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Abstract

Small scale and located close to the point of demand, distributed electricity generation

(DG) couldreduce the cost aectricity, improve grid reliability and support renewable
technologiesThese facilities also shift the magnitude, timing and location of air quality
emissions. The costs from adverse human health effects caused by changes in air quality
mayoutweigh anybenefits In this work, | evaluatéhe air quality, humandalth effects

and costs for two DG applications. | transform the emissions into ambient concentrations
using a chemical transport model, the Particulate Matter Comprehensive Air Quality

Model with extensions (PMCAM, and dispersion plumes. | then transltte

concentrations into health effects with concentratesponse functions. Finally, |

express the health effects as a social <cos

these effects.

First, | investigate using installed backup generatorgausof a more expensive peaking
turbine for meeting peak electricity demand. Many of generators are uncontrolled diesel
engines which have a high social cost. Adding a diesel particulate filter with exhaust gas
recirculation to reduce fine particulate neatand nitrogen oxides can mitigate these

costs. This result holds in four urban centers over a range of specified health endpoints
andwhenaccounting of uncertainty in the representation of the formation of secondary
PM,sin PMCAM. | conclude that pragly controlled generators can be employed for
meeting peak electricity demand without substantial harm to human health.

Second, | evaluate the changes in the net and distribution of social cost from integrating a
utility-scale battery into the New Yoftate electricity grid. Located in New York City,

the battery would discharge when electricity prices are high and chargehe#per
generatiorduringoff peak hoursFor most types of charging plants, | calculate a net



social benefit from displacing diier fuel oil peaking plants, but a net social cost from
displacing natural gas peaking plantstie short term, the upstate population
experiences a social cost from the charging plarthe long term, however, the battery
may support renewabggeneréion such as night time wind powersulting in benefits

localy and statewide.



Extended Abstract

Small scaleand located close to the point of demansiributed electricity generation
(DG) couldreduce the cost aectricity, improve gridreliability and support renewable
technologies such asmd power. These facilities, however, also shiftriregnitude,
timing and location oémissions that affect air qualitfhe cos$ from adverse human
health effectgaused byhesechanges in air qlitly mayoutweigh anybenefits In this
work, | evaluatehe air quality, human heal#ffects and theosts associatealith two
applications for DG1) using installed backup generators for meeting peak electricity
demandn Atlanta, Chicago, Dallas and New York City, a®dntegratingutility scale
batterystoragdocated in New York Citynto the New Yorkndependent System
Operator (NYISO) grid.

To quantifythe costsassociated witkkhanges in air quality,employ anmpact pathway
approachFirst, | developtemporal and spatial emission profifes the differentDG
applicationsEmissions however cannotaccount for changes in exposure patterns or
capture the formation of pollutants that are not emitted directtjn asbzone(O3) and
secondary fingarticulate mattefPM, s). Thesepollutants are linked to the more
pernicious health effect$hus | transform the emissions into ambient air concentrations
using the chemical transport mod#ie Particulate Matt€eomprehensive Air Quality
Model with extensions (PMCAM, anddispersion modeldlo characterize exposure, |
thentranslate the concentrations intoitreguivalent human health effects using
concentratiorrespons€CR) functionsandpopulation distributias. Finally, | express the
healthoutcomesas asocial cost reflectinthefi wi | | i ngness t othgseay ( WTF

effects.

Froma private cost perspectivesinginstalledbackup generatsis more costffective
for meeting peak electricity demamdurban centerthan building a new peaking plant.
Since the generatoase already purchasedadddress blackout conceritise additional
costs for meeting peak electricity demandraostlyfuel costsandinterconnection

retrofitsso the generators caperate in parallel with the electricity grithe majority of



these generators, however, dresel fueédinternal combustion enginedth significant
air qualityemissios. Additionally, sincethe generators are located in urban center
there is a large potential to harm human he#litih the impact pathway approadtind
thatuncontrolled diesel generators have a high social Adsling emissiorcontrols,
specifically a diesel particulate filter (DPF) with exhaust gas recircul&GiR)to
reduce PM;sand nitrogen oxides (N canmitigate the social cost$he combined
private and social cost of a diesel generator with these emission conlkeskstisan a
new peaking plant. | conclude that properly controlled generators eangieyed for
meeting peak electricity demand without substantial harm to human hdakineJult
holdsin four urban ceters over a range bealth endpointandwhenaccounting of

uncertainties irsecondary PMs formation mechanisms PMCAM.

In New York City, ®dium sulfur (NaS) batterieuldbe installed tsupplyelectricity
during the afternoon houvghile charging withcheaper generation at off peak hofnosn
the rest ofhleNYISO systemThere may, however, be a net benefit or cost to the system
depending on the type of generation displaced by the battethanygpeused for
charging.Using the impact pathway approatfind thatthereis a benefit in New York
City if the battery displzes dirtier incity peaking plants=or most charging plants, |
calculate a net social bendfia peaking plant operating on distillate fuel oil is displaced
and a net social cost if a peaking plant operating on natural gas is displactbdr,

using estimates of the frequency that eglehrging plants used, find that a system

wide benefit occurs when fuel oil generation is displaced and natural gas fuelddduohse
generation is used to charge. From a distributional perspeictitres shorterm, the
upstate populatioexperiencea social cost from an increase in adverse health effects
from the charging plantn the long termhowever the battery may suppomrtnewable

generation such as night time wind powesulting in benefitéocally and statewide.
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1. Introduction

1.1 Dissertation motivation

Exposure to adverse ambient air quality is linked to premature mortality and chronic and
acute morbiditye.g. cardiovascular and respiratory illnesses, asthma and reduced
activity days)(1, 2) For sectors with substantial air emissions, like electriaitgounting
for this externalityis critical for developng and evaluang the full benefits and costs of
different technologiesstrategies and polici€3, 4). Presently, the electricity system
consists primarily of large centralized generation facdith substantial transmission
and distribution (T&D) infrastructure timansporthe electricity to where it is needed.
The centralized facilities produt&rge amounts of emissiottsat affect air qualityt one
location, butare normally located fardm highly populated areas. An alternative is to
employ smahscale generation located close to the point of Bsé&Known as distributed
electricity generation (DG}his alternative systerhasthe potential to produce
significant benefitsuch ageducing the cost of generatigliminating the need to site
and construct T&Dimproving grid reliability and supporting renelta technologies
such as wind powebG will alsoshift the magnitude, timing anddation of air quality
emissionswith the changes depending on tigpe of DG (e.g. fossiluel, renewable,
bat t er yrhereéthe godential that tkest from adversbuman health effects
caused by changes in air quality naayweighanybenefits In this work, | evaluatéhe
air quality, human health effects and coststfar applicationgor DG: 1) using installed
backup generators for meeting peak electricity denvaddlanta, Chicago, Dallas and
New York City, and 2) integrating utility scale battery storlgated inNew York City
into the New York Independent System Operator (NYISO) grid.

