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Health & Environmental Costs of Electricity Generation in Minnesota

EXECUTIVE SUMMARY

Electricity generation contributes significant quantities of air pollution that have serious health
and environmental costs. The costs are caused by the emission of criteria air pollutants that have
impacts on human health and the environment and greenhouse gases (GHG) that have impacts on
climate change. The most severe impacts from criteria air pollutant emissions are infant and
adult mortality and morbidity. These impacts are predominantly local and regional, and the
impacts are generally experienced within the first few years after the pollutant is emitted. The
total costs or damages per ton of criteria air pollutant emissions varies substantially depending on
the location of the emitting plant. This report presents estimates of costs of emissions from
Minnesota counties based on the urban-rural classification of the county (summarized in Table
1).

Table 1 — health and environmental costs per ton of pollutant emissions by Minnesota counties (2010 USD)

Urban? County Emissions Rural® County Emissions
Pollutant Median (5" - 95™ percentile) Median (5" - 95™ percentile)
SO, $11,400 ($6,600 — $13,600) $5,100 ($1,900 — $6,500)
NOx $3,300 ($3,000 — $3,400) $2,300 ($1,300 — $2,900)
PM, s $18,500 ($7,100 — $30,800) $3,400 ($2,700 — $6,600)
PMy $1,100 ($400 — $1,600) $200 ($150 — $350)
NH3 $2,400 ($1,400 — $15,800) $900 ($600 — $1,700)
VOC $1,200 ($400 — $2,200) $230 ($140 — $370)

a. Urban includes NCHS urban-rural county classifications: large central metro, large fringe metro.

b. Rural includes NCHS urban-rural county classifications: medium metro, small metro, micropolitan, noncore.
Impacts from GHG emissions associated with climate change are global and will likely be
experienced many years in the future. Following federal guidelines regarding cost/benefit
analysis, this report recommends a $36 per ton CO, estimate of costs associated with GHG
emissions, in 2010 U.S. Dollars (USD), with a cost per ton range of $11 to $55.

Total damages from electricity generation in Minnesota from impacts to human health and the
environment are estimated at $2.164 billion. These damages include $877 million from criteria
air pollutants, and $1.287 billion from GHG emissions. Damages associated with emissions
from coal combustion are responsible for 94 percent of the total damages associated with
electricity generation in Minnesota. These damage estimates are far higher than damages
estimated using current values of damages established by the Minnesota Public Utilities
Commissions (MPUC) 1997 final order (Minn. Stat. §216B.2422, Subd.3). The total damages



from electricity generation in Minnesota using the MPUC numbers for the costs per ton of
emissions from power plants are between $58 million and $257 million (2010 USD).



1. INTRODUCTION

In Minnesota, electricity is primarily produced from coal and nuclear energy. Coal is the largest
fuel source, contributing 58 percent of the electricity in the state. Nuclear energy produces 24
percent (U.S. EIA 2012). The remaining sources of electricity include various renewable energy
sources (12 percent), natural gas (5 percent) and all other sources (1 percent). Electricity
generated by burning coal and natural gas produces significant quantities of air pollution. This
air pollution leads to serious environment and human health impacts. These impacts impose
costs on society that are generally not paid by electricity producers or consumers (“external
costs”).  Without regulation external costs are not considered in the production decisions of
electricity producers or consumption decisions of electricity users. These external costs can be
significant compared with the private costs of producing electricity. If electricity producers were
made to internalize the external costs, by paying for the damages inflicted on others, there would
likely be a shift in the energy mix for producing electricity from dirtier to cleaner energy sources.

The vast majority of pollutant emissions from electricity production in Minnesota are from coal.
This is due to the high rate of emissions per unit of electricity produced along with the heavy
reliance on coal. Of the total emissions from electricity generation in Minnesota, coal is
responsible for 92 percent of GHG (Ciborowski & Claflin 2009), 99 percent of sulfur dioxide
(SOy), 96 percent of nitrogen oxides (NOx), 85 percent of fine particulates (PMs), 92 percent of
coarse particulates (PMyg), 1 percent of ammonia (NHs3), 78 percent of volatile organic
compounds (VOC), 98 percent of mercury, and 95 percent of lead emissions (EPA 2013). The
damages from the emissions of coal combustion make up 94 percent of the total damages
associated with electricity generation in Minnesota.

This report summarizes and compares estimates from the relevant literature on the external costs
of air pollution emissions from electricity generation. The main outputs of this report are
estimates of the external costs per ton of emissions from electricity generation in Minnesota.
The primary source of data for this study is a 2010 report by the National Research Council
(NRC)*, Hidden Costs of Energy: Unpriced Consequences of Energy Production and Use. The
NRC report provides estimates of the external costs from each of the electricity coal power
plants in the U.S. These costs are estimated in damages per ton for several pollutants, as well as
total damages per kWh of electricity produced. Estimates of the external costs for natural gas or
other sources of electricity generation are computed by combining the various emissions by
source along with cost per ton of each type of emission. This report combines the estimates from
the NRC report and several other estimates that are similarly based on damages per kWh of

! The NRC is a private, nonprofit institution that is the primary operating arm of the National Academies that strives
to provide independent, expert advice on scientific, engineering, and medical issues.



electricity. A comparison is done between the various studies to display the range of external
cost estimates in the relevant literature, and to identify the key parameters and aspects of the
studies that determine the external cost estimates. The importance of the NRC report is the
separation of the external costs by the type of pollutant causing the damages. These estimates
provide a guide for policy makers to prioritize emissions reductions for the pollutants that
contribute to the greatest external costs.

2. EXTERNAL COSTS ESTIMATES

Economic efficiency can be achieved when the external costs associated with the production of a
good are internalized by the entity making the production decisions. This ensures that there is
not an overproduction of the good, as the total costs of production, both private costs for the firm
and external costs to the rest of society are accounted for in the production decisions.
Minnesota’s resource planning law seeks to achieve this by requiring utilities to adopt
“externality value” pricing for electricity that accounts for the external costs of pollution when
making decisions about electricity generation. The “externality value” includes the total external
costs inflicted on society from the emission of pollution. To implement this policy it is
necessary to determine the external costs associated with the production of electricity. This is
precisely the goal of the NRC report. Understanding and estimating external costs involves a
complex process of identifying the human, environmental or private resources that are impacted
by the production process, attributing the impacts to specific sources, and assigning a monetary
value to the impact.

