2.5 may be lower than in the summer due to several 

other seasonal sources of PM2.5, including woodstoves used for residential heating (Vedal et al. 

2009).  

Similarly for ozone, reductions in exposure at the ZCTA level are strongest in the summer. 

The average decrease in ozone across ZCTAs during the summer was 0.02 ppb, and the highest 

decrease in ozone was 0.13 ppb. Ozone showed substantial variability in 1-hour and 8-hour 

exposure reductions. On average, the daily 1-hr and 8-hour maximum concentrations were 

reduced 0.43 and 0.20 ppb, respectively, with maximum reductions of 5.17 and 2.51 ppb, 
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respectively. Increases in winter seasonal mean and daily mean ozone concentrations are likely 

the result of alterations in the overall NOx-O3 relationship that occurs when combustion at the 

plants is reduced. NO emissions generated by the plant help to “scavenge” ground-level ozone 

(i.e., react with O3 to produce O2 and NO2; Song et al. 2011); reduced combustion at the plant 

results in less NO in the atmosphere to scavenge ozone generated by other sources, e.g., vehicle 

emissions. 

Table 2. Summary statistics for the change in population-weighted exposures to PM2.5 (µg/m3) 
and ozone (ppb) across all ZCTAs in the study area for Health Benefits Scenario 4 

Pollutant Season Metric Mean (SD) Min Median Max 
PM2.5 Winter Seasonal mean 0.01 (0.02) 0.00 0.01 0.13 
 Summer Seasonal mean 0.04 (0.05) 0.00 0.03 0.36 
 Winter Daily mean 0.01 (0.03) -0.04 0.00 0.40 
 Summer Daily mean 0.04 (0.07) 0.00 0.02 0.90 
       
O3 Winter Seasonal mean -0.05 (0.08) -0.41 -0.01 0.00 

 Summer Seasonal mean 0.02 (0.13) -0.97 0.05 0.13 
 Winter Daily mean -0.05 (0.13) -2.13 0.00 0.07 
 Summer Daily mean 0.02 (0.21) -3.03 0.02 0.82 
 Winter Daily 1 hour max 0.02 (0.07) -0.32 0.00 0.72 
 Summer Daily 1 hour max 0.44 (0.57) -0.89 0.23 5.17 
 Winter Daily 8 hour max 0.00 (0.03) -0.56 0.00 0.35 
 Summer Daily 8 hour max 0.20 (0.26) -0.49 0.10 2.51 
Note: Change in exposures are calculated as the difference between Model Run 1 (2011 baseline case) and 
Model Run 4 (full shutdown of Martin Drake and shutdown of all units except Unit 3 at Comanche). Negative 
changes in exposure mean that exposures are higher under Model Run 4 (the shutdown scenario). 
Abbreviations: PM2.5: particulate matter with an aerodynamic diameter less than 2.5 μm; O3: ozone; SD: standard 
deviation  

 

 Changes in exposures occurred were greatest near the power plants. Figure 4 shows the 

change in summer PM2.5 (A) and ozone (B) concentrations at the ZCTA level for Health Benefits 

Scenario 4. (Comparable maps of the changes in exposure during the winter are included in 

Appendix C). The power plants are indicated with a red dot. For PM2.5, concentrations near the 

power plants were reduced, with lower reductions farther from the plants; for O3, concentrations 

near the plant increased slightly under the emissions reduction scenario (indicated in Figure 4B 

by negative changes in concentration) and decreased slightly elsewhere across the study area. 
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Figure 4. Changes in mean summer PM2.5 (A; µg/m3) and O3 (B; ppb) concentrations at the ZCTA 

level for Health Benefits Scenario 4 

 Reductions in exposure for Health Benefits Scenario 5, which used the counterfactual 

baseline scenario where 2011 emissions at Martin Drake were reduced to account for controls 

installed in 2016, tended to be smaller than for Health Benefits Scenario 4 (Table 3). As was the 

case for Health Benefits Scenario 1, changes in PM2.5 exposures resulting from reduced emissions 

were greater for the summer period than the winter period. The average reduction in summer 

and winter ZCTA-level PM2.5 (0.01 µg/m3 and 0.008 µg/m3, respectively) across all ZCTAs were 

70% and 35% lower, respectively, than the average reductions for Health Benefits Scenario 4 

(Table 2). For ozone, exposure concentrations increased for the winter period (mean difference 

= -0.03 ppb) and decreased for the summer period (mean difference = 0.03 ppb). (Maps showing 

the reductions in exposure concentrations for Health Benefits Scenario 5 are in Appendix C). 
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Table 3. Summary statistics for the change in population-weighted exposures to PM2.5 (µg/m3) 
and ozone (ppb) across all ZCTAs in the study area for Health Benefits Scenario 5 

Pollutant Season Metric Mean (SD) Min Median Max 
PM2.5 Winter Seasonal mean 0.01 (0.01) 0.00 0.00 0.09 
 Summer Seasonal mean 0.01 (0.02) 0.00 0.01 0.14 
 Winter Daily mean 0.01 (0.02) -0.02 0.00 0.30 
 Summer Daily mean 0.01 (0.02) 0.00 0.00 0.38 
       
O3 Winter Seasonal mean -0.03 (0.05) -0.17 -0.01 0.00 

 Summer Seasonal mean 0.03 (0.07) -0.55 0.04 0.11 
 Winter Daily mean -0.03 (0.09) -1.13 0.00 0.06 
 Summer Daily mean 0.03 (0.12) -1.47 0.02 0.66 
 Winter Daily 1 hour max 0.02 (0.05) -0.17 0.00 0.60 
 Summer Daily 1 hour max 0.32 (0.46) -0.28 0.16 5.33 
 Winter Daily 8 hour max 0.00 (0.02) -0.30 0.00 0.23 
 Summer Daily 8 hour max 0.15 (0.20) -0.10 0.08 1.76 
Note: Change in exposures are calculated as the difference between Exposure Scenario 2 (counterfactual 2011 
baseline case that accounts for control technologies installed at Martin Drake in 2016) and Exposure Scenario 3 
(full shutdown of Martin Drake and shutdown of all units except Unit 3 at Comanche). Negative changes in 
exposure mean that exposures are higher under Exposure Scenario 3. 
Abbreviations: PM2.5: particulate matter with an aerodynamic diameter less than 2.5 μm; O3: ozone; SD: standard 
deviation  