To evaluate the human health effects from changes in air qualitpeicéssary to
convert the emissions tombient concentrationEmissions are a poor metric of
exposure; most people are exposed to the resulting ambient concenthataatstion
while some of these pollutants are emittig@ctly like sulfur dioxide (S@) and nitrogen
oxides (NQ), pollutants that are linked to the most pernicious health effegs

premature mortalityyuch as ozone @pand a portion of the fine particulate mafielg.



particulate matter with an aerodynamic diameter less tfaprd.PM, 5) areformed by
chemical reactios ofprecursoispecies Thesepollutantsalsoare subject to both short
and long range transportation, affecting not only the adigumulation but those
downwind.Threedimensional chemical transport models (CTM9the most
comprehensive tool for capturirdl of these feature®). Thus,an important part of this
workis using and evaluating tiies t at e €TM, Radiculate Mated
Comprehensive Air Quality bdel with extensions (PMCAM! (7).

Converting emissions to ambient concentrations, however, does not provide information
that is directly policy relevan©Onepolicy approach is to convert theae quality effects

into theirequivalent monetary vady(8). For air quality, an impact pathway or damage
function analys is the preferred analytical technique for monetiza@nUsing
concentrationsesponse (CR) functions derived from epidemiological studies, this
techniqueconverts thambient concentratiorie the equivalent changé@s human health
endpoins in the exposed populatiomhe health effects atben monetized by

multiplying the endpointsby @wi | | i ngn e s s totwid thesdl hedlthVT P ) 0
effects(10). The resultingsocial costan then beised to evaluate differences in the value
of shifting electricity generation frorone Iaation to another as well asmpared

directly to other costs, such as the cost of electricity

1.2 Dissertation methods data andtools

Theprimarytool used in this work is the impaeathway approactith PMCAM;. It is a
bottomup approactwhich builds the social cositrough the following stepd.0):

1. Devel@ spatialand temporal missionscenariosEmission factors (EF) in grams

per kilowatt-hour (g/kWh)for thedifferent technologies arstrategiesare
developedand compiledThese EFs are multiplied logpresentativeperatimg

scenaris.



2. Convert the emissions to ambient concentrati®nSTM or dispersiorplumes

areused to mdel the amient concentrationfom the operating emission

scenarios. These concentrations are subtracteddaseline concentrations.

3. Translate theoncentrations to human health effedtise change in ambient

concentration is mapped onto the exposed population and convethedhange
in health effects experienced by this population using CR funciiers/ed from
epidemiological studies, thefenctionscaptue the magnitude of the relationship
betweera pollutant and a health endpoint

4. Convert the health effects to a social cd$te human health effects are multiplied
by a WTPto avoid that effect.

This agproach has been used to quanttifg externalities from air qualifg.g. the

European ExternE proje€t,l)), for policy evaluation (e.g. the Benefits afidsts of the

Clean Air Act,(12, 13), and other assessments where air quality is a major concern (e.g.

the decision to retrofit vehicles wigmission control§l4)). A criticism of this method is

that it is highly dependent on the presstiate ofunderstanding of the health effects and

WTP estimates. Alternative methoaolscalculating the social cossse less economically

sound For example, using abatement castsumes that requlatdecsn ow t he At r ueo
damage costs. The impact pathway approach is also better suited for this analysis as it can
providepolicy guidance abowgpecificsources and sit€8). | describe each element of

this approach in more detail below.

1.2.1 Emissionprofiles

For electricity generation, emissions for a given pollutant are calculatediliplying
the EF by the amount of electricity generated (as shown in equationVitile total
emissions could be expressed for any time pedodssions for PMCAMare expressed

on an hourly basis.



Emissions = EF - Generation eEqn 1.1

Where Emissions is the emission rate for a given pollutant (in g/hour);
EF is the emission factéor a pollutant peunit of generatior(in g/kWh); and,
Generation is the amount of etecity capacity used (in kW).

| start by collecting EFeelevant to air quality, specifically carbon monoxide (CO),
hydrocarbons (HC) or nemethane hydrocarbons (NMHMO,, PM, s and SQ. The
majority of the EFs for this work are derived frohe UnitedStates Environmental
Protection Agency (USEPA) AR2 compilation(15). This is supplemented by
comprehensive literature revietescapture a range of valudghen measured values are
not availalke for more innovative technologies, such as an integrated gasification
combined cycle (IGCC), | use a procdmsed model, the Integrated Environmental
Control Model (IECM), to develop suitable E@S). It is important to note that there can
be significantvariability, uncertainty and differences in quality s for the same type

of generator and fu€l7), justifyingt he use of conservative MfAwo!

TheseEFsalsoneed to bdurtherprocessed foPMCAMy. Most of the factors, except
those for PM5, need to be converted from grams to moles. More importantly, however,
EFsneed to be disaggregated tmmprehensive air quality modelingor examplean

EF for NOy is dividedinto nitrogen oxide (NO) and nitrogen dioxid€@,) with theratio

of NO to NG dependingn the source. The composition of the chemical species that are
grouped into the EF for HC is also a function of the emission source. Specrafitesp

are available in & SEPA compilatiorknown as SPECIATEL8). However, it would be
compuationally inefficient to model the chemical reactions for all HC speéigs.

result, Igroupthe HC speciemto their chemically reactive functional groups as defined
by the Carbon Bond Mechanism, CBIM (19, 20) Finally, PM, s also consists of a

range of oganic and inorganic compoundgeciated int@missions otlemental carbon
(PEC), organic carbon (POQjitrate (PNQ) andsulfate (PSG). For combustion
sourcesPEC and POC comprise the majority of the directly emitted M addition to

the compositionthe EF forPM, 5 alsoaggregatesdifferent sizes of particulatem
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PMCAMy, the PMysis dividedinto six bins that represent sizes with aerodynamic

diameters less than 2.5 pum.