2.1 National Research Council, Hidden Costs of Energy

The NRC report combines original research with estimates from the literature to determine the
external costs associated with the primary sources of energy used in the U.S. The main focus of
the estimated damages is from impacts due to air pollution from fuel combustion. Air pollution
of criteria pollutants leads to significant impacts to human health, and lesser impacts to
agriculture and visibility; and emissions of carbon dioxide (CO,) leads to climate change. The
impacts from emissions of criteria pollutants, SO,, NOx, PM;5s and PM;o, were modeled using
the Air Pollution Emissions Experiments and Policy analysis (APEEP) model created by Muller
and Mendelsohn (2006). The APEEP model is a traditional integrated assessment model that
connects quantities of emissions of several pollutants to changes in concentrations and exposures
of PM_5 and ozone, and then to changes in physical effects and valuations of these effects. For
the NRC report, the APEEP model is used to determine the marginal damages from emitting an
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additional unit of the four pollutants listed above from each of the 406 coal-fired electricity
power plants in the U.S. in 2005. In the original paper by Muller and Mendelsohn, the APEEP
model is used to calculate the marginal damages of emissions of six pollutants from each county
in the U.S. The six pollutants include the four above as well as NH3 and VOC. The APEEP
model first calculates the total damages from all sources of pollution (not only coal power
plants). Then to calculate marginal damages from a specific source of a certain pollutant the
model adds an additional ton of emissions from the source and recalculates the total damages.
The marginal damages are determined as the difference in total damages before and after this
additional unit was added to the system. The value of this model is that the damages from a
specific plant and of a certain pollutant can be estimated. This leads to a more informed
discussion of how emissions reductions can be most effectively implemented.

The APEEP model follows three main steps: (1) linking changes in emissions to changes in
ambient concentrations of pollution, (2) using estimates of the dose-response relationship
between pollution concentrations to various impacts, and (3) assigning dollar estimates to the
value of these impacts. This first step is achieved in APEEP using a reduced-form air-quality
model. This type of model attempts to mimic the environment based on simple representations.
The approach is a trade-off between accurately representing the complex relationships in the
determination of air quality with speed in running the model and examining many scenarios.
More complex models, such as the Community Multiscale Air Quality (CMAQ) model, are
process-based and attempt to capture the complex natural processes between emissions and
concentrations. The CMAQ model was used by the EPA in the Regulatory Impact Analysis of a
new proposed lower national standard for PM,s (U.S. EPA 2012). The complex process-based
models provide results at much smaller geographic scale across shorter time periods, but require
substantially more time to run and more computing power to operate. With these models it is not
feasible to evaluate hundreds or even thousands of scenarios as is done in the reduced form
model in APEEP. For these reasons the NRC report chose a reduced-form approach to separate
the damages from specific power plants for several pollutants. This was important because the
heterogeneity between plants in terms of quantity of emissions and proximity to large
populations leads to a large difference in damages between coal plants. APEEP uses an air-
quality model that predicts the dispersion of a pollutant from a source of emissions. Based on
wind patterns and atmospheric conditions the dispersion model is able to estimate the changes in
pollution concentrations for areas surrounding the source of emissions. This is used to calculate
a source-receptor matrix between emissions at each source of pollutant to concentrations at each
county in the U.S. The source-receptor matrix summarizes the predictions from the dispersion
model as the change in pollution concentrations in all U.S. counties from an additional unit of
pollution emitted from any source. This matrix is calibrated to CMAQ to improve the accuracy
of APEEP’s modeling of reality.



The second step in APEEP links changes in concentrations to changes in impacts using estimates
of dose-response functions. By far the largest impact is to human health in terms of premature
mortality, but the model also considers increased morbidity, and impacts to agriculture and
visibility. For premature mortality from chronic exposure to PM,s the NRC report uses an
estimate from Pope et al. (2002). This estimate is one in a series of estimates taken from an
American Cancer Society (ACS) study (Chao et al. 2000). The Pope et al. estimate suggests that
for every 10 ug m™ increase in PM,s exposure there is an approximately 6 percent increase in
the risk of premature mortality. Importantly, the magnitude of this estimate was confirmed in an
extended analysis with the data from the ACS study by Krewski et al. (2009). In the U.S. the
ACS study is one of two major studies that have examined the impact of PM,s exposure on
premature mortality. The other is the Harvard Six-Cities (H6C) study. In a series of estimates
from the H6C study the results have consistently found larger effects than in the ACS study
(Dockery et al. 1993; Laden et al. 2006; and Lepeule et al. 2012); however the size of the effect
has decreased with the more recent estimates. The latest estimate by Lepeule et al. (2012)
includes additional years of data from the H6C study, collected after the original analysis by
Dockery et al. (1993). Lepeule et al. finds a 14% increase in the risk of premature mortality for
every 10 ug m™ increase in PM, s exposure, which is approximately half the magnitude of the
effect found in Dockery et al., but is still more than double the effect found in the estimates from
the ACS study. The ACS study followed a larger cohort of individuals in more locations across
the U.S., but the individuals were more highly educated, more affluent and less racially diverse
than the group followed in the H6C study, and the U.S. population as a whole.

The other impacts from exposure to criteria pollutants used in APEEP are infant mortality from
PM,5; chronic bronchitis and loss of visibility from PMyg; chronic asthma, acute-exposure
mortality, respiratory admissions, emergency room visits for asthma, and crop and timber loss
from ozone; chronic obstructive pulmonary disease and ischemic heart disease hospital
admissions from NO;; and asthma and cardiac admissions, and material depreciation from SO,.
The APEEP model does not consider ecosystem damages such as impacts of acid rain on tree
canopy or fish populations, or impacts to fresh-water ecosystems from eutrophication.

The final step in APEEP is valuation of the impacts attributable to air pollution. For premature
mortality a value of $6 million (2000 USD) is used as the value of a statistical life (VSL). This
estimate is in line with recent estimates (Viscusi and Aldy 2003, and Kochi et al. 2006). In a
meta-analysis of the VSL, Viscusi and Aldy estimate a mean VSL of $6.2 million (2000 USD),
with a 95 percent confidence interval of $2.5 — $15.7 million. The impacts of premature
mortality from air pollution are experienced predominately by older individuals. This raises the
question of whether the VSL varies with age. In 2007 the EPA Environmental Economics
Advisory Committee of the Science Advisory Board determined that there is not sufficient
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evidence in the literature to identify how VSL is different across ages. In the original paper by
Muller and Mendelsohn (2006) they incorporate a VSL-year approach, which assumes all
individuals have the same value of an additional year of life, and the total value for an individual
is approximately equal to the value for an additional year times their life expectancy. This leads
to significantly lower estimates of the damages from APEEP due to the larger impacts
experienced by older individuals.

The APEEP model calculates a baseline level of pollution concentration in each county in the
U.S. It then adds one ton of emissions at a source and calculates the change in concentration and
the resulting change in impacts. Finally, the model multiplies the change in impacts by the value
of the impact to determine the marginal damages of emissions of the pollutant at this source.
The total damages from this source are calculated as the marginal damages times the quantity of
emissions from the source. In the NRC study the total emissions are based on 2005 levels
according to the National Emissions Inventory (NEI), (EPA 2013).

