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Executive Summary

The U.S. Environmental Protection Agerl®&PA)i s sl ated t o r eelheecmbon t he
pollution standards$or existingpowerplants on June 2014. Carbon dioxideC0O,) is one ofmost
abundant greenhouse gas the atmosphere aradmajordriver of humaraccelerateglobalclimate
changeFossitfuel-fired powerplantsare the single largest source of anthropogenig €&flssions in

the U.S.They emitapproximately2.2 billion tonsof carbon dioxide each year, represendgoercent

of total U.S. CQ emissionUSEPA 2014)

Carbonpollution standard thatreduceCO, emissions from>dsting power plantsan also cut emissions of other
powerplantpollutantsthathave negative human and environmental health impacagy andregionally These
additionalpowerplant pollutantgor, co-pollutants)include sulfur dioxid€SQ,), nitrogen oxidegNO,),
particulate matter (PMand mercuryHg). Orce emitted, S@contributes to the formation éihe particle
pollution (PM,.5) andNOy is amajor precursor tgroundlevel ozone(O;). For human healthheseco-pollutants
contribute to increased rig premature deattheart attacksncreased incidence and severityasthmaand
other health effectsee Table 1)Forecosystemghese cegollutants contribute tacid rain the overfertilization
of many types of ecosystems, including grasslands, fofakes and coastal watemzone damage to trees and
crops;and theaccumulatiorof toxic mercury in fisi(see Table 1)Therefore, policies intended &aldress climate
change by reducinGO, emissionsthat alsadecreasemissions of S NO,, and primary PMcanhave
importanthuman and environmenthgalth cebenefits.

This study, led by Syracusend Harvardiniversities usedexistingestimates oénergysectoremissiongor a
Reference @se and three alternative policy scenateaguantify theamount andgpatialdistributionof resulting
changes iremissionsair quality, andatmospheric deposition stilfurandnitrogen, and to a lesser extent of
mercuryby the year 202CEach policy scenariflecs differentdesigns focarbon standasdwith varying
stringency and flexillity . Given that theanalysis wasonductedrior to the introduction of thEPA standards
none of thehree scenarios are likely tepresenthe exacstandardroposedbut theybound a wide range of
possible alternative§rom this analysiand ancillary supporting materjate draw the following conclusions
(seeSummary of Results pages 24-26 for details):

1. Strong carbompollution standarslfor existing power plant&/ould deceaseemissionf co-pollutantsthat
contribute to local and regional air pollutibg more than750,000tonsper yeaiby 2020 comparedtb b us4i ne s s
asusuab shown in the ReferenceaSe

2. The model results shothiat by decreasin@missios of co-pollutants astrongcarbon pollution standasdould
improveair qualityanddecreas¢he deposition of harmful pollutantff is well-documentedhatthe air pollution
reductions estimated hehavehuman health an€cosystem benefits

3. The model resulisdicatethat with astrong carbon standarair quality and atmospheric deposition
improvementsvould bewidespreadvith evay state receiving some benefithgreatest improvementse
projected foristates in and around the Ohio River Vallesywell aghe RockyMountain region

4. Finally, the analysisuggestshat the stronger the standards (in terms of both stringamtfexibility), the
greater and more widespreagthe benefiteassociated witlklecreasa co-pollutants. It also shows that a weaker
standad focused strictlyn power plant retrofitsould increase emissions arsdluceair qualityoverlarge areas




U.S.PowerPlant Pollution: Emissions, Transport, and Effects

Power plants are the single largest source of carbon dioxidg 40%), sulfurdioxide (SQ; 73%), and
mercury emissions (Hg; 49%) in the UEI 2011). They are also the second largest source of

nitrogen oxide emissions (Nf24% (NEI 2011). Carbon pollution standards for existing power plants
would not only help confront the dienge ofglobalclimate change, they would confer substantial
additionallocal and regional benefits by reducing power plant emissions of these majaliutants by

up to 27% for S@and Hg and 22% for NOn 2020 compared to a Reference Céasgortantly, the

benefits reported here are additional benefits associated with the carbon standard beyond the emissions
reductions that will occur with existing air quality policies and therefore do not represent-double

counting of benefits.