To calculate the total emissiormgerating or usagecenarioge.g. the total amount of
electicity generation per hougre neededn this work, | use several different data
sources and approaches to develop these scerfasrgseak electricity demandisolate
the peak hourasingloaddata from the Federal Electricity Regulatory Commission
(FERC)Form 714collected from Independent System Operators (I3@d)other

utilities (21). This information is used to identify days with peak electricity demand for
simulation and the amount of elgcity generation by the backup generatéis: the

utility scale battery, there are no direct emissions fiieabattery.Rather, he changes in
emissions are frorgenerators being displaced in New York City affdpeak facilities

in NYISO used to charge the battery. dsiimatewhich types of generators are displaced
and used for charginguse a range of datasgeitscludingtheU S E P Emissions &
Generation Resource Integrated Datalzd6(eGRID2006 (22),theUS EP AG s
Natioral Electric Energy Data SystefNEEDS)(23) andthe Ventyx Vdocity Suite, a
private datas€4). These datasets are discussed in more detail in Supporting
Information for Chapter {section 4.5)The emissions amdisaggregated by location of
electricitygenerabn consistent with the grid resolution PMCAM (e.g. 36 km by 36
kmor 12 km by 12 km)Thedata andechniquesor each DG applicatioarediscussed

in more detaiin theindividual chapters.

1.2.2 Particulate Matter ComprehensiveAir Quality Model with extensions
(PMCAM,)

ThreedimensionalCTMs thatcan accurately descriltee behavior of the atmospheric
pollutantswith computational efficiecy are crucial for the evaluatiasf alternative

electricity generatiostrategieg6). In this work, | use th€omprehensive Air Quality

Model with extensions and particulate matter modulesGRM,). PMCAM,i s a Ost at e
of scienced CTM that simulates the emissio
aqueous phase chemical reactions, and dry and wet deposition for 60 chemical species

(35 gaseous species, 12 radical species and 13 aerosol specisg@li@swith 6 size

5



binsfor aerodynamic diameters less ttfaBum) on a 3D Eulerian grid. Additional
modules simulate the dynamic behavior (coagulation, condensation, and nucleation) of
aerosol. The gas and aqueous phase chemistry are simulateldew@tdrbon Bond
Mechanism IV (CBMIV) (19)and the Regional Acid Deposition Model (RADK25),
respectively. The evaporation and condensation processes are modeled using a bulk
equilibrium approacli26, 27) Two product adsorptive partitioning models the formation
of secondary organic aerosol (SOA) from sewilatile organic pecieg28). The

inorganic aerosol behavior is modeled using ISORROPIAh@modynamic

equilibrium method29). Meteorological inputs are generated with the MM5
meteorologcal modelwith available meteorological filéder July127 28, 2001(30). The
baseline emission files are from the Lakéichigan Air Directors Consortium (LADCO)
(31). For the base model in this work, themain is discretized into a 36 Koy 36 km
horizontal grid | also use an interpolated grid of 12 km by 12tkrbetter resolve

smaller emission changes for the utility scale batteries (Chapter 4). The \grtidal
discretized into 4 vertical kyers between the surface ankhé The lowest model layer

is slightly less than 30 m thick verticallfudditional details and evaluation can be found
in Gaydos et al. (200qy) and Karydis et al. (2007B2).

1.2.3 Dispersion nodels

Since distributed sources are located close to receptors, dispersitocahszalds also
ofconcernl e. g. &6 hot s p oWhBedhiswoekéocuses tneising GTIME, Cc e )
also employGaussian dispersion plumes as a screening tool for the installed backup
generator analysi€hapter 2)While dispersion models do not capture the formation of
seconary pollutantschemical reactions are less important over shdistances and

time scalesThe form of the dispersion plume in this worlaiperfectly reflecting surface
producing conservative boundary conditions. Sire@ modeling urban centelsjse
dispersion parametefsr an urban environmeifftom Briggs (1973)33). Theform of the

equation(Equation 2.2) and assumptions presenédin section2.2.



1.2.4 Concentration-response functions ad human health effects

Epidemiological research has foundamsistent and reproducildéatistical association
between short and long term exposure to adverse air quality and increases in morbidity
and mortality(2). The results from these studies can be transformedRtionctions
whichrelate the change in the number of individuals in a population exhibiting an
adverse health effect eochange imn ambienpollutant concentration experienced by

that population. The change in health endpoint is then multiplied by the exposed
population to yield the total respons$eshowthe most common form of the CR function

in Equation 1.2.

Response = (1—exp(B - Aconc)) -pop-y, € Eqn 1.2

Whereb i s the strength of the relationship b
of a given pdlutant and the adverse outconderived from epidemiological
studies(in cases peaveragingperiod from the studye.g. 24 hour pg/f);

aeonc is the change in ambient concentration of a given pollutetits(
averaging period from the study, e.g. 24 hour fy/m

pop is the population exposed to the change in concentratidn;

Yo IS the ba&eline incidence of the adverse health effect in the absence of the

pollutant

For this work, | employrimarily CR functions fom the peereviewed compilatiogin

the USEPA retrospectivél997)and prospectivé€l999)Benefits and Costs of the Clean
Air studies(12, 13)with updatefrom theEnvironmental Benefits Mapping and Analysis
Program (BenMap), version 2.4.8%4). | also ug population and the baseline incidences
from BenMap which are discretized to the PMCAMXx grid cell resoluflancapture the
uncertainty in the strength of these relationshipth within and across studidsise the
Monte Carlo implementations the Fat Environmental Regulatory@luation Tool
(FERET)(35)andBenMap.



| alsoevaluatenewer and less well characterizeehlth effectskor the sensitivity

analysis on backup generators in Chaptéiirg;ludetherelationshipbetweerdiesel
particulate matter (DPM) and canc&he US Environmental Protectidxgerncy (EPA)
estimates range of 1 x 18to 1 x 10° cancer cases for each pg/of DPM for

continuous exposure over a 70 year lifetime,dauicludedhat the existing data is
insufficient to derive quantitative risk factdi®6). By contrast, lte California Office of
Environmental Health Hazard Assessment (OEHHA) and the Air Resources Board
(CARB) established a #r‘qagnsoverabolyearlieimei mat e o
(37). Also, while this thesis was in progress, thational Research Council of the
NationalAcademieg2008) reviewedhewer literature Inking O; to premature mortality
concludingthat there is sufficient evidence to support including this relatiomship
subsequentegulatoryanalyseg38). | include this relationship in Chapter 3 and Chapter

4.1 do not include ecosystem level effects which are smaller and more uncertain.