Total damages estimated in the NRC report from the 406 coal plants in the U.S. in 2005 are $62
billion (2007 USD) or 3.2 cents per kwWh. By pollutant, 85 percent are from SO, emissions, 7
percent are from NOx, 6 percent are from PM,5 and 2 percent are from PM;o. The majority of
the damages from SO, and NOx are due to their contribution to PM,s concentrations. After
being emitted these pollutants can form into secondary PM s, which along with directly emitted
PM,s comprises the ambient concentrations of PM, s that are harmful to human health. While
the impacts to human health are caused by the concentrations of fine particulates, the damages
are attributed to the primary pollutant that was emitted. The high damages from SO, are from
the large amount of emissions and the large marginal damages per ton. PM;s emissions have
high marginal damages, but there are few tons emitted from coal plants.

Marginal damages vary depending on where a source is located. Table 2 (derived from table 2-8
in the NRC report) shows the large distribution of marginal damages across plants in the U.S.

Table 2 — distribution across coal plants: external costs per ton of pollutant (2007 USD/ton), NRC 2010.

Pollutant Mean 5t 25t 50™ 75M 95
SO, 5,800 1,800 3,700 5,800 6,900 11,000
NOy 1,600 680 980 1,300 1,800 2,800
PM, 9,500 2,600 4,700 7,100 10,000 26,000
PM,, 460 140 240 340 490 1,300

The large variation in marginal damages is explained by the number of people exposed to the
pollution from different plants, which is a function of both the plant location relative to
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population centers, the heights of the stacks at which the pollution is emitted, and prevailing
winds.

The damages can also be presented per kWh of electricity produced. This helps with
comparisons to other studies of external costs from coal power plants. The damages per kWh of
electricity produced are derived from the total damages associated with an electricity generating
plant. The total damages are the costs per ton of emissions times the quantity of emissions. To
convert to damages per kWh the total damages are divided by the amount of electricity produced
by the power plant.

Table 3 — external costs from criteria air pollutants (cents / kwh), NRC 2010.

Pollutant Mean 5t 25t 50t 75t g5t
SO, 3.8 0.24 1.0 25 5.2 11.9
NOyx 0.34 0.073 0.16 0.23 0.36 0.91
PM,s 0.30 0.019 0.053 0.13 0.38 1.1
PMyo 0.017 0.001 0.004 0.008 0.023 0.060
TOTAL
(unweighted)? 4.4 0.53 1.4 2.9 6.0 13.2
TOTAL
(weighted)? 3.2 0.19 0.71 1.8 4.0 12.0

a. Gives equal weight to each of the 406 coal plants in U.S.

b. Weights calculated by electricity produced
Overall 94 percent of the criteria air pollution damages are from premature mortality. If the
model had used the concentration-response function from one of the H6C studies, such as
Dockery et al. (1993) the total damages would have been approximately three times as large.

Combustion of coal can lead to emissions of heavy metals as well. These metals include
antimony (Sb), arsenic (As), beryllium (Be), cadmium (Cd), chromium (Cr), cobalt (Co), copper
(Cu), lead (Pb), manganese (Mn), mercury (Hg), molybdenum (Mo), nickel (Ni), selenium (Se),
silver (Ag), thallium (TI), vanadium (V), and zinc (Zn). The most toxic metals for the
environment and human health are Hg, As, Cd, Pb and Se. Emissions of mercury are of great
concern and are regulated by the EPA. Prenatal exposure to mercury has been associated with
cognitive deficits, and exposure to adults can increase the risk of fatal heart attacks. Mercury
follows a complex and difficult to model pathway from emission to exposure. The impacts from
exposure are not well known, and the value of reducing the effects of cognitive impacts is not
known. The NRC report does not estimate the damages from mercury or other heavy metal
emissions.
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CO, emissions from coal power plants are the largest source of GHG emissions in the U.S. The
impacts from GHG emissions are fundamentally different from criteria pollutant emissions. The
damages from criteria pollutants are experienced relatively close to the source both in terms of
space and time; and the damages are largely to human health. GHG emissions, however, lead to
climate change with damages that occur around the globe and will not likely be experienced for
many years. Climate change will cause melting of ice caps and glaciers raising sea levels,
potentially increase the severity of storms, change weather patterns and potentially lead to more
intense droughts and flooding events, among other potentially damaging impacts. An
explanation of the impacts and models describing the relationship between impacts and monetary
damages of GHG emissions is described in the External Costs from Climate Change section.
The NRC report summarized the results of several climate change models and concluded that a
doubling of the concentrations of GHG (or approximately 2.5-3.0 degree Celsius increase) would
likely lead to a 1-2 percent loss in global GDP. Table 4 shows estimates of the marginal
damages of a ton of CO, emissions from three main studies for different discount rates®>. These
estimates are the change in net present value of the impact over the next 100 years of one
additional ton of CO, equivalent (CO, eq.) emissions today. The marginal damage estimates
depend on the discount rate used as shown in Table 4.

Table 4 — social cost of carbon estimates from climate change estimates (2007 USD),

NRC 2010.
Marginal Damages  Discount

Model Study ($/ton CO,) Rate (%)
DICE Nordhaus (2008) $8 4.5
FUND Tol (2005) $0 5.0
FUND  Tol (2005) $2 3.0
FUND  Tol (2005) $6 2.0
PAGE  Hope (2006) $6 ($1-$17) 4.5
PAGE  Hope (2006) $22 ($4-$60) 3.0
PAGE  Hope and $108 ($21-$284) 1.5

Newberry (2008)
PAGE  Stern (2007) $36-$102 1.4

The NRC report summarizes the marginal damages per ton of CO, emissions according to the
discount rate used and the size of the effect on global GDP in the following table.

2 The discount rate weighs the costs of taking action today to reduce emissions against the future benefits of
mitigating the damages of climate change (see External Costs from Climate Change section for further discussion).
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Table 5 — social cost of carbon estimate ranges by
discount rate, $/ton CO, eq. (2007 USD), NRC 2010.

Discount Low Damage High Damage

Rate Estimate Estimate
1.5% $10 $100
3.0% $3 $30
4.5% $1 $10

2.2 Other External Costs Estimates

The NRC report is one of many reports that have examined the external costs of coal. An
analysis of these other estimates is useful as a comparison to the external costs reported in the
NRC report. In general, the other studies have found larger estimates of the external costs
associated with electricity generation. The notable exception is the paper by Muller and
Mendelsohn (2006) that used a substantially lower VSL, one that is lower than the generally
accepted range for VSL estimates.