 
Health Benefits due to Reductions in Power Plant Emissions 

Health Benefits Scenarios 1-3, which estimated benefits for shutting down the power 

plants individually, resulted in modest health benefits for the populations (Table 4). For Health 

Benefits Scenario 1 (Comanche Units 3 and 4 were “zeroed out” and compared to a baseline 

where all other emissions were at 2011 levels), we estimated that reducing population exposures 

to PM2.5 would result in 1 (95% CI: 0 - 1) fewer premature death each year (Table 4). Reductions 

in PM2.5 and O3 exposures would also result in fewer restricted activity days among adults [5 (95% 

CI: -3 – 95)] and fewer missed school days for children [27 (95% CI: -19- 582)]. Benefits of retiring 

the Comanche units were similar when emissions controls at Martin Drake are taken into account 

(Table 4; Health Benefits Scenario 2). For Health Benefits Scenario 3 (emissions at Martin Drake 

were “zeroed out”), we estimated that reducing population exposures to PM2.5 and O3 would 

result in 4 (95% CI: 2 - 5) and <1 (95% CI: 0 - 1) fewer premature deaths each year, respectively 

(Table 4). Reductions in PM2.5 and O3 exposures would also result in fewer restricted activity days 

among adults [10 (95% CI: 0 – 74)] and fewer missed school days for children [4 (95% CI: 2- 5)]. It 
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is important to note that the benefits from Health Benefits Scenarios 1 and 3 are not additive due 

to the non-linear relationships between ozone and secondary PM2.5 precursors used in the CMAQ 

chemical transport models. 

Table 4. Summary of annual health benefits (as number of avoided premature deaths and cases 
of morbidity) for each of the health benefits scenarios in which only one power plant was retired 

  Benefits 
Scenario 1 

Benefits 
Scenario 2 

Benefits 
Scenario 3 

Pollutant Outcome n (95% CI) n (95% CI) n (95% CI) 
PM2.5 All-cause mortality (adults) 1 (0 - 1) 1 (0 - 1) 4 (2 - 5) 
 CVD hospitalization (adults 65+) 0 (0 - 1) 0 (0 - 1) 0 (0 - 2) 
 Respiratory hospitalization (adults 65+) 0 (0 - 1) 0 (0 - 1) 0 (0 - 2) 
 ED visit for asthma (children) 0 (0 - 0) 0 (0 - 0) 0 (0 - 0) 
 Asthma symptom day (children) 0 (-7 - 19) 0 (-7 - 20) 1 (0 - 13) 
 Lower respiratory infection (children) 0 (0 - 3) 0 (0 - 3) 58 (-1 - 450) 
 Minor restricted activity day (adults) 5 (-3 - 95) 5 (-3 - 97) 10 (0 - 74) 
 Work loss day (adults) 1 (-1 - 16) 1 (0 - 16)  
    0 (0 - 1) 
O3 Non-accidental mortality (adults) 0 (0 - 0) 0 (0 - 0) 0 (-13 - 20) 
 Respiratory hospitalization (adults 65+) 1 (-7 - 15) 1 (-7 - 15) 0 (0 - 0) 
 ED visit for asthma (children) 0 (0 - 0) 0 (0 - 0) 6 (-212 - 615) 
 Asthma symptom day (children) 4 (-172 - 495) 5 (-171 - 493) 40 (-23 - 567) 
 Minor restricted activity day (adults) 24 (-7 - 376) 25 (-7 - 383) 41 (-52 - 839) 
 School absence day (children) 27 (-19 - 582) 28 (-20 - 591) 4 (2 - 5) 
Note: 95% Confidence Interval is based on the 2.5th and 97.5th percentile of the distribution of benefits 
generated by the Monet Carlo analysis. Outcomes listed in bold are those for which area-specific baseline 
incidence rates are used. All other outcomes use baseline incidence rates taken from BenMAP. 
1 Health Benefits Scenario 1 estimated the health benefits of retiring the two oldest units at Comanche relative 
to a 2011 baseline emissions case 
2 Health Benefits Scenario 2 estimated the health benefits of retiring the two oldest units at Comanche relative 
to a counterfactual baseline emissions case which accounts for control technologies installed at Martin Drake in 
2016 
3 Health Benefits Scenario 3 estimated the health benefits of retiring all units at Martin Drake relative to a 2011 
baseline emissions case 
Abbreviations: ED: emergency department; PM2.5: particulate matter with an aerodynamic diameter less than 
2.5 μm; O3: ozone 

Benefits for retiring both plants simultaneously were greater than for retiring only one 

plant (Table 5). For Health Benefits Scenario 4 (Units 3 and 4 at Comanche and all units at Martin 

Drake were zeroed out and compared to the 2011 baseline), we estimated that reducing 

population exposures to PM2.5 and O3 would result in 4 (95% CI: 2 - 6) and < 1 (95% CI: 0 - 1) fewer 

premature deaths each year, respectively (Table 5). Among the largest annual health benefits 

were avoided asthma symptom days among children [16 (95% CI: -1 – 141) due to PM2.5 and 13 

(95% CI: -348 - 972) due to O3] and minor restricted activity days among adults [69 (95% CI: 0 - 

488) due to PM2.5 and 71 (95% CI: -31 - 750) due to O3]. We also estimated that, for Health 
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Benefits Scenario 4, children in the study area would miss 77 (95% CI: -77 - 1180) fewer days of 

school each year due to lower O3 exposures.  