The 1990 Clan Air Act Amendments illustrate how public policy dagilitate costeffective decreases in
emissioms of air polluants For examplehe SQ allowance trading progranesulted in decreased, emissions
from electric power plantsf 68 percent between 29 and 2010, from 15.9 million short tons to 5.1 million short
tons (NEI 2011) at approximately 15 percent the originatestimate (Chan et al. 2012)espite theseost
effectiveprograms current emissions and air pollution levels still pose conditkereealth and environmental
challengesln 2005, fne particulate matter (PM), largely fromSQO, and NQ emissionswereattributed to
between 130,000 and 320,000prematuredeaths 180,00nonfatal heart attack®00,000 hospital and
emergency room visits, 2rhillion of asthmaexacerbationsand18 million lost days of workand other public
health effectskann et al2012. Also in 2005 between 4,700 and 19,000 premature deaths, 77,000 hospital
admissions andneergency room visits, and 11 million school absence days attributed to grouniével ozone
(Fann et al2012. In 2004 it was reported that over 100 million people in live in adfabe U.Swith ozone
concentrations exceeding thén8ur regulatonstandard (USEPA 2004p light of ongoing concerns and
mountingscientific research, EPA recently proposed to strengthen the National Ambient Air Quality Standards
(NAAQS) for both fine particles and groutelel ozone.

In addition to health effectslevated ozone can cause can foresdamage, decades of acidic deposition have
eroded the buffering capacity of soils leaving forests and watersheds more sensitive to continued inputs of sulfate
and nitrate, and once mercury enters a watershed it{gdimishousands of years where it bioaccumulates in food
websand contaminategildlife and fish that people catch and consuMereover, sulfur deposition associated

with acid raincanpromotethe conversion of mercury to methyl mercury, the form thatmeadily

bioaccumulates in the environmeAs a growthlimiting nutrient, elevated atmospheric nitrogen deposition can

alter the structure and function of terrestrial and aquatic ecosystems.

In order to understand these widespread effects, it is inmpacteharacterize and quantifige linkages between

power plant emissions, air quality, and the atmospheric deposition of pollutants. Once emitted frefrefossil

fired power plants, SCand NQ react in the atmosphere to form sulfuric acid, nitric aaidi several secondary
pollutants that have a cascade of health and environmental effects. Similarly mercury, after it is released to the
atmosphere, can changeemical formand depending on its form be deposited in rain, snow, gaseous particles
within kilometes from the source or circulate globalljhe links between emissiorar pollution and

atmospheric deposition are briefly described below and are illustrated in Figure 1.

PM, sis fine particulate mattefPM) thatcan occur as primary PM that is emitted directly from a source or
formed in the atmospheeas secondary PMsecondary PM is by far the largest fraction andkisvedfrom
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precursor emissions suchsasgfur dioxide §0;), nitrogenoxides(NO,), volatile organic compounds (VOCSs),

and ammonia (NkJ. Secondary formation occurs through-gasise photochemical reactions or through liquid
phase reactions in clouds and fog droplets in the atmosphere generally downwind of the source,Most PM
rural areas isecondary. It is estimated that approximately half of the ffMheeastern US. originates from

sulfate associated with S@missionsParticle pollution forms the major component of haze in cities and in iconic
landscapes such as national parks.

Tropospherimzoneis ground level ozone majorcomponent ofvhat is commonly referred to as

fismog@. Groundlevel ozone is not emitted directly into the air, it is formed in the atmosphere when
anthropogenic emissions of N€@ombine with VOCs and reaict the presence of sunlight. Peak O
concentrations generally aar in summer when higher temmptures and increased sunlight enhancgf@mation
(Knowlton et al. 2004). Whilelevatedgroundlevel G; is primarily a concern in urbaand suburbaareas, oane
and the ozone precurs@sNO, and VOCscan also be transported long distances by wind, causing high ozone
levels in rural areag.ropospheric ozone is also a greenhouse gas pollutant. Consequently, climate change
mitigation measures that simultanelyugduce tropospheric ozongaygenerate additional climate benefits.