Levy et al. (2009) estimates the marginal damages of emissions of PM;,s, NOx and SO, from
407 coal fired power plants in the U.S. and finds higher external costs than reported in the NRC
study. The analysis examines the heterogeneity of plant-specific marginal damage estimates.
Emissions data were collected for 1999 from the NEI and the Emissions and Generation
Resource Integrated Database (eGRID). The analysis uses an approach similar to the NRC
report (and Muller and Mendelsohn with APEEP) using a source-receptor (S-R) matrix that
identifies the relationship between emissions at various sources with changes in pollution
concentrations at each county in the U.S. The S-R matrix is derived from the Climatological
Regional Dispersion Model (CRDM), which is a sector-averaged Gaussian dispersion model.
Using the S-R matrix the authors calculate intake fractions (iF) which indicates the fraction of a
unit of pollution that is inhaled by a person. The model uses concentration-response functions
from the H6C study (Dockery et al 1993; and Laden et al. 2006). These estimates suggest larger
impacts from PM;s exposure than the estimates from the ACS study. The estimates in this
analysis use a VSL distribution with a mean of $6 million (1999 USD) and standard deviation of
$2.4 million (and truncate the distribution to avoid negative values).

Similar to the NRC report the results show substantial spread in marginal damages between
plants. For primary emissions of PM,s estimates across plants are damages of $41,000 to
$180,000 per ton (5™ and 95" percentile estimates, respectively), and $72,000 per ton for the
median plant. Median damages per ton of SO, emissions are $19,000 with a range from $10,000
to $32,000, and median damages per ton of NOx emissions of $4,800 and a range from $1,800 to

13



$8,500. Combining all of the pollutants into damages per kWh of electricity produced the
estimates across coal power plants range from $0.04 to $0.65 (5™ and 95" percentiles,
respectively). The median estimate was $0.14 per kWh. Because of the location of generation
smokestacks and population centers, Levy found the highest damages in the industrial Midwest.

These external cost estimates are substantially larger than those found in the NRC report. Per
kWh of electricity produced, the estimated damages of the median plant in the Levy analysis are
approximately five times as large as the median plant in the NRC report. This difference can
largely be explained by two factors. First, Levy et al. used the H6C estimates of the
concentration-response relationship, which are approximately three times larger than the
estimates from ACS study. Second, the Levy study used 1999 emissions data, compared with
2005 in the NRC report. Emissions of SO, and NOx were approximately 33 percent and 50
percent higher in 1999 than in 2005, respectively. These differences in methodology and data
explain most of the difference between the estimates per kWh. This, however, does not fully
explain the differences in damages per ton of PM,5s. The median plant PM, s estimates in Levy
are more than 10 times larger than the NRC report per ton. Due to the relatively low amount of
total emissions of PM; s from coal-fired power plants this difference does not greatly impact the
estimates of damages per kWh.

The Levy et al. analysis found that damages across plants are highly correlated with iF values.
These iF are based on the proximity of populations to emissions of the source and meteorological
factors incorporated in the S-R matrix. Therefore, the marginal damages of plants in urban areas
may be substantially different than plants in rural areas.

A 2011 paper by Epstein et al. estimates the full life-cycle external costs of electricity from coal-
fired power plants. The methodology is similar to the NRC report, but the estimates are
generally larger. For the external costs from criteria air pollution the Epstein article uses the
larger estimate from the H6C study. The results are presented as a ‘best’, low and high estimate
or the external costs of coal power plants.

The downstream external costs are largely from coal combustion as in the NRC report. The
article uses the NRC average damage estimate as the low estimate. For their best and high
estimate, Epstein et al. use a concentration-response function from Schwartz et al. (2007) which
is based on the H6C study. This provides much larger estimates of mortality from PM,s
exposure. The external costs range from 3.2 to 9.3 cents/lkWh. Coal combustion also leads to
mercury emissions which are not monetized in the NRC report. Mercury is most toxic in the
form of methylmercury, and its most common pathway to impact humans is through the food
chain in fish. Estimates of damages in the Epstein et al. analysis are taken from Trasande et al.
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(2005) based on impacts to human health in terms of mental retardation and lost productivity
from loss of 1Q. The estimates range from 0.02 to 0.1 cents/lkWh. Further damages based on
associations between methylmercury exposure and cardiovascular disease from Rice et al. (2010)
estimate costs between 0.014 and 1.05 cents/kWh.

Using the social cost of carbon (SCC) of $10, $30 and $100 per ton CO, eq., estimates of
damages from direct emissions of CO, from coal combustion in power plants range from 1.02 to
10.2 cents/lkWh. Damages from black carbon are also estimated after conversion to CO, eq
between 0.0006 and 0.008 cents/kWh.

In total Epstein et al. estimate the downstream external costs between $86.1 billion to $422.5
billion per year or 4.27 to 21.24 cents/kWh from coal-fired electricity power generation.

Table 6 — itemized downstream external costs (cents/kWh) of electricity from coal (2008
USD), Epstein et al. 2011.

Category Low Best High
Criteria air pollutant emissions damages 3.23 9.31 9.31
Impacts from mercury 0.02 0.33 1.72
Climate change impacts 1.02 3.06 10.21

TOTAL 4.27 12.70 21.24

The final estimate examined in this report is from a 2006 article by Rafaj and Kypreos that
estimates external costs of electricity generation for many regions of the world, and then
considers possible abatement technologies and the resulting external costs after implementation.
The external costs are estimated using a framework developed by ExternE (2005) which follows
the similar pathways of estimating damages as seen in the NRC report. The ExternE
methodology uses the Pope et al. (2002) estimate of the dose-response relationship between
PM,s and adult mortality, the same estimate used in the NRC report. The article uses a partial
equilibrium analysis and incorporates endogenous technological learning to simulate the
implementation of abatement technologies after electric power providers are made to internalize
their external costs.

To compare with the estimates in the NRC report we are most focused on the estimation of
damages from coal-fired power plants in the U.S. from the Rafaj and Kypreos article. The article
develops an estimation of external costs for coal plants with a variety of different emission
controls for power plants in North America. Using external cost estimates from the European
Commission ExternE project, the authors scale the costs estimates for different regions according
to the population density, types of coal burned (sulfur content), and plant technology. For North
America there is medium population density assumed and 1% sulfur content in coal. The
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external costs are separated by local air pollutants, SO, and NOx, and global pollutants,CO,. For
climate change impacts an external cost of $25 per tonne CO, (1995 USD) is used (which
corresponds to $22.7 per ton CO, in 1995 USD). The Table 7 below presents the cost estimates
per KWh for several coal plant emissions control technologies in North America (derived from
Table 6 in Rafaj et al.). The abatement technologies considered are controls on conventional
pulverized coal combustion plants that remove SO, and NOyx emissions (deSOx and deNOy)
such as scrubbers. Examples of advanced coal plants include supercritical plants that use
pressurized fluidized-bed combustion, and integrated coal gasification combined cycle (IGCC).
With each plant type CO, sequestration is also considered. There are no estimate ranges in this
analysis representing the differences in damages across similar plants in various locations, but
this analysis provides another median plant estimate of damages per kWh of electricity produced.
While these are not perfectly comparable with the NRC report, the conventional coal estimates
are in line with the relatively high external cost estimates in the NRC report; and the deSOx,
deNOx with conventional coal estimates are comparable with the low estimates from the NRC
report.