Health benefits were lower for Health Benefits Scenario 2 due to the smaller change in 

exposure concentration after accounting for the control technologies installed at Martin Drake 

in 2016 (Table 5). For Health Benefits Scenario 2, we estimated that reducing population 

exposures to PM2.5 and O3 would result in 2 (95% CI: 1 - 3) and < 1 (95% CI: 0 - 1) fewer premature 

deaths each year, respectively. Other annual benefits under Health Benefits Scenario 2 included 

2 (95% CI: -17 – 44) and 9 (-242 – 678) avoided asthma symptom days for children due to PM2.5 

and O3 exposures, respectively; 28 (95%CI: -2 – 188) and 48 (95%CI: -16 – 513) minor restricted 

activity days for adults due to PM2.5 and O3 exposures; and 53 (95% CI: -48 – 833) avoided school 

absences among children due to O3 exposures. 
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Table 5. Summary of annual health benefits (as number of avoided premature deaths and cases 
of morbidity) for each of the health benefits scenarios in which units at both power plants were 
retired 

  Benefits Scenario 41 Benefits Scenario 52 

Pollutant Outcome n (95% CI) n (95% CI) 
PM2.5 All-cause mortality (adults) 4 (2 - 6) 2 (1 - 3) 
 CVD hospitalization (adults 65+) 0 (0 - 3) 0 (0 - 1) 
 Respiratory hospitalization (adults 65+) 0 (0 - 3) 0 (0 - 1) 
 ED visit for asthma (children) 0 (0 - 0) 0 (0 - 0) 
 Asthma symptom day (children) 16 (-1 - 141) 2 (-17 - 44) 
 Lower respiratory infection (children) 2 (0 - 14) 1 (0 - 5) 
 Minor restricted activity day (adults) 69 (0 - 488) 28 (-2 - 188) 
 Work loss day (adults) 11 (0 - 81) 5 (0 - 31) 
    
O3 Non-accidental mortality (adults) 0 (0 - 1) 0 (0 - 1) 
 Respiratory hospitalization (adults 65+) 0 (-17 - 29) 1 (-11 - 21) 
 ED visit for asthma (children) 0 (0 - 0) 0 (0 - 0) 
 Asthma symptom day (children) 13 (-348 - 972) 9 (-242 - 678) 
 Minor restricted activity day (adults) 71 (-31 - 750) 48 (-16 - 513) 
 School absence day (children) 77 (-77 - 1180) 53 (-48 - 833) 
Note: 95% Confidence Interval is based on the 2.5th and 97.5th percentile of the distribution of benefits 
generated by the Monet Carlo analysis. Outcomes listed in bold are those for which area-specific baseline 
incidence rates are used. All other outcomes use baseline incidence rates taken from BenMAP. 
1 Health Benefits Scenario 4 estimated the health benefits of retiring all units at Martin Drake and the two 
oldest units at Comanche relative to a 2011 baseline emissions case 
2 Health Benefits Scenario 5 estimated the health benefits of retiring all units at Martin Drake and the two 
oldest units at Comanche relative to a counterfactual baseline emissions case which accounts for control 
technologies installed at Martin Drake in 2016 
Abbreviations: ED: emergency department; PM2.5: particulate matter with an aerodynamic diameter less than 
2.5 μm; O3: ozone 

Most of the health benefits due to reducing emissions at the power plants occurred near 

the power plants for health outcomes attributable to PM2.5 exposures (Figure 5). Figure 5 shows 

the rates of avoided premature deaths due to PM2.5 (A) and O3 (B). (Comparable figures for the 

hospitalization outcomes and for Health Benefits Scenario 5 are included in Appendix C.). The 

spatial patterns in health benefits rates were similar to the changes in exposure observed in 

Figure 4 for PM2.5. Overall, changes in ozone exposures were small and tended to offset each 

other (i.e., decreases in the summer months were offset by increases in the winter), and changes 

in ozone concentrations did not lead to reductions in the number of ozone-related premature 

deaths. Maps for Health Benefits Scenario 5 (Appendix C) showed similar patterns. 
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Figure 5. Maps of avoided mortality rates (per 10,000 persons) at the ZCTA level due to 

reductions in PM2.5 (A) and O3 (B) exposures for Health Benefits Scenario 1 

Economic Benefits of Decommissioning Coal-Fired Power Plants in the Southern Front 
Range 

 The total monetized benefit of retiring the oldest units at the Comanche plant ranged 

from $6.3 million to $6.4 million per year, depending on whether or not the baseline scenario 

accounted for the controls installed at Martin Drake in 2016 (Table 6). This result was driven by 

the estimated avoided premature deaths, which are valued at $10 million per premature death 

(US Environmental Protection Agency 2015c). The monetized benefits of retiring the Martin 

Drake plant ($35 million per year) were approximately 5 times greater than for retiring the 

Comanche plant. This increase in benefits was again drive by the greater number of avoided 

premature deaths due to reductions in exposures as a result of reducing emissions at the Martin 

Drake facility.  
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Table 6. Summary of total monetized value of annual health benefits for each of the health 
benefits scenarios. 
  Benefits  

Scenario 1 
Benefits 

 Scenario 2 
Benefits  

Scenario 3 
Pollutant Outcome $10,000’s (95% CI) $10,000’s (95% CI) $10,000’s (95% CI) 
PM2.5 All-cause mortality (adults) 601.8 (369.2 - 