Acidic depositions commonly referred to d&cid raird. Acidic deposition is the transfedgposition) of strong
acids and acifiorming substances from the atmosphere to the surface of the &eidit. deposition includes
ions, gases, and particles derived from sulfur dioxide)Strogen oxides (N¢), ammonia (NH) emissions
and particula emissions of acidifyingnd neutralizingompoundsAcidic depositioncan originate from air
pollutionthat crosses state and even national boundanesaffecs large geographic are@Sriscoll et al.
2001).

Mercurydepositionresults from mercuryreissions to the atmosphere fralinect anthropogenic sourgesich as
power plantssecondary sources that aresmissions of primary sourceand natural emission sources
Emissionscan occur as elemental Hgaseous ionic Hgdéactive gaseous mercygand m@rticulate HgThese
different chemical formexert significant control over the fate of atmospheric Hg emissindss the reason that
Hg can bea local, regional, or global pollutant, @eyling on the speciation of teenissions and the associated
residence times in the atmosphere. While Hg emission sources are common in more urbanjzkgpasiam is
also enhanceinh forested areasherelandscapeonditionscanlead to high rates of bioaccumulation. Therefore
Hg deposition can be harmful iroth urban and rural environmer{Briscoll et al. 2007)

Nitrogen(N) depositionresultsfrom Emissions eSS0 0eposition W Effects
NH L
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Figure 1: Linking emissions, air quality, deposition, and effects
Adapted from Driscoll et al. 2001a



hundreds of kilometers before it is deposited to Earth in precipitatiord@pesition) and as gases and particles
(dry deposition) (Driscoll et al. 2003).

Effects on Human Health and Ecosystems

The o-pollutants emitted by powgiants have demonstrated and weiderstood health and

environmental consequences. These adverse effects have been extensively documented and summarize
in the peetreviewed literaturéWWe summarize the major impacts and supportaoigngific evidence in

Tablel, below. While changes in air quality can resuitnearly immediate improvements in human

health, sensitive ecosystethait have been impacted by decades of elevated atmospheric deposition

(acid, nitrogenand mercurytake decades or more to reeoand remain a challenge today

Table 1: Summary oéir pollution effectsfrom power pgants.

Emissions | Pollutant | Effects
SQ PM, s Human health: Pope et al. 1995, Woodruff et al. 1997, Pope
Heart attack, chronic & acute bronchitis, | al. 2002, Cohen et al. 2004, Pope et al. 2004
lung cancer, asthma exacerbation, pre Laden et al. 2006, Krewski et al. 2009, Pope
mature death al. 2009, Cohen et al. 2010, USEPA 2011,
Sulfur Ecosystems: Cass 1979%orham 1989, Charles 1991, Bake
deposition | Acidification of soils and siace waters, et al. 1996, Likens et al. 1996, DeHayes et al
(sulfate) reduced tree health and productivity in 1999, Driscoll et al. 2001, Driscoll et al. 2010
sensitive areas, reduced fish abundance | Greaver et al. 2012
and diversity, increased methyl mercury
production, diminished views
NO, Ground Human health: Gong et al. 1986, Ostro and Rothschild 1989
level ozone | Difficulty breathing, coughing and sore Schwartz 1994, Schwartz 1995, Chen et al
(NQ, throat, asthma exacerbation, emphysema 2000, Burnett et al. 2001, Gillild et al. 2001,
emissions | chronic bronchitis, increasedfection risk, | Jaffe et al. 2003, Bell et al. 2004, Gryparis et
are ozone | Pre-mature death 2004, Karlsson et al. 2004, Huang et al. 2008
precursors) Ecosystems: Ito et al. 2005, Levy et al. 2005, Peel et al.
Reduced tree health and forest 2005, Schwartz 2005, Wilson et al. 2005,
productivity, reduced crop productivity, USEPA 2007, Jerrett et al. 2009, Larsen et a
reduced visibility 2010, Mills et al. 2011
Nitrogen Ecosystems: Valiela 1997, Bricker et al. 1999,Valiela et al.
deposition | Overenrichment of ecosystems, increase( 2000, Fenn et al. 2003, Galloway et al. 2003,
(reactive N)| production and changes in species Pardo et al. 2011
Nitrogen Ecosystems: Aber et al. 1995, Baker et al. 1996, Magill et
deposition | Acidification of soils and streams, reduce( 1997, Driscoll et al. 2001, Aberait 2003
(nitrate) tree health and productivity in sensitive
areas, reduced fish abundance/ diversity
Mercury Mercury Human health: Aulerich et al. 1974, Scheuhammer 1988,
deposition | Reduced 1Q, memory deficits, reduced Salonen et al. 1995, Wiener and Spry 1996,
and visualtspatial function, increased risk of Nocera and Taylor 1998, Guallar et al. 2002,
bioaccum | heart disease NRC 2002, CDC 2004, Mahaffey et al. 2004,
ulation Fish & wildlifedecreased reproductive Trasande et al. 2005, Driscoll et al. 2DBvers
success, increased embryo/chick mortality et al. 2007, Swain et al. 2007, Roman et al.
altered schooling/ flying/ walking, acute | 2011, USEPA 2011
toxicity