Table 7 — external costs from air pollution cents/kWh (1995 USD), Rafaj et al. 2006.

Plant type/technology SO, and NOx CO, TOTAL
Conventional coal 7.48 2.38 9.86
Conv. coal with deSOyx, deNOx 0.93 2.46 3.39
Conv. Coal with deSOyx, deNOx and CO; seq. 1.13 0.55 1.68
Advanced coal 1.13 1.97 3.10
Advanced coal with CO; seq. 1.35 0.43 1.78
IGCC coal 0.84 2.72 3.56
IGCC coal with CO; seq. 0.99 0.46 1.45

2.3 External Costs from Climate Change

Many studies have estimated the social cost of carbon (SCC), and this report uses a 2011
working paper by Greenstone et al. that reviews the estimates from three primary models used in
analyzing the economic impacts from climate change. The Greenstone et al. paper brings
together a review of the relevant research, with a 2010 report by an interagency working group
for the U.S. Federal government on the appropriate SCC values to be used in cost-benefit
analyses (Interagency Working Group on Social Cost of Carbon, United States Government,
2010).
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The interagency working group reviewed estimates from climate change models and determined
appropriate values of the SCC to be used for analyses of potential federal regulations. In May,
2013 the interagency working group released an updated report incorporating the newest
versions of the climate change models (Interagency Working Group on Social Cost of Carbon,
United States Government, 2013). The updated report recommends a central value for the SCC
of $38 per metric ton CO, eq. (2007 USD), with sensitivity analysis using $12, $58 and $109 per
metric ton. The central value of $38, and sensitivity values of $12 and $58 per metric ton are
based on an average of the SCC across models and scenarios using discount rates of 3, 5 and 2.5
percent, respectively. The larger $109 per metric ton is based on the 95" percentile of SCC
estimates using a 3 percent discount rate, and represents the possibility of larger than expected
global impacts from climate change. These values of the SCC are suggested for emissions in
2015, with the damages per metric ton expected to grow over time. The marginal damage from
additional GHG depends upon the concentration of GHG in the atmosphere. As time goes on,
GHG concentrations are expected to increase leading to higher marginal damages and a higher
SCC. For previous emissions the estimated damages per ton are slightly lower. The interagency
working group estimates a central value of $33 per metric ton (2007 USD) for emissions in 2010,
with suggested sensitivity analysis using $11, $52 and $90 per metric ton. According to
Greenstone et al. the range of possible SCC values were created to be defensible based on the
latest climate change methodologies and valuations, and to represent the level of uncertainty in
the damage estimates between and across models.

Based on 2007 estimates by the Intergovernmental Panel on Climate Change (IPCC) without
coordinated global abatement policy of GHG, the global mean temperature will rise 1.7° to 4.4°C
by the end of the century. The change in temperature will have many impacts across the globe,
but it is very difficult to estimate the effect these impacts will have on welfare. There is
substantial uncertainty regarding any particular impact and the overall uncertainty about welfare
impacts is high. The SCC is meant to be used as a measure of the net monetized damages
associated with marginal increases in GHG emissions. This is an exceptionally useful concept as
it attempts to encompass all impacts from climate change many years in the future and assign a
dollar value to these impacts, and then relate these values back to the emissions of GHG today.
The determination of the SCC is a highly complex calculation, and requires the use of several
important assumptions which are discussed below. Because climate change is expected to have
global damages and the source of the emission is irrelevant in terms of the location of the
damages, the SCC can be used as a broad, uniform measure of the cost of GHG emissions.

The Greenstone et al. paper describes the four main set of assumptions that are made in the
development of the integrated assessment models (IAM) used to analyze climate change:
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1) Future emissions of GHG

2) How past and future emissions of GHG will impact the climate
3) The impact on the physical environment from changes in climate
4) Converting environmental impacts into monetary damages

The three IAMs used to construct the SCC adopted for the federal rulemaking analyses were the
FUND, DICE and PAGE models. These three models are some of the most widely cited models
in this field of study. Each of the three models is given equal weight in the determination of
SCC. These IAMs are reduced form models which do not fully capture the complex scientific
relationships, but are able to link physical impacts to economic damages. The basic steps in each
model relate changes in emissions to changes in GHG concentrations, global temperatures, and
economic output. Figure 1 shows the differences between the three models in terms of the
relationship between temperature changes and economic damages. At all temperatures the
FUND model yields lower damages than the other models, and FUND has positive effects for
modest temperature increases, and relatively small damages at even very high temperature
increases.

Figure 1 — annual consumption loss as a function of global GDP in 2100 (Figure 1 in Greenstone
etal.)
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To compare these three models several inputs have to be considered. First, projections of future
socio-economic patterns and levels of emissions must be determined. This is important because
future economic growth and GHG emissions are linked as wealthier people are more likely to
emit larger quantities of GHG but are also willing to pay more to reduce the effects of climate
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change. Five scenarios were considered in each model in the analysis used by the interagency
working group that made the recommendations for the U.S. Federal government. These
scenarios represent different projections of economic growth, populations and GHG
concentrations in the atmosphere by 2100. The scenarios have a range in annual global GDP
growth of 1.6 to 2.0 percent, global population in 2100 between 8.7 and 10.4 billion, and global
GHG emissions growing between -0.5 and 2.0 percent per year until 2050.

The next important input is the equilibrium climate sensitivity (ECS), which is defined as the
long-term increase in the annual global-average surface temperature from a doubling of CO,
concentrations to approximately 550 ppm from pre-industrial levels. Based on an assessment by
the IPCC the ECS is likely to be between 2° and 4.5°C, with a central value of 3°C. The
interagency working group created a distribution of the ECS to be used in the three models based
on the IPCC assessment. While the likely range of ECS is below 4.5°C the distribution allowed
for small probabilities of greater warming, with a 95™ percentile warming of 7.1°C by 2100.

The final input parameter selected by the interagency working group for use in the three models
is the discount rate. The discount rate weighs costs and benefits experienced in the future versus
current costs and benefits. A positive discount rate means that future costs and benefits are given
less weight relative to current costs and benefits. The discount rate is of great importance for
climate change policy as the costs of taking action to reduce emissions occur now and the
benefits of mitigating the damages of climate change occur in the future. This discount rate has
enormous effects on the SCC estimates and there is no consensus among economists at present
about the proper discount rate to use in climate change assessments.

There are two main views within the economics profession on the appropriate choice of the
discount rate. One approach asserts that the proper discount rate to use should equal the market
discount rate. The market discount is equal to the rate return on capital, which defines how
much investing a unit of resources now will yield in terms of units of resources in the future.
Nordhaus (2007) argues for this position saying among other things that choosing a different rate
of return on climate investments than on other investments is inefficient and leads to poor
outcomes for society. In his view, why take away from investments that yield a high return to
invest in climate mitigation activities that yield a lower return? Nordhaus argues for using
discount rates on the order of 5 percent. Use of high discount rates does not justify taking drastic
action today to mitigate future climate change.