1.2.5 Valuation of human health effects

Environmental and human health damages arising from electricity can be understood as

an externalitySome of the damages are not valued imtlaeket place, and as a result,

do not enter into decision®thers are valued beither no one takes responsibility for

these costs or the cost isrbe by someone other than the pollu@ne sdution is to

internalize theseffects by giving them a monetary value equal to the damage that is
incurred(39). For human health effectie monetary valuef these outcomes is the

number of cases multiplied by the fAwilling
WTP is defined as the maximum amount of that an individual is willing to pay to be

indifferent between having the good andinakthe monel;

For quantifying the adverse health effects from changes in air quatynast imprtant
guantity is the value gdfrematuremortality, known aghe value of a statistical life
(VSL). VSL is the average WTP for a small reduction in abkeath dividedy the risk

! Thecorollary to WTP is willingness to accept (WTA). WTA is the amount of money that the individual
would have ¢ be compensated in order toibdifferert to the loss of the goodVTP is dependent on the
initial income of the individual whereas WTA is not.daneral, however, these two measures are lumped
together as WTP.



reduction. There are four common methods in the literature for deternMBSibsg; 1)
labor market owage premium studies; 2) willingness to pay for safety features; 3)
behavior with respect to safety decisions; and, 4) contingduation survey&0). In

this work, | use the USEPA estimate whiclibésed on a review of Zdudies: 21 labor
market studies and 5 contingent valuation studibefinal model isa Weibull
distribution with a meal'SL of $7.5 million (in 2005 dollarg)Weibell scale parameter:
8,300,000; Weibull shape parameter: 10While the selection of theséuslies has
been criti c{4%) ¢hd USERAaiuaisiddlyoused. The remainder of the
health damage®.g. cardiovascular and respiratory morbidity, retsd activity days,

e t c areusually measured in terms of medical costs and losses in produ&iwiijar
to the uncertainty in the relationships in the CR functions, the distribution on the WTP
values iscapturedhrough Monte Carlo simulation8ll values are taken from the
USEPA studies and BenMap.

1.3Summary of thesis chapter and key questions

In this section, | outline thieey questiongor thethesis chapter | conclude these

chapters witlgeneral conclusions and policy recommendations from this work.

1. The costs, air quality and human health effects of using installed backup

generators for meeting peak electricity demand

Are installed backup generators ceéfiective on a full cost basfer providing
peak electricity? What are the private costs of using these genetasimg™New
York City as a case studyhat are the soal costsdue tothe human health
effects from the aiquality emission®f these generators? Is it cestective to

control these emissions?



2. Using backup generators for meeting peak electricity demand: a sensitivity

analysison emissia controls,locationandhealth endpoints

How sensitiveare the social costeom the case study of New York City tioe
urbancenterwhere the generators are locatétt®v doeshe inclusion of newer
and less certain health endpoim#uence the social cosfre additional

emission controls warrantetfbw does uncertainty in the chemical mechanisms
in PMCAM;, influence the resws®

3. Theair quality and human health effects of integrating utility scale batteries into

the New York State electricityid

What are the air quality costs and benefitdieplacingturbinesinstalled to peak
electricity demandh New York City by instling a utility scale battery? What

are the air quality costs and benefits of charging the battery with off peak base
load capacity in the New York Independent System Operator (NYISO) region?
What is the nesocial cost fothe systemZandistributional éfectsfrom the
charging plant & mitigated2Vhat are possible outcomestbis storage

interactng with existingregulationsaffecting the electricity sector (e.g. the Clean
Air Interstate Rulend the Renewable Portfolio Standa®ds
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2. The costs, airquality and human health effects of meeting peak electricity

demand with installed backup generator$

Abstract

Existing generators installed for backup during blackouts could be operated during
periods of peak electricity demand, increasing gglability and supporting electricity
delivery. Many generators, however, have-negligible air emissions and may

potentially damage air quality and harm human health. To evaluate using these
generators, we compare the levelized private and sociatl{(heatts of diesel internal
combustion engines (ICE) with and without diesel particulate filters (DPF), natural gas
ICEs and microturbines to a new peaking plant in New York, NY. To estimate the social
cost, first we calculate the upper range emissionsdoh generator option from

producing 36,000 megawdiburs (MWh) of electricity over three days. We then convert
the emissions into ambient concentrations withxhemical transport model,

PMCAMy, and Gaussian dispersion plumes. Using a Monte Caplmagh to

incorporate the uncertainties, we calculate the health endpoints using concentration
response functions and multiply the response by its economic value. While uncontrolled
diesel ICEs would harm air quality and health, a generator with a DRiduasal cost,
comparable to natural gas options. We conclude on §fiviate and socialjost basis

that backup generators, including controlled diesel ICEs, are-&ffestive method of

meeting peak demand.