111d Cebenefits Analysis Policy Contextand Approach

Policy Context

At the diretion of a 2013 Presidential meftbe U.S. EPAS using its authority under section 111(d) of the

Clean Air Act to issue standards that address carbon pollution from existingglanter The Presidential memo
toEPAstates fil direct you to use your authority wunder
standards, regulations, guidelines, as appropriate, &nldress carbon pollution from modified, reconstructed, and
exi sting po(Whte Hops2@ld.tSecton Hl1(d) is a stabmsed program that is based on federal
standard, or fiemi s s iaoTheigenis breEPAtoestabish@ f¢&EIBtAndadafiod

states @ design programs that fit the guidelireasdachieve thenecessargarbon dioxide reductions.

Scope and Approach

A team of scientists conducing the firstintegrated, spatially explicgtudyfor the entire lower 48 U.S. statek
the benefits tdealth and ecosystem services associated with diffepgmbaches toarbon pollution stadards
for existingpower plantsThe study(1) highlights the fact thgtower plantemitmany harmfuland interacting
pollutants thatlegrade air quality(2) illustrates théinkagesbetweeratmospheric pollutiorandhumanand
ecosystenmealth and (3) shows how strong carbon pollution standands local, to regional, to global benefits
compared to &rnatives The studyhasthreemajor parts(Figure 2) Partl resultsare summarized in this report

The studyusesexisting estimates of powgtant emissions for the Referencasg and three scenarfos the year
2020 to quantifyadditionalchanges in air quality (ozone and RMand atmospheric deposition of pollutants
(sulfur, nitrogen, and mercuripeyond what would occur under existing air quality polidisingthe Community
Multiscale Air Quality(CMAQ) Model.

In Part 1 parsed unitevel emissions output from the Integrated Planning Model (IPM) produced by the

consulting firm ICF International were used as ifpUlMAQ. CMAQ was developed by the U.S. EPA and is
usedby EPA, states and other
groups to conduct Regulatory

Impact Assessments (RIA) and Pre-Existing Part 2
State Implementation Plans
(SIPs), respectively (USEPA IPM ACEA? ' Be”“ﬁapl ) . _d_t'f"Et_T-Bgc -
. ir Quali uman Healt cidification Benefits

2014b), along with other FOWERSSctor SR \

k ] ) Analysis Projections Benefits Nitrogen Loads
applications. In this study & & . Ozone benefits
CMAQ v.4.7.1 (the most Emissions Deposition

Estimates Estimates Visibility

currently widely available
version) was sed, based on
EPA (’j S 2007 / 202 Assumptim:ls:
platform and year 2007 p—— Tlow/low
meteorology from v.3.1 Of the Scenario 2: moderate/high

Scenario 3: high/moderate
Weather Research and Foreca

(WRF) model. The CMAQ F !
QA0®

model producesrgided air
Figure 2 Diagram of co-benefits of carbon standards study.

d9

|
|
I
I
I
|
|
|
I
I
I
I
|
|
|
|
|
|
|
|
|
|
|
1
} Improvements
|
|
|
|
|
|
|
|
I
|
|
I
I
I
I
|
|
|
I
I
I
I
|
|
I
I
|

guality concentrations and

S ¢



deposition ratefor the entire lower 48 states of the UdB a 12km CONUS domainChanges in atmospheric
concentrations and deposition of air pollutants are projected by simulatisgi@ns, advection, diffusion,
chemistry, anddeposition for multiple pollutants and pollutdotms

In Part 2 detailed air gality resultswill be usedo quantify and compare the changes in health otgpacross the
U.S. from thddifferent policy scenariogsing theBenefits Mapping and Analysis ProgrédBenMAP), published
by EPA We anticipate these results Wik available in latessummer2014.