The second approach asserts that climate change affects the welfare of both present and future
generations and therefore has an essential ethical component. The choice of the proper discount
rate is not purely a technical economic decision but requires value judgments involving
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normative assessments about how the welfare of future generations should be compared with the
welfare of the current generation. This approach generally recommends using much lower
discount rates than the market discount rate. Low discount rates suggest that future generations
should be given more equal consideration with the current generation.

To further understand the arguments over the discount rate, it is useful to decompose the
discount rate into its fundamental elements. The discount rate that emerges as a solution to the
problem of optimal savings and investment to maximize welfare over time is described in the
Ramsey equation (Ramsey 1928),

discountrate =6 +n7n-g

where § is the pure rate of time preference, 7 is the elasticity of marginal utility of consumption,
and g is growth rate of the economy. The first term, &, refers to the rate at which future benefits
and costs are discounted simply because they happen in the future. In the context of climate
change, the pure rate of time preference involves intergenerational comparisons of how much the
welfare of future generations is discounted relative to the current generation. Heal (2008)
describes this as the rate of intergenerational discrimination. Many analysts who view the
problem through an ethical lens call for setting & to zero (or nearly zero). The descriptive
approach uses a non-zero value of § that is determined as the difference between the observed
rate of return on capital and the product n - g. The n term represents the degree of diminishing
marginal utility of consumption. This implies that an additional unit of consumption for a rich
person is less valuable than an additional unit of consumption for a poor person. While the
general understanding of this term is not disputed there is a range of values that are used based
on the modeling assumptions. Stern® (2007) derives a discount rate of 1.4 percent per year. This
contrasts greatly with Nordhaus* (2007) who calculates an annual discount rate of 5.5 percent.
In the analysis of long run problems such as climate change the implications of the difference of
these two discount rates is enormous. For instance, the present value of $1 million dollars 100
years from today is $247 thousand dollars using a discount rate of 1.4 percent, but it is only $4
thousand dollars with a discount rate of 5.5 percent.

The interagency working group chose to mostly follow the approach that relied on using market
discount rates. The other approach required use of moral judgments. It was felt that the market
approach was more defensible and transparent. However, the decision to avoid making a
judgment is in fact a judgment so this defense is not particularly strong. Even with the decision
to use a market discount rate there is not a broad consensus as to the appropriate discount rate to

® Stern uses parameter values of § = 0.1,n = 1and g = 1.3
* Nordhaus uses parameter values § = 1.5, 7 = 2and g = 2.
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use. Discount rates of 2.5, 3 and 5 percent were selected as a range of reasonable values. The 3
percent was chosen as it is commonly used in governmental cost-benefit analysis. The discount
rates chosen reflect the impact to global GDP, not just the GDP of the U.S. This was done
because the locations of GHG emissions are irrelevant to the global problem of climate change,
and the U.S. acting alone to reduce emissions will not solve the problem.

Given these three input parameters discussed above, the interagency working group was given
access to the three climate change IAMs. To calculate the SCC requires four steps described by
Greenstone et al.:

1) Create a baseline for current and future year’s global temperature and per capita
consumption based on inputs of emissions, GDP and populations.

2) Add an additional unit of GHG emissions in some year, and recalculate the temperature
and consumption for all future years.

3) The difference between per capita consumption before and after the additional unit of
emissions is the marginal damage for each year.

4) Using the discount rate, calculate the net present value of the stream of future damages.

This process was run for each of the models and for the several scenarios described above. The
models were run many times to incorporate the probabilistic framework of the models and of the
scenarios. Giving each scenario equal weight, and using the mean SCC value from the many
runs of the three models, the interagency working group produced an SCC estimate for each of
the three discount rates used. A fourth value was also selected to reflect higher SCC values at
the 95™ percentile given a 3 percent discount rate. This was done to consider the external costs
associated with significantly greater economic impacts from climate change than expected.
From these results the interagency working group recommended the use a SCC of $38 (2007
USD) per metric ton for the central estimate in cost-benefit analysis for U.S. Federal policy
analysis, and $12, $58 and $109 per metric ton for sensitivity analysis.

Greenstone et al. suggest that these values represent our best estimates of the SCC given the
current science; however, there is certainly room for improvements. For instance, the IAMs do
not fully incorporate all the impacts and damages likely to occur from climate change. This is
due to high degrees of uncertainty with many impacts and difficulty in monetizing all impacts.
There is also a lack of consensus on how to account for unlikely but catastrophic damages from
climate change. There are currently significant differences between the three models in how
human adaptation to climate change can mitigate the effects on GDP and human welfare.
Changes in thinking regarding all of these factors could have significant impact on the estimates
of the SCC.
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3. COMPARISON OF EXTERNAL COSTS ESTIMATES

The four studies reviewed in the previous section of the external costs of emissions show a wide
range of possible estimates. The estimates across the studies are compared by looking at the
costs in a common measure of cents’/kWh and converting each into estimates in 2012 USD.
Table 8 provides a breakdown of the various studies for the cost of emissions from coal. These
breakdowns are separated by type of pollutant. The central estimate from the NRC report and
the Levy et al. article represent the median coal power plant in terms of external costs per kWh
in the respective studies. The low and high estimates are the 5" and 95" percentile external cost
coal plants. The two central estimates from Epstein et al. represent their results based on the use
of a concentration-response (C-R) from the ACS study and the H6C study. The high and low
estimates in Rafaj et al. represent a conventional coal plant and a coal plant that has adopted air
pollution abatement technology.

Table 8 — comparison of external costs from air pollution, cents/kWh (2010 USD)

Study Estimate Mortality C-R (study) Low Central High
NRC SO, Pope et al. 2002 (ACS) 0.25 2.63 12.50
NRC NOx Pope et al. 2002 (ACS) 0.08 0.24 0.96
NRC PM; s Pope et al. 2002 (ACS) 0.02 0.14 1.16
NRC PMjio Pope et al. 2002 (ACS) 0.001 0.008 0.063
NRC Total® 0.56 3.05 13.86
Levy et al. 2009 Total Dockery et al. 1993 (H6C) 5.24 18.34 85.15
Epstein etal. 2011  CAP® Pope et al. 2002 (ACS) 3.26

Epstein etal. 2011  CAP® Schwartz et al. 2007 (H6C) 9.4

Rafaj et al. 2007 SO,, NOx  Pope et al. 2002 (ACS) 1.33° 10.70¢

a. Total not weighted by coal plant electricity production
b. CAP — criteria air pollutants

c. Conventional coal plant

d. Conventional coal plant with deSOx, deNOx

Table 8 shows that there are both wide variations in external costs between coal plants in the
U.S., and across studies. The results from Levy et al. found by far the largest external costs from
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coal, but importantly they used the oldest of the H6C study estimates, and the oldest emissions
data. The more recent H6C estimates of the concentration-response function between PM, <
exposure and adult mortality, using additional data and more sophisticated statistical techniques,
have found smaller magnitudes of the effect. Still the effect is quite large, especially compared
with the estimates from the ACS study. The comparison shows that the estimates from the NRC
report are relatively small given the other available research; however, the magnitude of the
external costs from the NRC report are quite large, especially for the high damage coal power
plants. A report by the Energy Information Agency (U.S. EIA 2013) estimates that the average
levelized private costs of a new conventional coal plant opening in 2018 are approximately 10
cents per kWh of electricity produced. For the high damage coal plants the external costs exceed
the private costs of production. Even for the median coal plant in the U.S. the external costs are
approximately one-third the private costs. Note that these are just the external costs associated
with local and regional impacts from air pollution that lead to human health effects. The
inclusion of climate change damages from the emission of GHG further increases the external
costs.