This work is published as Gi | mo rThe cods, aikqualityaral v e ,
human health effects of meeting peak electricity demand with installed backeiages® Environmental
Science & Technolog40:68876893 Minor edits, new fuel cost calculations for Figure 2.1, and references
have been updated from the original text.
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2.1 Introduction

The US electricity systeriaces three major problems: 1) meeting demand during periods
of exceptional high or peak electricity demand, 2) achieving comakadility with

central station generation and transmission and distribution (T&D), and 3) siting new
transmission lines,specially in urban areas. To protect against blackouts, substantial
backup capacity has been installed. In New York City (NYC), NY, there is approximately
1,000 MW of backup generati@A?2). Since blackouts are infrequent, these generators
could also be used to meet peak electricity demand when there is otherwise insufficient
generation and T&D capacity. This could defer investnmenew centralized peaking
generation and T&D capacity and enhance grid stal§di®y. The New York (NYISO)

and New England (NEISO) Independent System Operators have investigated and
implemented programs using backup generators. California employed backup generators
to prevent grid failure during the 2001 electricity shortages. While the private benefits are
potentially large, most commercially available, dispatchable backup generators (e.g. a
diesel fueled internal combustion engine (ICE)) havemaxgligible air emissns. This

could result in increased adverse human health effects since these generators are located
close to the point of use. Peak electricity days also tend to be hot summer days with
compromised air quality. The NYISO excludes diesel ICEs from sonte mfograms

due to concerns about health and violating the National Ambient Air Quality Standards
(NAAQS).

Three different approaches have been used
effects: emission inventories, dispersion models, and chetracaport models (CTM).
Emissions inventories are the easiest to develop but provide no indication of exposure or
attainment issue@l4, 45) Dispersion models address some of the limitations of the

inventory approach by estimating the ambient concentrations and exposure from one or
more point sources. Heath et al. (2005) use Gaussian dispersion plumes to estimate
exposure from ditributed generation (DG), such as backup generators, in the Southern
California Air Basin (SoCABJ)46). They found that DG usage increased exposure

compared to centralized power plants. Dispersion models, hovdeveot address

12



secondary air pollutants formed by chemical transformations such as ozpn@;(&nd

fine particulate matter (PM), either emitted directly or formed by chemical

transformation, account for the majority of the adverse human healttseH=D,

controlling these pollutants is the most difficult part of complying with the NAAQS. We

found only one report thavaluates secondary pollutarasd regional and local air
guality. Californiabs Public IdCiTMsrtoest Ener
modelthe effect ofdiesel ICEs on air quality; they found increases in, P&hdO; that

exceeded the NAAQS standards in certain areas, noting some health relate@gsues

In this work, we evaluate the private and social costs of operating backup genertitors wi

and without emission contiglspecifically a catalyzed diesel particulate filter (DPt©),

meet peak electricity demand. To decide whether to meet peak load with backup

generators or a new peaking generation (a simple cycle natural gas turbine), we compare

each optiondsum of private (market) sts and the social costs or externalities (or

unpriced benefits and costs). The primary social cost is the human health effects from the
associated air emissiofikl, 12)We use a Ostate of sciencebd C
dispersion plumes to capture the changes in ambient concentrations at the local and

regional level fom both primary and secondary pollutants.

2.2 Method and data

We compare the generators on the full levelized cost of energy (LCOE). The LCOE
represents a technologyés average costs pe
2.1.

FOM
) = CRF +—=~+VOM + FC-HR+SC ..Eqn2.1

$ (CC+TD)
Full Cost < ) TG .

WhereCC is the capital cost of the generator and emission control technoid®i\\V);

TD is the T&D cost or generatorgrid interconnection costin($/kW);
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CRF is the capital recovery factor for depreciation and interest (approximated at
15%/yr);

HY is the hours of operation per year (defined as 200 hours);
FOM is the fixed operating and maintenance (O&M)HkW year);
VOM is the variable O&M i $/kwWh);

FC is the fuel costsn( $/mmBtu);

HR is the heat rate, derived from efficienay famBtu/kWh); and,
SC is the social cosin($/kwWh).

To estimate the social cost, we need to evaluate the air quality effects of our strategy. We
use the Compreheine Air Quality Model with extensions and particulate matter

modules (PMCAM). PMCAMi s a O0state of sciencebd6 CTM
advection (convection), dispersion, gas and aqueous phase chemical reactions, and dry
and wet deposition f@5 gaseous species, 12 radical species and 13 aeros@spel0

size binson a 3D Eulerian grid. Additional modules simulate the dynamic behavior
(coagulation, condensation, and nucleation) of aerosols species. The gas and aqueous
phase chemistry are sitated with the Carbon Bond Mechanism IV (CBM) (19)and

the Regional Acid Deposition Model (RADM), respectivélp). The evaporation and
condensation processes are modeled using a bulk equilibrium apf26a2f) Two

product adsorptive partitioning models the formation of secondary organic aerosol (SOA)
from semivolatile organic specig®8). The inorganic aerosol thermodynamic behavior

is modeled usingSORROPIA, an equilibrium methd@9). Meteorological inputs are
generated with the MM5 meteorological mo(9). The baseline emission filese from

the Lake Michigan Air Directors Consortium (LADC(31). The model domain is

discretized into a 36 kiny 36 km horizontal grid with 1dertical kyers between the

surface and &m. The lowest model layer is slightly less than 30 m thick vertically.

Since PMCAM, has already lan evaluated for July 12 to 28 2001, we examined the
2001 hourly load profile for New York Cifiy Long Island (NYCLI) for a coincident

14
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period of peak electricity. Looking at the top 200 hours of electricity usage per year, we
found a match from July 28 25, 2001. For each day, we assume 1,000 MW of backup
capacity operating from 9 am to 9 pm EST (i.e., 12,000 MWh of electricity generated
each day). See Supporting Informat{@ection2.6.1) for the derivation of the simulation

scenario.

In Table2.1, wepresent the mean, minimum and maximemssion factors (EF$pr

the different backup optiorn(&5, 44, 48)The total emissions are determirt®d
multiplying the maximuniF by the total number of kilowatts (kW) deployed per hour.
DPFshave removal efficiencider PM, s of > 90%to 99%(49). We scale the Pis EF
for the diesel ICE by a DPF removal efficiency of 95%. In addjtibe DPF requires fuel
with a sulfur content of 15 ppm to prevent poisoning of the catalyst. Ultra low sulfur
diesel fuel (ULSD reduces the S{EF. We do not consider reductions of other
pollutants, such as hydrocarbons (HC). The raw emission faceoparessed for
PMCAMy. The NQ is divided into 85% NO and 15% NOlhe HCsare speciated with
profiles from SPECIATE18) and grouped into the CBW categorieq19, 20)PM, s is
speciated according Wien et al. (2004}50), and the mass is dividesjuallyinto six

size bhins.