894.7) 609.8 (374.5 - 906) 
3511.6 (2072.7 - 

5414.6) 
 CVD hospitalization (adults 65+) 0.1 (-0.1 - 2.3) 0.1 (-0.1 - 2.4) 1.3 (0 - 10.4) 
 Respiratory hospitalization (adults 65+) 0.1 (-0.1 - 1.9) 0.1 (-0.1 - 2) 0.8 (-0.1 - 8.8) 
 ED visit for asthma (children) 0 (0 - 0) 0 (0 - 0) 0 (0 - 0) 
 Asthma symptom day (children) 0 (0 - 0.1) 0 (0 - 0.1) 0 (0 - 0) 
 Lower respiratory infection (children) 0 (0 - 0) 0 (0 - 0) 0.4 (0 - 3.1) 
 Minor restricted activity day (adults) 0 (0 - 0.6) 0 (0 - 0.7) 0.1 (0 - 1.1) 
 Work loss day (adults) 0 (0 - 0.2) 0 (0 - 0.2)  
     
O3 Non-accidental mortality (adults) 25.6 (-94.6 - 

419.2) 
25.8 (-94.3 - 

420.8) 12.7 (-203 - 552.7) 
 Respiratory hospitalization (adults 65+) 2 (-24.1 - 55.6) 2 (-24.5 - 55.6) -1.7 (-49.7 - 73.8) 
 ED visit for asthma (children) 0 (0 - 0) 0 (0 - 0) 0 (0 - 0) 
 Asthma symptom day (children) 0 (-1 - 3) 0 (-1 - 3) 0 (-1.3 - 3.7) 
 Minor restricted activity day (adults) 0.2 (-0.1 - 2.6) 0.2 (-0.1 - 2.6) 0.3 (-0.2 - 3.9) 
 School absence day (children) 0.3 (-0.2 - 5.7) 0.3 (-0.2 - 5.8) 0.4 (-0.5 - 8.2) 
 Total 630.1 (249.1 - 

1385.9) 
 

638.4 (254.3 - 
1399.1) 

3526 (1817.8 - 
6080.2) 

Note: Monetized values are reported as 2011$ projected to a 2024 income level following methods reported in 
(US Environmental Protection Agency 2015c). 95% Confidence Interval is based on the 2.5th and 97.5th percentile 
of the distribution of benefits generated by the Monet Carlo analysis. Outcomes listed in bold are those for which 
area-specific baseline incidence rates are used. All other outcomes use baseline incidence rates taken from 
BenMAP. All monetized impacts are reported in today’s dollar; no discounting was used. 
Abbreviations: ED: emergency department; PM2.5: particulate matter with an aerodynamic diameter less than 2.5 
μm; O3: ozone 

The total monetized value of the health benefits of shutting down most of the coal-fired 

boilers at the Martin Drake and Comanche power plants exceeded those of shutting down the 

plants individually and was approximately $42 million (95% CI: $2.1 million – $7.2 million) per 

year (in today’s dollars) for Health Benefits Scenario 4 (Table 7). Again, this result was driven by 

the four estimated avoided premature deaths. Other outcomes contributing to the high 

monetized value are the hospitalizations for cardiovascular disease ($16,138; 95%CI: $142 - 

$141,757 per year) and respiratory disease. The monetized value of annual health benefits for 

Health Benefits Scenario 5 were lower due to the lower number of avoided health benefits (Table 

5), but the contributions of avoided premature deaths to the total monetized value remained 

similar.  
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Table 7. Summary of total monetized value of annual health benefits for each of the health 
benefits scenarios. 

  Benefits Scenario 4 Benefits Scenario 5 
Pollutant Outcome $10,000’s (95% CI) $10,000’s (95% CI) 
PM2.5 All-cause mortality (adults) 4131.8 (2456.5 - 6332.6) 1655.2 (958.3 - 2587.8) 
 CVD hospitalization (adults 65+) 1.6 (0.0 - 11.5) 0.7 (0.0 - 4.5) 
 Respiratory hospitalization (adults 65+) 1.1 (-0.2 - 10.2) 0.4 (-0.1 - 3.8) 
 ED visit for asthma (children) 0.0 (0.0 - 0.0) 0.0 (0.0 – 0.0) 
 Asthma symptom day (children) 0.1 (0.0 - 0.8) 0.0 (-0.1 - 0.3) 
 Lower respiratory infection (children) 0.0 (0.0 - 0.0) 0.0 (0.0 - 0.0) 
 Minor restricted activity day (adults) 0.5 (0 - 3.3) 0.2 (0.0 - 1.3) 
 Work loss day (adults) 0.2 (0 - 1.2) 0.1 (0.0 - 0.5) 
    
O3 Non-accidental mortality (adults) 43.7 (-250.9 - 719.5) 39.5 (-157.2 - 514.4) 
 Respiratory hospitalization (adults 65+) 0.6 (-62.7 - 107.3) 2.1 (-40.4 – 77.0) 
 ED visit for asthma (children) 0.0 (0.0 - 0.0) 0.0 (0.0 - 0.0) 
 Asthma symptom day (children) 0.1 (-2.1 - 5.8) 0.1 (-1.5 - 4.1) 
 Minor restricted activity day (adults) 0.5 (-0.2 - 5.1) 0.3 (-0.1 - 3.5) 
 School absence day (children) 0.8 (-0.8 - 11.6) 0.5 (-0.5 - 8.2) 
 Total 4180.8 (2139.7 - 7208.9) 1699.1 (758.4 - 3205.2) 
Note: Monetized values are reported as 2011$ projected to a 2024 income level following methods reported in 
(US Environmental Protection Agency 2015c). 95% Confidence Interval is based on the 2.5th and 97.5th percentile 
of the distribution of benefits generated by the Monet Carlo analysis. Outcomes listed in bold are those for 
which area-specific baseline incidence rates are used. All other outcomes use baseline incidence rates taken 
from BenMAP. All monetized impacts are reported in today’s dollar; no discounting was used. 
Abbreviations: ED: emergency department; PM2.5: particulate matter with an aerodynamic diameter less than 
2.5 μm; O3: ozone 

 
Environmental Justice Implications of Decommissioning Coal-Fired Power Plants in the 
Southern Front Range 

 Many of the communities closest to the Comanche and Drake power plants are 

considered “environmental justice” communities due to having higher proportions of persons of 

color and lower median incomes that the surrounding areas. Figure 6 shows the median income 

and percentage of the population that is not non-Hispanic White alone (i.e., persons of color) in 

ZCTAs within and near the Pueblo municipal boundary (shown in red). Pueblo, CO has higher 

proportions of non-White residents and lower median incomes than neighboring communities. 