Across the various studies the SCC estimates are difficult to compare due to the ranges used and
the different discount rates. To compare the different SCC estimates we look at a range of values
for a variety of discount rates. The problem is that the NRC report and the values recommended
by the U.S. Federal Government interagency working group present SCC estimates based on
different discount rates. The NRC report provides a high and low estimate, while the Greenstone
et al. paper presents the central estimates from the analysis by the U.S. Federal government
interagency working group. Figure 2 graphically plots the estimated ranges used in the NRC
report and the Greenstone et al. paper. The range of values for the Greenstone et al. paper are
based on the highest and lowest estimates from the three climate change models. Figure 2 shows
that the range of estimates used by the U.S. Federal Government recommended by the
interagency working group are significantly larger than the SCC estimate range considered in the
NRC report.
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Figure 2 — comparison of SCC estimate ranges for given discount rates, $/ton CO, eq.
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Note: SCC values for U.S. Federal Government regulatory impact analysis described in Greenstone et al.

(2011) have been converted from 2007 USD per metric ton to 2010 USD per short ton.

4. EXTERNAL COSTS OF ELECTRICITY GENERATION IN MINNESOTA

Emissions by pollutant by type of electricity generating source are shown in Tables 9 and 10.
Coal plants emit large quantities of CO,, SO,, NOx and mercury, as well as lesser amounts of

several other pollutants, as shown in Tables 9 and 10.
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Table 9 — Minnesota electric power plant GHG emissions, 2006 (thousand tons CO, eq./year), EPA 2013.

Natural
Pollutant Coal Gas Oil  Other MN total % of total
CO, 38,173 1,938 609 578 103,617 39.9%
N,O? 91 18 21 58 7,606 2.5%
CH, 7 3 0.3 6 12,897 0.1%
Total GHG 38,270 1,958 630 642 124,120 33.4%

Table 10 — Minnesota electric power plant emissions, 2008 (tons/year), NEI 2013.

Natural MN All  Elect. %
Pollutant Coal Gas Biomass Qil Other Emis of Total
SO, 77,143 80 402 602 25 114,177 68.5%
NOx 61,184 684 1,458 293 180 422,061 15.1%
PM,s 3,201 29 478 32 15 214,189 1.8%
PMio 8,201 109 553 40 16 794,405 1.1%
NH; 5 213 367 10 0 203,768 0.3%
vVOC 583 31 109 4 22 1,210,933 0.1%
Lead 0.91 0.001 0.038 0.006 0.006 22.0 4.3%
Mercury 0.65 0.0001 0.008  0.0004 0.002 1.47 45.1%

Based on the recommendations by the interagency working group for the U.S. Federal
Government reviewed in the Greenstone et al. paper, the central estimate of the damages from
GHG emissions by Minnesota power plants in 2006 is $1.287 billion (2010 USD), using a
$31/ton CO, eq. damage coefficient. > Using the sensitivity values of $10, $50 and $86 per ton
CO; eq. leads to external cost estimates of $415 million, $2.075 billion, and $3.569 billion,
respectively. This corresponds to 2.4 cents per KWh produced for the central estimate, and 0.8,
3.9 and 6.7 cents/kWh for the three sensitivity values. For electricity produced only from coal
plants the damages per kWh are 3.6 cents using a $31/ton CO, eq. coefficient. GHG emissions
are a significant source of external costs from electric power plants in Minnesota. Coal power
plants are by far the largest contributor to climate change damages from Minnesota electricity
production, representing 92% of the total. Future emissions are expected to cause greater
damages than past emissions. For emissions in 2015, the interagency working group
recommends using a damage per CO; eg. ton estimate of $36/ton (2010 USD), with sensitivity
analysis values of $11, $55 and $104 per ton.

> The SCC values are derived from the recommendations of the interagency working group of the U.S. Federal
Government for emissions in 2010, described in section 2.3 External Costs from Climate Change, converting from
2007 USD per metric ton to 2010 USD per short ton.
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Table 11 — damages from GHG emissions from electricity generation in MN, 2006 (2010 USD,
millions)

Central Low High  Catastrophic

Source $31/ton $10/ton $50/ton $86/ton
Coal $1,186 $382 $1,914 $3,291
Natural Gas $61 $20 $98 $168
Oil $20 $6 $32 $54
Other $20 $6 $32 $55
Total $1,287 $415 $2,075 $3,569

The NRC report provides useful information regarding the range of possible external costs from
the emission of criteria pollutants from producing electricity from coal-fired power plants in the
U.S. The width of this range, however, does not provide guidance as to the external costs for a
power plant in a specific location, or for the state of Minnesota. The NRC report used the
APEEP model to calculate the external damages for each coal plant. Results from the APEEP
model in another publication by Muller et al. (2011) are available for emissions from sources in
each county in the U.S. While these results are not specific to individual sources, they are based
on the same methodology as used in the NRC report, however with different parameters for the
VSL, and emissions from 2002. The low VSL parameter used in the Muller et al. article produce
external cost estimates that are significantly less than the NRC report and the consensus of other
external cost studies; therefore we do not use these values directly. However, using the estimates
from the Muller et al. article we can attempt to combine the county level data with the NRC
results. This way the extensive dataset of external costs estimates from the original APEEP
model are matched with the more widely accepted estimates presented in the NRC report.