The emissions are modeled as distributed evenly oveyritheell which contain®lYC.

A baseline simulation (without any changes to the default emission files) was also run.
All runs were conducted from July 1®28with the first four days discarded asdel
initialization time. Baseline concentrations from PMCAMe compared to the
concentrations in the Aerometric Information Retrieval System (A{BB)database for
NYC in the Supporting Informatio(irable 2.5)
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Table 2.1 Mean, minimum and maximum emission factors for backup generators
in g/kWh (15, 44, 48)

NOx CO HC PM3s SO,

Technology
(9/kWh) (9/kWh) (9/kWh) (9/kWh) (9/kWh)

8.1 2.3 0.9 0.5 2.3

Diesel ICE
(2.17 18.8) | (0.081 6.4) | (0.091 2.0) | (0.087 1.4)

Diesel ICE w 8.1 2.3 0.9 0.03 0.01
DPF (2.17 18.8) | (0.087 6.4) | (0.0971 2.0) | (0.017 0.07) '
Natural gas 5.8 1.7 0.8 0.03 0
ICE (0.27 12.9) | (0.574.1) | (0.57 1.1) | (~071 0.04)
Natural gas 0.3 0.4 0.1 0.03 0
microturbine | (0.17 0.6) | (0.17 0.8) | (0.0471 0.1) | (~07 0.04)

a. The amount of S@is proportional to the amount of sulfur (S) in the fuel. For
diesel fuel, we assume a high S content fuel (~ 2500 ppm). Most diesel fuel sold
is 3501 500 ppm. For natural gas, there is a negligible S.

We are also interested in dispersiononaloallse, speci fically Ohot
source. As a first estimate, we model these concentrations using Gaussian dispersion
plumes. We assume generators are located on rooftops and ignore highesifie

behavior such as drawdown from surroundingetdduildings and pollutant trapping in
Astreet canyonso. To model more complex be
computational fluid dynamic (CFD) model would be required. Doing this for each stack

and building geometry is beyond the scope ofdhialysis. Such a tool could be applied

to particular cases where the geometry suggests the possibility of high street level
concentrations. The Gaussian model is a more generic screening tool. We use urban

terrain dispersion parameters from Briggs (1933), and the concentrations predicted at

the vertical height of emission to determine the health cost from direct exposure to the
exhaust. This generates the most conservative estohaxposurdrom this model.

Assuming a perfectly reflectirgurface as the most conservative boundary condition, the

Gaussian equation takes the following form (Equati@h 2
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(z—-H)?
202

] + exp [—(Z;Zz)z

c(x,y,z,H) = %ayaz - exp [— %;l . {exp [— ]} Eqn 2.2

Wherec is the mean concentration (jr‘mS);
X is the distance from the source in the direction of the wind (in m);
y is the cross wind distance from the source (in m);
z is the vertical height from the ground (in m);
H is the effective height of the release abthaground (in m);
Q is the strength of themissionsource (in g/s);
u is the mean wind speed (in m/s);
Uyis the urban dispersion parameter in the crosswind direction; and,
U is the urban dispersion parameter in the vertical direction.

The strength of the emissigource is determined by multiplying the EF by the generator
capacity in KW. We make the conservative assumption that all of théshv@esent as

NO,. We apply the average meteorological conditions for 48Ifo 25assuming a

constant wind direction. Theind speed is 5.8 m/s under scattered and partly cloudy
conditions (i.e., Pasquill atmospheric stability categories C (slightly unstable) or D
(neutral)). We present results for category D, the more conservative condition.

We translate the changes in dentt air quality into morbidity and mortality effects and
dollar values using methods and values froeMWSEPA (199Pbenefitcost analysis of

the value of the Clean Air A¢fL3). First, concentratiomesponse (CR) functions estimate
the health endpoints from changes in concentration. The response is then multiplied by
the exposed populatioRor each PMCAMCcell, we transformed the population from the
county kvel (2000) to the grid resolution using the Geographic Information Systems
(GIS) software, ArcMap. For the Gaussian plumes, the area of each concentration
isopleth is multiplied by the population density of NYC (10,292 persorfy/km
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To capture the uncertainty in the strength of the relationship between the change in
concentration and the response as wethaseconomic value of the resyse, we employ
the Fast Environmental Regulatory Evaluation Tool (FERET), a Monte Carlo

impl ement at i on oflinctibne &and e¢@aricAdsisdistbRtiqes) and
present the results witband 95% confidence intervals. We focus our attention on
NO,, O;, PM, 5, and SQas they have been designasesdespecially harmful to human
health. We present a table of important effects for these pollutants and their mean

economic values ithe Supporting InformatioriTable 26).

2.3 Results and dscussion
2.3.1 Private costs

The primary benefit of using installedpaity is that the capital costs of the generator
can be fully or partially ascribed to the reliability bengitsvided by théackup

application. Since the peak power application entails operation for only 200 hours per
year, there is a negligible effect on the life span of the generator. Unlike the capital costs,
O&M is includedin the cost of meeting peak electricity demaaitthough these costs are
small. We show the private costs and characteristics of the technolotjies in

Supporting InformatiorfTable 2.7 (48). We also consider retrofitting diesel ICEs with a
catalyzedDPFto removePM, s from the exhaust. The capital cost of the DPF adds up to
40 $/kW (52, 53) Another benefit is that addition&&D is not required. A significant
portion of instakéd backup capacity is located in urban centers, which like NYC are
transmission constrained. Difficulties in siting new transmission lines make the installed
capacity particularly valuable. Ideally, the T&D costs would be site specific. In the
absence oftis data, we assume a generic capital cost of $100/kW which likely

underestimates the value.