Similar patterns were observed for Colorado Springs, where ZCTAs near the Martin Drake power 

plant had the highest proportion of residents of color and the lowest median incomes (Figure 7).  
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Figure 6. The percentage of ZCTA populations that are persons of color and median income at 
the ZCTA level for ZCTAs near the Comanche power plant in Pueblo, CO 

 
 

 
Figure 7. The percentage of ZCTA populations that are persons of color and median income at 
the ZCTA level for ZCTAs near the Martin Drake power plant in Colorado Springs, CO 

 

Maps displaying the benefits of reduced emissions under Health Benefits Scenario 4 (in 

which Martin Drake was decommissioned and only one unit at Comanche remained operational) 
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show that high highest benefit rates (e.g., avoided deaths per 10,000 residents) were incurred in 

ZCTAs with lower median incomes and higher proportions of residents of color (Figures 8 and 9). 

 
Figure 8. Benefits of reducing emission at the Martin Drake and Comanche power plants (Health 
Benefits Scenario 4) as avoided deaths attributable to PM2.5 and O3 for ZCTAs near Pueblo, CO 

 

 
Figure 9. Benefits of reducing emission at the Martin Drake and Comanche power plants (Health 
Benefits Scenario 4) as avoided deaths attributable to PM2.5 and O3 for ZCTAs near Colorado 
Springs, CO 
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As discussed above, most of the health benefits from shutting down both of the power 

plants (Health Benefits Scenarios 4 and 5) occur in the areas closest to the facilities (Figures 4 and 

5), and most of these benefits are due to reductions in PM2.5 exposures. Figure 10 shows the 

median ZCTA-level income and the percentage of the ZCTA population that identifies as a race or 

ethnicity other than non-Hispanic white alone across the entire study area. The ZCTAs closest to 

the power plants (indicated with red dots) tended to have lower median incomes and somewhat 

higher proportions of persons of color (particularly near the Comanche plant in Pueblo, CO). 

Visual comparisons of these maps in Figure 10 to Figures 4 and 5 suggested that these 

communities, which would traditionally be identified as environmental justice communities, 

received greater benefits as a result of the reduction in emissions at the power plants. 

 
Figure 10. Maps showing the median ZCTA level income and the percentage of each ZCTA 
population that is persons of color (excludes non-Hispanic white alone) 

 The Concentration Index curves, which measure the degree of inequality in health 

benefits by social advantage, indicated that ZCTAs with lower median incomes tended to receive 

a higher proportion of the health benefits (measured as avoided deaths and hospitalizations per 

10,000 people), and that populations with a lower proportion of persons of color tended to 

receive similar health benefits relative to ZCTAs with higher proportions of persons of color. 
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Figure 11 shows the concentration curves for avoided PM2.5 and ozone mortality rates when 

ranking populations by income and race/ethnicity for Health Benefits Scenario 4. (Similar curves 

for Health Benefits Scenario 1-3 and 5 are in Appendix C.) Because avoided premature deaths are 

a positive outcome, concentration index curves above the 1:1 equality line are considered 

favorable to ZCTAs with lower social advantage; in other words, when the curve is above the 1:1 

line, ZCTAs that are typically disadvantaged in other ways receive a greater proportion of the 

health benefits of decommissioning the power plants. Figure 11 also highlights that the degree 

of health benefits from reductions in PM2.5 may be stronger than that for health benefits from 

reductions in O3. This is likely driven by the more localized change in PM2.5 concentrations relative 

to those of O3 (Figure 3). Plots for Health Benefits Scenarios 1-3 and 5 (Appendix B) show similar 

patterns. 
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Figure 11. Concentration index curves for avoided mortality rates (per 10,000 persons) resulting 

from reduced PM2.5 or O3 exposures under Health Benefits Scenario 1 when ranking ZCTAs by 
median income and the percentage of the population that is non-Hispanic white alone 

 A comparison of two ZCTA in the study area helps to illustrate the environmental justice 

implications of the HIA results. We compared two ZCTAs near the Martin Drake power plant in 

Colorado Springs: 80904 and 80924 (Figure 12).  
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Figure 12. Map showing the location of two ZIP codes in Colorado Springs near the Martin Drake 
power plant 

 

These two ZIP codes are located less than 20 km apart, but have very different degrees of 

social advantage (Table 8). For example, ZIP code 80904 had a median income of $44,928 

compared to 80924, which had a median income of $113,503. ZIP Code 80904 is located in close 

proximity to the Martin Drake plant and experienced a larger reduction in average PM2.5 

concentrations (0.17 µg/m3) compared with ZIP code 80924 (0.06 µg/m3) under Health Benefits 

Scenario 4. This larger decrease in exposures resulted in about 0.13 avoided deaths each year in 

80904, or about one death every six years. The avoided death rate for this ZIP code (0.13 per 

10,000) is roughly 24 times higher than the avoided death rate for 80524 (0.005 per 10,000). Both 

communities were shown to have decreased exposures and resulting health benefits as a result 

of reduced emissions, and the ZCTA-level analysis suggested that many of those benefits are 

incurred by communities which have historically dealt with higher environmental pollutant 

burdens. 
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Table 8. Summary of population, changes in exposure, health benefits, and, socioeconomic 
characteristics for two ZIP codes near the Martin Drake power plant under Health Benefits 
Scenario 4 
 80924 80904 
Mean change in PM2.5 (µg/m3) 0.055 0.17 
Avoided deaths per year (n, 95% CI) 0.003 (0.001 - 0.006) 0.258 (0.15 - 0.403) 
Avoided death rate (n per 10,000) 0.005 0.130 
Total population (n) 5,975 19,884 
Population that is persons of color (%) 27.7 14.1 
Median income (2014$) 113,503 44,928 