The APEEP results show that there is a significant difference in the external cost estimates per
ton of pollutant between emissions from urban and rural areas in Minnesota. Using the 2006
NCHS urban-rural county classifications (U.S. HHS 2012) we group Minnesota counties into
urban areas, and rural/small metro areas. [See Appendix]. We combine the results from Muller
et al. with the NRC report values to produce estimates of the damages per ton of emissions in
Minnesota by type of county (urban/rural). [See Appendix]. These estimates in Table 12 are
based on the NRC values presented in Table 2.
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Table 12 — costs per ton of pollutant (2010 USD), NRC 2010

Urban County Emissions

Rural County Emissions

Pollutant Median (5™ — 95™ percentile) Median (5" - 95™ percentile)
SO, $11,400 ($6,600 — $13,600) $5,100 ($1,900 — $6,500)
NOx $3,300 ($3,000 — $3,400) $2,300 ($1,300 — $2,900)
PM;s $18,500 ($7,100 — $30,800) $3,400 ($2,700 — $6,600)
PMji $1,100 ($400 — $1,600) $200 ($150 — $350)
NH5? $2,400 ($1,400 — $15,800) $900 ($600 — $1,700)
VOC? $1,200 ($400 — $2,200) $230 ($140 — $370)

a. Estimate derived from Muller et al. (2011) because no corresponding estimate in the NRC report is available.

Based on the damage per ton we can estimate the total damages from criteria air pollutants using
the emissions from Table 10. Total Minnesota damages from criteria air pollutants from
electricity generation in 2008 are estimated at $877 million (2010 USD), with a range of $502
million to $1.072 billion. This corresponds with 1.6 cents/kWh, and a range of 0.9 to 2.0
cents/kWh. Coal power plants are responsible for 98 percent of the total damages, with median

damages per kWh of 2.6 cents.

Table 13 — damages from criteria air pollutant emissions from electricity

generation in MN, 2008 (2010 USD, millions)

5th 95th

Source Median Percentile Percentile
Coal $856 $498 $1,042
Natural Gas $3 $2 $6
Qil $7 $4.2 $9
Biomass $9 $5 $14
Other $1 $1 $2
Total $877 $502 $1,072

The total health and environmental costs associated with Minnesota electricity generation are

$2.164 billion with a range of $917 million to $3.147 billion.

This corresponds with 4.1

cents/kWh for all sources of electricity, and 6.0 cents/kWh for electricity generated from coal.
This includes emissions of GHGs and criteria air pollutants.
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Table 14 - total health and environmental costs, and costs per kWh from
electricity generation in MN (2010 USD)

Total Damages Damages/kWh

Source (millions) (cents)

Coal $2,043 6.0
All other sources $121 0.8
Total $2,164 4.1

This report estimates that the external costs associated with Minnesota coal power plants is
substantial and primarily associated with air pollution. External costs from other source of
energy to produce electricity are substantially lower. Both criteria air pollutants and GHG
emissions are significant contributors to external costs. These estimates carry significant
uncertainty, primarily based on the choice of the ACS concentration-response relationship
between PM, c exposure and adult mortality for criteria air pollutant damages. The use of an
alternative concentration-response function would substantially increase the estimates of the
external costs. For GHG emissions the choice of the discount rate is the greatest source of
uncertainty in the external cost estimates. The estimates presented in this section are based on
the SCC values recommended for use in all U.S. Federal policy cost-benefit analysis.

There are significant emissions of mercury from Minnesota coal power plants that are not
accounted for in the external cost estimations. Additional research on these pollutants will
provide a more complete representation of the external health and environmental costs associated
with electricity generation in Minnesota.
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APPENDIX 7 COMBINING APEEP RESULTS FROM MULLER ET AL. (2011) AND THE NRC
REPORT

The results of air pollution damages per ton from the APEEP model used in Muller et al. (2011)
are available for all counties in the U.S., whereas the results from the NRC report are only
summarized for the 57, 25" 50™, 75 and 95™ percentile of damages per ton of coal plants in the
U.S. The goal is the combine the comprehensive dataset from Muller et al. with the damage per
ton estimates in the NRC report. This conversion is done because the Muller et al. estimates are
based on a VSL estimate and methodology that produces significantly lower external cost
estimates.

The NRC report range of damages is for all electricity producing coal plants in the U.S.
Therefore, to make as consistent a comparison with Muller et al. as possible, a list of all coal
plants in the U.S. (with greater than 50 MW of capacity) was created (GEO 2013), and the
damages per ton for the county of each plant were obtained from the APEEP results in Muller et
al. This produced a table of 527 coal plants with estimates of damages per ton for six pollutants
(using the point source with stack height between 0 — 250 meter estimates from APEEP). Next,
the damages per ton for every county in Minnesota were obtained from the Muller et al.
estimates. Then it was possible to compare the damages from the Minnesota counties with the
damages of counties with coal plants in the U.S. This was done by calculating the percentile
rank of each Minnesota County within the set of all counties in the U.S. with coal plants.

To summarize these percentile results the Minnesota counties were grouped based on their
NCHS county classification (U.S. HHS 2012) into urban areas (NCHS classifications: large
central metro, large fringe metro), and rural/small metro areas (NCHS classifications: medium
metro, small metro, micropolitan, noncore). Within each set of counties (urban/rural) the
median, 5" and 95™ percentile damage per ton percentile rank was calculated. These results are
presented in Table 15. For instance, the table shows that emissions from the median damage
urban county in Minnesota have SO, damages per ton that are greater than 95% of coal plants in
the U.S. Urban counties in Minnesota have damage per ton percentile ranks that range from the
64™ percentile to the 99™ percentile of all coal power plants.
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Table 15 — median and range of percentile ranks of marginal damages from APEEP

(Muller et al. 2011) of Minnesota counties by county classification.

Urban Counties

Rural Counties

Pollutant (11 counties) (76 counties)
SO, 0.95 (0.64 — 0.99) 0.36 (0.06 — 0.61)
NOx 0.99 (0.95 — 1.00) 0.84 (0.42 — 0.95)
PM,s 0.88 (0.44 — 0.97) 0.15 (0.07 - 0.37)
PMyo 0.91 (0.58 — 0.98) 0.18 (0.03 — 0.45)
NH3 0.37 (0.25 — 0.88) 0.18 (0.10 — 0.27)
VOC 0.89 (0.46 — 0.97) 0.15 (0.07 — 0.38)

For both urban and rural counties it is apparent that external costs from emissions of NOx are
especially high in Minnesota, and emissions of NH3; from urban counties are relatively less
harmful than other pollutants. We make the assumption that the percentile ranks from the Muller
et al. APEEP estimates are the same as the percentile ranks in the NRC report. Then we apply
these percentile ranks to the range of damage estimates from the NRC report from Table 2 by
applying a best fit line of the values given. The best-fit line for the NRC report damage
estimates was created by fitting a 4™ degree polynomial function to the five data points (see
Figure 3). For example, the median rural county in Minnesota has damages per ton of NOx
emissions in the 84" percentile. The best fit line from the NRC report derived from Table 2
implies that the 84™ percentile has damages of $2,300 per ton. This falls in-between the 75" and
95™ damage per ton estimates from the NRC report of $1,800 and $2,800.
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Figure 3 — best-fit line of NRC report damage per ton estimates of U.S. coal plants.
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Data points (black circles) are NRC report percentile estimates (see Table 2). Blue line is 4" degree polynomial best-fit line.
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