In this operation, the individual owner responds to comioation from the grid operator
by shifting part of their load to their backup generator. Small gemsydtowever, are
commonly installed with an open transition transfer interconnection, creating a physical

barrier between the generator and the grid. A closed transition transfer systéitigetro
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requiredto maintainthe link, allowing the transfer of & from grid poweto the

generator without a supply interruption. Meyer et al. (2002) cite costs ranging from
$50/kW to $200/kW depending on the size of the generator, the application and utility
requirement$43). Interconnection issues are not trivial, but regulatory issues are more
significant thartechnological oneg4). The final element is fuel cost®ur coss are

based on prices of $15/Mfdr natural gas and $2.40/gallof diesel. A DPF requires

ULSD with an incremental cost of approximately 10¢/gallon.

Assuming 200 hours per year of operation and a capital recovery factor of 15%, we show
the privde LCOEs for the backup generators and the peaking plant in Rdur&he

most common backup generator is a diesel ICE since it has the lowest capital costs. The
capital costs for the natural gas fueled generators are the difference between that
generato and the diesel ICE. T comparison shows that the private costs of using
backup generators to meet peak demand are about 1/3 of the costs of building a new

peaking generator.

Figure 2.1: Levelized private costs of installed backupgeneratorsand a peaking
plant in ¢/kWh

(o2}
o

|

20 A

Levelized private costs (in ¢/kWh)

Diesel ICE Diesel ICE w DPF Natural gas ICE Natural gas Peaking plant
microturbine (natural gas
turbine)

OCapitalOFixed O&M B Variable O&M BT&D (& interconnections) Fue
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2.3.2 Chemical transport model results

In Table 22, we show the daily mean N@n ppb), the ihour peak @(in ppb), the daily

mean PMs( i n ®eagd/thm daily mean S@in ppb) concentrations for the backup

generator compared to the baseline concentration in the NYC grid cell for July 25, 2001.

For the diesel | CE ?PM,derhanaement iodue nmstlyte | y 5 ¢ g
increases in primary elemental and organiboar The PMs enhancements for the

natur al gas fuel ed 3nNYGC. mousscenaries, ess than 1
concentrations decreasedNYC. Previous work has showhat NYC, like many urban

centes, is volatile organic compounds (VQ@inited (55, 56) As more NQ is emitted,

peak Q concentrationslecreaséocally andincrease downwind. Negligible increases are
observed for S@ There isalsoa negligible residual increase in ambient concentrations

after the final day of operation.

In Figure2.2, the effect on the immediatendlocal suburban) and downwind
communities is shown for July 25, 2001. For the diesel ICE, enhancements in PM
conentrations oYexténd @vdr approximatelyl25,6806 #¥rapresenting
75% of Connecticut, all of Rhode Island and 30% of Massachusetts. The difference in
PM sfor the diesel ICE with a DPF, the natural gas ICE and the microturbine are
presented ithe Supporting InformatiorfFigure 25 and Figure &). The results are

similarto the diesel ICE, but the extension of the plume is significantly smaller.
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Table 22: Simulated daily meanNO; in ppb, 1 hour peak daily G; in ppb and daily

meanPM, i

n

¢ Igcated in the PMCAM, grid cell corresponding to NYC for

the backup generator scenarios compared to the baseline simulation for July 25,

2001

Baseline | Diesel ICE | Diesel ICE | Natural gas| Natural gas

w DPF ICE microturbine

Mean daily
NO; (in
ppb) 75.6 89.9 89.9 85.2 76.2
1-hour
peak O;
(in ppb) 102 75.2 75.2 83.3 101
Mean daily
PM25
(in % 46.4 51.4 46.7 46.6 46.6
Mean daily
SO, (in
ppb) 35.4 37.9 35.4 35.4 35.4
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Figure 2.2: Regional difference in daily meanPMsc oncentratd ons i n
between a dieselCE with an emission factor of 1.35/kWh and basecase for July

25, 2001.The NYC gridcellis indicated as well as CT = Connecticut, MA =
Massachusetts, NY = New York State, and Rl = Rhode Island. The white areas are

concentration enhance’ments of |l ess t han
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In Figure2.3, the differences in the hour peak @concentrations andié NQ/VOC

ratios at 9 am ESare displayed for the diesel ICE simulation for July2®1 The
difference in peak @is the maximum hourly @concentration in the backup generation
simulation minus the maximum hourlys @oncentration in the baseline silation. The

peak Q did not necessarily occur at the same hour. The NYC cell and the adjacent cells
see decreases inghere is, however, a large region with increases of approximately 2
ppb in Connecticut and Massachusetts. Defining regions with, A/Q greater than 8

as NQ-limited and less than 8 as Vdimited, the decreases ins©@orrespond to the
VOC-limited regions, while increases ins@e in NQ-limited regions. The natural gas

ICE has NQ emissions that are 20x more than the microturbemlting in an 18 ppb

decrease for the ICE to a 1 ppb decrease for the microturbine. The results for the natural
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gas fueled options are presentethi@Supporting InformatiorfFigure 27 and Figure
2.8).

Figure 2.3: Regional difference in peak ihour daily O3 concentrations in ppb
between the diesel ICE simwtion and basecase for July 232001 The white areas are
concentration enhancements of less than 0.1 ppR/MIOX ratios at 9 am EST on July
25, 2001 as simulated in PMCAIMNO,/VOC ratios are grear than 8 are shown in blue,
and NQ/VOC ratios less than 8 are shown in green. The NYC grid cell is indicated.
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2.3.3 Gaussian dispersion plume result

To investigate the effect of primary pollutants in the immediate vicinity of the exhaust,

we developgGaussian dispersion plumes. Figures of the Gaussian plumes for all pollutants
under Pasquill stability classfor an uncontrolled diesel IC&e shown irthe

Supporting InformatioriFigures 2.92.10 and 2.1). The plumes for the diesel ICE with

a DPF and the natural gas fueled options can be scaled by the EFs from the diesel ICE
plumes and are not shown. For stacks located at the tops of multistorpdmyilgiound

level increases iprimary pollutantsvould be small.
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2.3.4 Health impacts and economic costs

The mean social costs associated with the concentration increases from RM@AM
presented in Tabl2.3, along with the Monte Carlo generated 5% 85% CIl. We show

the total social cost with and without the benefit from decreased morbidity fso@s O
decreases are observed for both the diesel and natural gas ICEs. While this is an accurate
representation of the chemistry, we are uncomfortable cautiteraddition of substantial
amounts of NQinto NYC as a social positive. Also, most ICEs emit less t@n the

EFs we modeled with even lower future mandated emission standards.