  

Discussion 

 We conducted a quantitative HIA to assess the potential health benefits of 

decommissioning the Martin Drake power plant in Colorado Springs and substantially reducing 

emissions at the Comanche power plant in Pueblo, CO for residents of Colorado’s Southern Front 

Range. We found that reducing emissions at these facilities would have modest health benefits 

for the region, including 2 – 4 avoided premature deaths each year, and that these benefits would 

largely be concentrated in the ZCTAs closest to the power plants. In our assessment, health 

benefits were greater for reductions in PM2.5 than for reductions in O3.  

 Although the total number of health benefits is modest relative to the number of deaths 

and hospitalizations that occur in the area each year, we found that ZIP codes with lower median 

incomes would benefit most from the shutdown of these facilities. Throughout the United States, 

lower income populations are more likely to live near industrial facilities such as the coal-fired 

power plants identified in this HIA (Mohai et al. 2009). Our finding that low-income ZIP codes 

receive a substantial proportion of the health benefits has potential environmental justice 

implications for the study area.  

Limitations 

There are several limitations to this analysis that should be noted when interpreting the 

results. First, as in most HIAs, the concentration response functions implemented in this analysis 

were based on previous epidemiologic studies and the from these original studies may not be 
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fully generalizable to our study area (Hubbell et al. 2009). When available, we have selected 

concentrations-response functions from nationally representative studies; for example. the 

American Cancer Society cohort study from which our PM2.5-related mortality function was taken 

is considered to be robust and has been used in other HIAs (Fann et al. 2012b; Levy et al. 2002; 

US Environmental Protection Agency 2012b). However, generalizability to the entire study 

population may be limited, as the ACS cohort has few non-white participants, with higher than 

average income education levels compared to the general population (Krewski et al. 2009). For 

other outcomes for which national studies were not available, e.g., hospitalizations, we pooled 

concentration response coefficients from multiple studies. This pooling approach help to address 

differences across study populations and is also widely used in the HIA literature (Hubbell et al. 

2009; US Environmental Protection Agency 2012b). Further, concentration response functions 

used for this analysis were applied only to specific age groups. Optimally, health impact estimates 

should implement age, sex, and race-specific concentration response functions that can address 

demographic risk differences in exposure and risk differences in the outcome. However, 

availability of sex- and race-specific health outcome rates and concentration response functions 

is limited for the study area. 

Second, the concentration-response functions implemented in this study are based upon 

studies that have assessed the relation between ambient (outdoor) exposures and health. Given 

that most people, particularly adults, tend to spend more of their time indoors, there is some 

uncertainty related to actual exposure (and inhaled dose) to pollutants. However, the original 

epidemiological studies from which the concentration-response functions are taken typically rely 

on outdoor concentrations at residential locations.  

 Third, there are some uncertainties inherent in using chemical transport models to assess 

ambient concentrations of PM2.5 and O3. Model predictions are provided at a 4 km resolution and 

hence the model cannot resolve gradients or hotspots within the 4 x 4 km grid cell that might 

result in certain populations within a grid cell (e.g., those living close to a major highway) 

experiencing much higher concentrations than the rest (e.g., those living in a residential 

neighborhood). Instead, the model predictions provide an average concentration exposure over 
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the 4 x 4 km grid cell. The CMAQ results do not agree perfectly with observations of PM2.5 and O3 

at all sites but agree reasonably with the ensemble of measurements over the four state modeled 

domain. A comprehensive model-measurement comparison is beyond the scope of this work, 

but more details on the performance of the CMAQ model, run with a slightly different 

configuration, over the entire year of 2011 can be found here: 

http://views.cira.colostate.edu/tsdw/Modeling/ModelObsComparison_IWDW.aspx. Regardless 

of the model performance of the absolute concentrations at a specific site, the model offers fairly 

robust predictions to changes in pollutant concentrations. In this study, we have only examined 

the change in pollutant concentrations from reducing/eliminating emissions from these power 

plants, without modifying emissions from other sources. Hence, the benefits simulated are only 

attributed to the closure at these power plants and the net costs/benefits in the future could be 

different than those simulated here as emissions from other sources will vary with time.  

Fourth, in our analysis, we assumed that the average exposure estimates for the modeled 

periods (roughly 60 days per year) implemented in the study represents a consistent long-term 

exposure for the study population. This assumes that sources and concentrations of exposure 

have remained fairly stable over time, and that the population is static. These underlying 

assumptions are common to HIA, as well as epidemiologic studies, but nonetheless may cause 

some uncertainty in the estimates of avoided deaths, particularly in neighborhoods that have 

had meaningful changes in ambient air pollution levels or a high level of residential mobility. 

Finally, the health benefits outline in this report should be considered a subset of the total 

benefits of decommissioning the two coal-fired power plants. In this HIA, we were only able to 

include health impacts for which there is sufficient evidence of causality (US Environmental 

Protection Agency 2009, 2013). There are likely other health outcomes that would be affected 

be reductions in ambient concentrations of PM2.5 and O3, including neurocognitive effects and 

adverse birth outcomes. Similarly, we have not accounted for environmental or climate change 

impacts resulting from reduced emissions at these facilities. Due to this lack of complete benefits 

assessment, any cost-benefit analysis based on the monetized impacts presented in this report 

http://views.cira.colostate.edu/tsdw/Modeling/ModelObsComparison_IWDW.aspx
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would likely under-represent the true economic value of the benefits of decommissioning the 

plants. 
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Appendix A. Concentration-Response Functions 
 
Table A1. Summary of pollutants and health outcomes included in the HIA, studies from which concentration-response coefficients were taken, 
and pooled concentration-response coefficients used in the health impact functions. 