In Part 3air quality and atmospheric deposition resulilf be usedo estimate environmental benefits and

changes in ecosystem services using various models. This is likely to include recovery of streams androrests fr
acid rain, reduced ozone damage to crops and timber, and improved visibility in focal land&eapetcipate

these resultand a full report on the three pangll be released in September, 2014.

Carbon Pollution StandardsReference Case & Policycenarios

To estimatechangesn air quality the CMAQ model requires detailed emissions information from

power sector models for a future yéar a Reference Case and each policy scen@ugput from

EPAGOs I ntegrated Pl anni n gfteiMised ® tun GMA®.\Bjven th&foddFoA 2 O
this study ido characterize and quantiéhanges in cgollutants and the consequences for human

health and ecosystems, IPM results from othatiss were used as policy scenarios. IPM results for a
Reference Case and three alternatives were acquired from the firm ICF Intern@ierReference

Case is based on the Energy Information Administréatisn An n u a | Energy Outl ook
incorporateghe implementation of all existing air quality policidfie IPM policy runs include two
additionalscenariogcommissioned by the Bipartisan Policy Center (BPC) and one commissioned by the
Natural Resources Defense Council (NRDI@presenting a range oblcy options

The three policy scenarios and associated IPM runs were selected from among a suite of alternatives
independently developed by either BPC or NRDBe three scenarios selected represent different stringencies
(represented in these scenamdgsan emissions rate in tons of INDNVh) and flexibility (represented by options
available for compliance and extent to trading or averaging is allowed). The scenarios therefore bound a range of
possible optionavailable for controlling C®emissions frm powerplantsand offer insights for understanding

and quantifyinghe consequences for-pollutants. The scenarios were selected as researchable alternatives and
do not represent preferences of the authors of this report. Importantly, none ofthe optionc | ude -a st r |
basedd standard or gyaarwhicimhabbeeah grepbsed by otheragrogps (sek Phidlips
2014).A massbased alternative would be a useful scenario to analyze in future siutdi®d resultdor this
alternativewerenot available at the time of this analysis. Moreover, it has been pointed out that EPA or the states
can converemissiongatebased standards to a mdmssed standard by using projected generation levels and the
performance standard to calculateorrespondingcO, emissions budget for each state (Burtraw 2013).

Scenario Descriptions

The assumptions for the Reference Casetlarggscenarios are described briefly here and are depicted in Figure
3. More information on the Referencesk and Scenar#® can be found alittp://www.nrdc.org/air/pollution
standards/



Reference Cassas developed jointly by BPC and NRDC. lbisnchmarked to the Energy Information

Admi ni strationds Ann whithprgectsiowgryelec@icatdenmodiandpttius, Bwel 30
emissions compared to 2012. It also assumes full implementation of the current clean air policies adopted by EPA
(see Figure). By comparing changes in air quality under each of the policy scenarios to dreriRef Case,

added benefits are quantified and dowd®enting is avoided.

Scenario #fLow/Low)i s referred to as the AUnit Retrofitd sce
emissions ratdased standard that uses improvements in heat ratastatgegoalfired power plants to comply

with the carbon standarti.could be described ad@aw stringency alternative witlow flexibility limited to

changes that can Hired mafd ei md inwii dieat raté Boulisniscageheasnre o .

power plant efficiency. This scenario is based on the idea that a more efficient power plant will burn less fuel for
the electricity it produces and will therefore emit less §€F megawatt of energf¥he scenario usésb drs t
classo heat rates for different coal plant categor.i
type. Coalfired power plants then have to achieve an emissite equivalent to what would be achieved if they
closed the gabetween its unispecific heat rate and the best in class heat rate by 40 péfndet. this scenario,
thefleetwide average heat ratuld improve4 percent.This scenario results in a national average emissions

rate of 2000 Ibs/MWHfor coaland1000lbs/MWh for gas; only a modest decrease from current emissions rates.

Scenario #ZModerate/High)sreferredt o as t he -EMO6 d e i a h eiryLBshdf dne Yeh (2014).
Scenario#2is based on a flexiblsysterawide approach that achieves g@€missions reductions through a state
specific ratebased performance standard for existing power plinssamoderatestringency scenariaith high
compliance flexibility.For 2020 the national emission rate targets £/800 |bs/MWHhfor coal andL,000

Ibs/MWh for gas.This scenari@llowsadditionalrenewable energy and energy efficiency to count toward
compliance It alsoallows emissions averaging acradisfossil units in a state and states mayiofb interstate
averaging or credit trading. €rscenario assumesergy efficiency is available attotal resource cost df2 to

5.8 cents/kWHLashof 2013, Lashof and Yeh 2014hough details are not specified, this scenario allows states
to developalternative plans, including mabased standards, provided they achieve equivalent ensssion
reductions (Lashof 2013)ore information on the assumptions for Scenario #2 can be found in the technical
appendices at: http://www.nrdc.org/air/pollutistardards/.

Scenario #3High/Moderate) s r ef erred t o as tregeresfSupphgide slectdcrsectori 0 by
CGO, reductionghat can implementegp toa cost 0f$43 per metric ton in 2020n that way, it is modeled to

reflect what might happehthere was a national tax on @@&missions from power plants that is the same as (and
increasesvith) the estimated social cost of carl{gmteragency Working Group 2013} is ahigh stringency
scenario withmoderatecompliance flexibility. In 2020 tiresults in average national emissioates of 1200
Ibs/MWh for coalfired power plants and 850 Ibs/MWh for ga&e compliance options that are implemented are
limited to changes up to tlepecifiedcost per ton anthclude onsite heat rate improvementcofiring or

converting to lower emitting fuel (i.e., natural gas or biomass), or shgéngratiordispatch(the order in which
power plants are called operate in response to changing electricity demtoi@dvor lower carbon emitting
electricalgeneratiorsources However, demandide energy efficiency is not included as a means of reducing
emissions for this preliminary modeling scengdMacedonia 2014).




Reference Case

Figure 3: Reference
Case and scenario

) Policy Assumptions:
assumptions. f  Allcurrent air quality policies fully implemented
I No carbon pollution standards

Included:

EIA 201RAnnualEnergy Outlook determines energy demand

Mercury and Air Toxics Standards (MATS) implemented

Clean Air Interstate Rule implemented, including Phaise2015

Regional Greenhouse Gas Initiative (RGGI) model ruenfimsions trading included (aut NJ)
CA Assembly Bill 32 (AB32) included

Regional haze rule included

Wind power prodiction tax credit (PTC) expires

Onshore wind costs: DOE/LBL 2012 Wind Technologies Report

Nuclear units rdicensed, 2€year extension

=A =4 =8 -8 -8 -8 oa e

111d Scenarios

Policy assumptions:
9 All current air quality policies fully implemented adtie Reference Case
9 Carbon pollution standards adopted under section 111d for existing power plants
Scenario 1: Scenario 2: Scenario 3:
Low/Low Moderate/High High/Moderate

LTS == A <0 =

=

Low stringencylow flexibility andenergy efficiency Moderate stringencyhighflexibility and energy High stringencymoderateflexibility andenergy
efficiency efficiency
Stringency estimate: Stringencybenchmark Stringency estimate:
2000 Ibs/MWh coal; 1000 Ibs/MWh gas 1500 Ibs/MWh coal; 1000 Ibs/MWh gas 1200 Ibs/MWhc coal; 850 lbs/MWh
Compliance options: Compliance options: Compliance options:
1 Limited to onsite carbon emission rate reductions 1 Powerplant efficiency/heatate upgrades 1  Powerplant efficiency/heat rate upgrades
1 Powerplant efficiency/heat rate upgrades 1 Cofiring with lowercarbon fuels 1  Cofiring with lowercarbon fuels
1 Modest natural gas & biomass-fiong 1 Dispatch changes to lowsarbon generation | § Dispatch change® lower-carbon generation
sources sources

1  Statel/interstate averaging and trading

Energy efficiency: Energy efficiency: Energy efficiency:
1  Only efficemcy measures at the powetant included 1  Full supplyside and demandide (enduser) 1 Supplyside efficiencypowerplantand
9 I energy efficiency included. transmissiorlines).