Pollutant Outcome Name CR SE of CR Source Pooled CR SE of Pooled CR 
O3 Asthma ED visit 0.00306 0.00117 (Glad et al. 2012) 0.00288 0.00098 

  0.00521 0.00091 (Ito et al. 2007)   
  0.00770 0.00284 (Mar and Koenig 2009)   
  0.01044 0.00436 (Mar and Koenig 2009)   
  0.00087 0.00053 (Peel et al. 2005)   
  0.00111 0.00028 (Sarnat et al. 2013)   
  0.00300 0.00100 (Wilson et al. 2005)   
  -0.00100 0.00200 (Wilson et al. 2005)   
 Respiratory hospitalization 0.00064 0.00040 (Katsouyanni et al. 2009) 0.00194 0.00110 

  0.00178 0.00094 (Schwartz 1995)   
  0.00493 0.00177 (Schwartz 1995)   
 Asthma symptom day 0.00929 0.00387 (Mortimer et al. 2002) 0.00357 0.00229 

  0.00097 0.00299 (O’Connor et al. 2008)   
  0.00222 0.00282 (Schildcrout et al. 2006)   
 Minor restricted activity day 0.00260 0.00078 (Ostro and Rothschild 1989) 0.00260 0.00078 
 School loss day 0.00158 0.00499 (Chen 2000) 0.00511 0.00339 

  0.00815 0.00463 (Gilliland et al. 2001 p. 200)   
 Non-accidental mortality 0.00052 0.00013 (Bell et al. 2004) 0.00095 0.00018 

  0.00039 0.00013 (Bell et al. 2004)   
  0.00079 0.00013 (Ito et al. 2005)   
  0.00172 0.00035 (Ito et al. 2005)   
  0.00140 0.00027 (Moolgavkar et al. 1995)   
  0.00140 0.00038 (Moolgavkar et al. 1995)   
  0.00094 0.00030 (Kelsall et al. 1997)   
PM2.5 Acute bronchitis 0.02721 0.01710 (Dockery et al. 1996) 0.02721 0.01710 



 

 

 Asthma ED visit 0.00516 0.00324 (Glad et al. 2012) 0.00473 0.00148 
  0.00560 0.00210 (Mar et al. 2010)   

  0.00296 0.00271 (Slaughter et al. 2005)   
 CVD hospitalization 0.00080 0.00011 (Bell et al. 2008) 0.00111 0.00021 

  0.00140 0.00034 (Moolgavkar 2000)   
  0.00158 0.00034 (Moolgavkar 2003)   
  0.00071 0.00013 (Peng RD et al. 2008)   
  0.00064 0.00026 (Peng et al. 2009)   
  0.00187 0.00028 (Zanobetti et al. 2008)   
 Respiratory hospitalization 0.00070 0.00004 (Kloog et al. 2012) 0.00130 0.00067 

  0.00205 0.00044 (Zanobetti et al. 2008)   
 Asthma symptom day 0.01906 0.00983 (Mar et al. 2004) 0.08363 0.77244 

  0.00099 0.00075 (Ostro et al. 2001)   
  0.01222 0.01385 (Mar et al. 2004)   

  0.00257 0.00134 (Ostro et al. 2001)   
  0.00194 0.00080 (Ostro et al. 2001)   
 Lower respiratory symptoms 0.01901 0.00600 (Schwartz and Neas 2000) 0.01901 0.00600 
 Minor restricted activity day 0.00741 0.00070 (Ostro and Rothschild 1989) 0.00741 0.00070 
 Work Loss Day 0.00460 0.00036 (Ostro 1987) 0.00460 0.00036 
 All-cause mortality 0.00583 0.00096 (Krewski et al. 2009) 0.00583 0.00096 
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Appendix B. Supplemental Tables 
 
Table B1. Summary statistics for the change in population-weighted exposures to PM2.5 (µg/m3) 
and ozone (ppb) across all ZCTAs in the study area for Health Benefits Scenario 1 

Pollutant Season Metric Mean (SD) Min Median Max 
PM2.5 Winter Seasonal mean 0.00 (0.01) 0.00 0.00 0.03 
 Summer Seasonal mean 0.00 (0.00) 0.00 0.00 0.03 
 Winter Daily mean 0.00 (0.01) -0.02 0.00 0.22 
 Summer Daily mean 0.00 (0.01) 0.00 0.00 0.07 
       
O3 Winter Seasonal mean -0.02 (0.03) -0.16 0.00 0.00 

 Summer Seasonal mean 0.03 (0.03) -0.16 0.03 0.09 
 Winter Daily mean -0.02 (0.07) -1.14 0.00 0.06 
 Summer Daily mean 0.03 (0.07) -0.99 0.01 0.57 
 Winter Daily 1 hour max 0.01 (0.04) -0.08 0.00 0.60 
 Summer Daily 1 hour max 0.24 (0.43) -0.01 0.07 5.25 
 Winter Daily 8 hour max 0.00 (0.02) -0.29 0.00 0.23 
 Summer Daily 8 hour max 0.10 (0.17) -0.11 0.04 1.70 
Abbreviations: PM2.5: particulate matter with an aerodynamic diameter less than 2.5 μm; O3: ozone; SD: standard 
deviation  
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Table B2. Summary statistics for the change in population-weighted exposures to PM2.5 (µg/m3) 
and ozone (ppb) across all ZCTAs in the study area for Health Benefits Scenario 2 

Pollutant Season Metric Mean (SD) Min Median Max 
PM2.5 Winter Seasonal mean 0.00 (0.01) 0.00 0.00 0.03 
 Summer Seasonal mean 0.00 (0.00) 0.00 0.00 0.03 
 Winter Daily mean 0.00 (0.01) -0.01 0.00 0.22 
 Summer Daily mean 0.00 (0.01) 0.00 0.00 0.07 
       