Figure 4a: Power generation by scenario (terawatt/hours).
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Figure 4b: Power generation by scenario (terawatt hours).
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Carbon StandardScenaris: Simulation of Power Generation and Emissions

For theReference Case and three scenarios described above, ICF International used the IPM model to
simulate changes power generation and to estimate resulting emissiong 835MO;, primary PM,

and mercury for 2417 unique power plants in the U.S. (Lashd,2GEhof and/eh 2014, Macedonia

2014). Theanodeledshift in generation for fossil fuel, renewable, and other sources are shown in Figures
4a and b. Notably, Scenario #1 increases the generation from coal plants withoutaatbmeand

storage (CCS).&nario #2 is the only scenario that includes increased energy efficiency.

The emissioaresults in Figures 5a and b show the annual emissio@O, and cepollutants from the

power sector for each scenario. The results foy €filssions are summarized in Table 2. Scenario #1,

which results in modest G@eductions by implementingonl i mpr ove ment s ifiniends,i de t h
results in increaseahnualSO, emissions compared to the Reference Case in 2020. Scenario #2 achieves

a 27%decrease in annual emissions of,a@d Hg and a 22% cut for NOGompared to thReference

Case. Similar reductions are achieved by Scenario #3.

Table 2: Change in carbon dioxide emissions from power sector in 2020 by scenario.

Scenario From 2005 levels From Reference
Scenario #1 -17.4% -2.2%

(Low/Low)

Scenario #2 -35.5% -23.6%
(Moderate/High)

Scenario #3 -49.2% -39.8%

(High/Moderate)

Three performance measures were then used in this study to compare the threeeso@snios results

and to determine the highgstrforming scenario among the three with respect to thpoltotants
considered in this study (Table 3). Importantly, this comparison of performance measures does not
represent a full economic or cdsnefit analysis for thecenariosThe performance measures show that
Scenarid#2 resulted in the largest decrease in, 8@l NQ emissions per ton of G@educedwhile still
achieving lower annual total system costs than the Reference Case. Total system costs are based on fuel
costs,operations and maintenanand capital cost@_ashof and Yeh 2014BPC 2014. Note that the

lowest cost option (Scenario #1) resutisncreaseds 0, plusNO, emissions. Scenario #3 achieveder

SO, and NQ reductions per ton of Ceduced and at a much higher cost. Based on these performance
measures, Scenario #2 was selecteitiustrate the air quality and atmospheric deposition benefits of a
strongcosteffective standard that achieves substamtiailssion decreases for g@ndthe copollutants

Results are available for the other scenarios as well
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Figure 5a & b: Air pollution emissions by scenario (million short tons, thousand short tons, and ponds).

. . Annual Power Sector
Annual Power Sector Emissions in Mercury Emissions

2020 in 2020

14,000

N
a1
o
(]

Reference casq
12,000

Scenario 1
= Scenario 2 10,000

1,500 Scenario 3 8,000

1,000 MMST = 6,000
{(n)lrl]léon short 4,000
500
TST = thousand 2,000
short tons 0
CO2 SO2 NOx

Table 3: Scenariocomparisonrelative to the Reference Case in terms of S®&NO  emitted per units
CO; controlled, incremental system costs and incremental costs per mass of £&Ontrolled.

MMST (CO2) and TST (SO2 and NOx)

Total Hg

(et \[eF Incremental Total Incremental Total System CO8VIMST
reduced/CQ System Costs CO2 reduced
Performance reduced $000,000 $000,000
Measures (TST/IMMST) (in US 2012%) (in US 2012%)
Scenario 1 -0.22 -$1,180 -$23.40
Scenario 2 1.46 -$472 -$0.89
Scenario 3 0.84 $33,541 $37.41

TST+housand short tons, MMST = million short tons.

“Total system costs are based on Lashof and Yeh (2014) for Scenario #2 and on Macedonia (2014) for Sce
and #3. Costs include fuel costs, operations and maintenance, and capital costs.
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Air Quality and Atmospheric DepositionResults

Theresults from th€€MAQ model showmarkeddifferences in air quality and atmospheric
depositionamongthe three scenario®Vith respect to the magnitude and direction of change
compared to the Reference Cabe,air quality and atmospheric deposition restdisthe three
scenariogparallel the annual emissions results described addwdowest improvements and
some increased impaaiscur inScenario #1 with igaterimprovements for the various
pollutants occufor Scenario 2 and #3 he results underscotieefact that differenbptions for
carbon standardsanhavewidely variedconsequences fassociatedir pollution. The details of
the carbon standard will exert considerable influence ohgh&h and environmentbénefits
that accrudo states and local communities.

Scenario #1, thiw stringency/low flexibilityheatrate optiorresultsin increased S©£emissiong+3%)
andminimal decreases in NGand mercury emissior{s3% for each)As aresult,there isincreasd sulfur
deposition Figure 6a)and higher fine particle pollution (P (Figure 6b)across large areasmpared
to the Reference Caséth little to noimprovemenin most of theremaining arearhis result idikely
dueto widespreadi e mi s s i 0 nasnumeeobdossikiugl-dired power plants in the U.S. fleet
Emissions rebound refersthe increase in emissions tlta@noccur when higheemitting plants are
made more efficient and therefore rise in the dispatch ordkerum mordrequently and for longer
periodsthan in the Reference Case. This emissions rebefiecthas been anticipated by othérillips
2014) but this is the first time the consequences fajulity at the state level habeen quantified and
mapped.

The CMAQ results for Scenario #1 shdahatif a carbonstandarchaslow stringency and@ompliance

Il i mited to strlinet loy tdmissioss oficgolldtamts codlceintrease, leading to
increased pollutant loading and diminished air qualitgt potential adversffects on public and
environmental healtilhe CMAQ results of Scenario #2 show that a carbon standard that is stringent an
flexible enough to promote a shift toward cleaner sources will reduce emissionpalfutants, achieve
improved air quality and decreased atmosphere deposition of pollution, and lead to marked health and
environmental benefits at the state leVdlefollowing maps and tables depict the projected chaimyes

air quality2020 associated with Scenario #2 (Figures 7 tdr able 48). Scenario #3 had similar air

guality and atmospheric deposition results but at a much highebestumber of states withcreases,

no change, and decreases in average statewide air pollution levels compared to the Reference Case in
2020 are depicted for all three scenarios in Figures 7c, 8c, 9c, and 10c.
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Figure 6a: Projected changes in total annual sulfur deposition under Scenario #1 in 2020
(kilograms per hectareyear).
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Figure 6b: Projected changes in average annual BMrom the ReferenceCaseunder Scenario #1 in 2020
(micro-grams per cubic meter).
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Figure 7a & b: Average annal PM2.5in 2020 for the Reference &eand change from this conditionin
Scenario# 2 (micro-grams per cubic meter)
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Figure 7b
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Figure 7c
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Table 4
Top 15 States with Largest

Decreases in Average Annual

PM2.5

Scenario Mean

2 Decrease

State (ng/m®  (ug/md)
Ohio 7.66 0.22
Pennsylvanig 5.86 0.22
DC 12.68 0.20
Maryland 6.79 0.20
W. Virginia 4.93 0.20
Illinois 7.40 0.19
Missouri 5.93 0.18
Delaware 6.57 0.18
Kentucky 5.97 0.18
Indiana 7.07 0.17
Arkansas 6.15 0.17
Tennessee 5.52 0.16
lowa 6.22 0.16
Virginia 5.26 0.15
New Jersey 7.13 0.14
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Figure 8a & b: Averagesummer (June 16 August 31)peak 8hr ozonefor Reference @se aml
change in this condition for $enario#2 (parts per billion).
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