O3 Winter Seasonal mean -0.02 (0.03) -0.16 0.00 0.00 

 Summer Seasonal mean 0.03 (0.03) -0.16 0.03 0.10 
 Winter Daily mean -0.02 (0.07) -1.13 0.00 0.06 
 Summer Daily mean 0.03 (0.07) -0.99 0.01 0.57 
 Winter Daily 1 hour max 0.01 (0.04) -0.08 0.00 0.60 
 Summer Daily 1 hour max 0.24 (0.43) -0.01 0.08 5.25 
 Winter Daily 8 hour max 0.00 (0.02) -0.29 0.00 0.23 
 Summer Daily 8 hour max 0.10 (0.17) -0.11 0.04 1.70 
Abbreviations: PM2.5: particulate matter with an aerodynamic diameter less than 2.5 μm; O3: ozone; SD: standard 
deviation  
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Table B3. Summary statistics for the change in population-weighted exposures to PM2.5 (µg/m3) 
and ozone (ppb) across all ZCTAs in the study area for Health Benefits Scenario 3 

Pollutant Season Metric Mean (SD) Min Median Max 
PM2.5 Winter Seasonal mean 0.01 (0.02) 0.00 0.00 0.10 
 Summer Seasonal mean 0.04 (0.04) 0.00 0.02 0.35 
 Winter Daily mean 0.01 (0.02) -0.04 0.00 0.40 
 Summer Daily mean 0.04 (0.07) 0.00 0.01 0.96 
       
O3 Winter Seasonal mean -0.03 (0.06) -0.42 -0.01 0.00 

 Summer Seasonal mean -0.01 (0.13) -1.02 0.03 0.05 
 Winter Daily mean -0.03 (0.10) -1.86 0.00 0.07 
 Summer Daily mean -0.01 (0.19) -3.04 0.01 0.64 
 Winter Daily 1 hour max 0.02 (0.05) -0.31 0.00 0.72 
 Summer Daily 1 hour max 0.28 (0.43) -0.89 0.12 4.40 
 Winter Daily 8 hour max 0.00 (0.03) -0.57 0.00 0.34 
 Summer Daily 8 hour max 0.11 (0.17) -0.50 0.05 1.95 
Abbreviations: PM2.5: particulate matter with an aerodynamic diameter less than 2.5 μm; O3: ozone; SD: standard 
deviation  
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Appendix C. Supplemental Figures 
 
 
 

 
Figure C1. Changes in mean winter PM2.5 (µg/m3) concentrations at the ZCTA level for Health 

Benefits Scenario 4 
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Figure C2. Changes in mean winter O3 (ppb) concentrations at the ZCTA level for Health Benefits 

Scenario 4 
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Figure C3. Changes in mean winter PM2.5 (µg/m3) concentrations at the ZCTA level for Health 

Benefits Scenario 5 
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Figure C4. Changes in mean summer PM2.5 (µg/m3) concentrations at the ZCTA level for Health 

Benefits Scenario 5 

  



74 

 

 

 
Figure C5. Changes in mean winter O3 (ppb) concentrations at the ZCTA level for Health Benefits 

Scenario 5 
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Figure C6. Changes in mean summer O3 (ppb) concentrations at the ZCTA level for Health 

Benefits Scenario 5 
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Figure C7. Maps of annual avoided cardiovascular disease rates (per 10,000 persons) at the 

ZCTA level due to reductions in PM2.5 (Health Benefits Scenario 4) 
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Figure C8. Map of annual avoided respiratory disease rates (per 10,000 persons) at the ZCTA 

level due to reductions in PM2.5 (Health Benefits Scenario 4) 
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Figure C9. Map of annual avoided respiratory disease rates (per 10,000 persons) at the ZCTA 

level due to reductions in O3 (Health Benefits Scenario 4)  

  



79 

 

 

 
Figure C10. Maps of annual avoided mortality rates (per 10,000 persons) at the ZCTA level due 

to reductions in PM2.5 (A) and O3 (B) exposures for Health Benefits Scenario 5 
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Figure C11. Maps of annual avoided cardiovascular disease rates (per 10,000 persons) at the 

ZCTA level due to reductions in PM2.5 (Health Benefits Scenario 5) 
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Figure C12. Map of annual avoided respiratory disease rates (per 10,000 persons) at the ZCTA 

level due to reductions in PM2.5 (Health Benefits Scenario 5) 

  



82 

 

 

 
Figure C13. Map of annual avoided respiratory disease rates (per 10,000 persons) at the ZCTA 

level due to reductions in O3 (Health Benefits Scenario 5)  
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Figure C14. Concentration index curves for avoided mortality rates (per 10,000 persons) 
resulting from reduced PM2.5 or O3 exposures under Health Benefits Scenario 1 when ranking 
ZCTAs by median income and the percentage of the population that is non-Hispanic White alone 
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Figure C15. Concentration index curves for avoided mortality rates (per 10,000 persons) 
resulting from reduced PM2.5 or O3 exposures under Health Benefits Scenario 2 when ranking 
ZCTAs by median income and the percentage of the population that is non-Hispanic white alone 
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Figure C16. Concentration index curves for avoided mortality rates (per 10,000 persons) 
resulting from reduced PM2.5 or O3 exposures under Health Benefits Scenario 3 when ranking 
ZCTAs by median income and the percentage of the population that is non-Hispanic White 
alone. 
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Figure C17. Concentration index curves for avoided mortality rates (per 10,000 persons) 
resulting from reduced PM2.5 or O3 exposures under Health Benefits Scenario 5 when ranking 
ZCTAs by median income and the percentage of the population that is non-Hispanic White 
alone. 
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