For all species, the average costs from the PMCAMC grid cell are grear than the

costs generated by the immediate exhaust as estimated by the Gaussian plume. We show

a comparison of the values from the dispersion plumes to the NYC grid cell from the

PMCAMy simulations in Tabl@.4. We conclude that the immediate effecbdn ot s pot s o
caused by the exhaust do not strongly influence the health costs, and the average costs

adequately capture the social costs.

2.4 Conclusions:Full cost comparison

In Figure2.4, we present the full costs (private and mean social costs) ofdiSargnt

types of installed backup generation with and without emission control technologies
compared to a new peaking plavite present the mean value, although the same
conclusions hold at the 5% and 95% CI. In general, the social costs are smalllee than
privatecosts with most of the increaBem chronic mortality fronPM, 5. The exception

is the uncontrolled diesel ICE which has full costs larger than the private costs of a new
peaking plant. The Pp4 EF for thesesimulation, however, is higher than those for newer
diesel ICEs or those achievable with DPFs. The diesel ICE with the DPF has social costs

in the same range as the natural gas fueled options.
This analysis does not address issues of attainment or other emission based standards for

stationary sources. The New York Department of Environmental Conservation (DEC)
issues exhaust standards for backup generators. In adtheddy State Implementain
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Plan(SIP) to bring the region into compliance with the NAAQS has placed restrictions
on new NQ emission sources. This application would increasg &fiissions by 3.75
ton/year. Offsets are required only for major sources emitting more than 10 tons/yea
Nonetheless, assuming that Né@fsets were required, the X.bffset required for the

3.75 tons adds an incremental cost of less than 0.6 ¢/kWh at $210,000/tog &ieNO
highest price observed in California in 20@%). Thus, the NQ contibution of these

generatorsloes not change the conclusion.

We find that using backup generators to supply electricity during the periods of peak
demand has lower private and sociasts than a new peaking plantaddition to
makingelectricity supply more reliable and relieving major problems associated with
siting nev generation and transmissiofte stress that our analysis uses conservative
assumptions throughout that tendbierestimate the health costghile uncontrolled
diesellCEs would harm air quality and health, putting controlglmese generators and

using ULSDreducethe social costs significantlyVe recommend that the relevant
regulatory bodies reconsider their ban on using diesel ICEs, taking cagad¢hat

individual unit maintain appropriate emission standards and be properly sited so as not to

cause a nuisance in the immediate area.
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Figure 2.4: Total (private and social)costs of operating backup generators

compared to the natural gas peaking plant in ¢/kWh

250

200 1

150 1

100 1

Total Levelized Cost (in ¢/kWh)

Diesel ICE Diesel ICE w Natural Gas ICE Natural Gas Natural Gas

DPF (at 95% Microturbine Turbine (Peaking
removal) plant)
B Private Costs O Social Costs
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Table 2.3: Mean social costs with 5% and 95% confidence intervals from PMCAM

simulation in ¢/kWh due to chronic and acute mortality from PM, s and morbidity
from NO,, Oz, PMs 5 and SO.

Diesel ICE Diesel ICE | Natural gas Microturbine
w DPF ICE

PM3 s chronic 190 11.2 5.8 5.8
mortality (80, 320) (4.7, 19) (2.4,9.9) (2.4,9.9)
PM, s acute 29 1.5 0.9 0.9
mortality (6.4, 63) (0.33,3.3) (0.2,2) (0.2,2)
PM; s 0.58 0.03 0.02 0.02
morbidity (0.13, 3.6) (~0, 0.19) (~0, 0.12) (~0, 0.12)
NO, morbidity 1.3 1.3 0.94 0.05

(0.62, 1.9) (0.62,1.9) (0.45, 1.4) (0.02, 0.07)
SO, morbidity 0.17 <0.01 <0.01 <0.01

(~0, 0.36)
Total social 225 13.8 7.6 6.8
cost without Og (88, 389) (5.7, 24) (3, 14) (1,12
O3 morbidity -4.8 -4.8 -1.9 -0.1

(-18,-2) (-18,-2) (-13,-1.5) (-0.8,-0.09)

Total social 220 9.0 5.7 6.7
cost with O (69, 390) (-12, 22) (-10, 12) (1.8, 12)
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Table 2.4: Mean social costs with 5% and 95% confidence intervals from the

dispersion plumes under Pasquiiatmospheric stability classD compared to the cost

in NYC grid cell from the PMCAM , simulation in ¢/kWh

Species Diesel | Diesel ICE | Natural gas | Microturbine
ICE w DPF ICE
NO» Gaussian 1.07 1.07 0.67 0.06
(NO, = plume (0.5,1.6) | (0.5,1.6) | (0.3,0.9 (0.03, 0.08)
NOy) NYC grid 0.84 0.84 0.63 0.04
cell (0.4,1.3)| (0.4,1.3) | (0.3,0.9 (0.02, 0.06)
PMss Gaussian 130 6.5 3.8 3.8
plume (55, 220) | (2.8, 11) (1.6, 6.5) (1.6, 6.5)
NYC grid 180 10 5.7 5.7
cell (77,310) | (4.3,17) (2.4,9.8) (2.4,9.8)
SO, Gaussian 0.1
<0.01 <0.01 <0.01
plume (0,0.2)
0.14
NYC cell ~0 ~0 ~0
(0, 0.28)
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2.5 Supporting information

2.5.1 Simulation scenario

In 2001, the average peak load in NYIiCwas 971 MW (defining the load as the
difference in the load between any of the top 200 hourshenibad in 20T hour). We
round to 1,000 MW which is consistent with estimates of installed backup capacity in
NYC. Peak demand starts midorning, lasting from 1 to 13 hours with a mean of 8
hours. Operating for 12 hours/day for three consecutive dlaygsaus to evaluate

prolonged generation, creating an upper rangé&i®effect of these generators.
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2.5.2 Comparison of PMCAM, to the AIRS data

Below we provide a comparison between the predicted concentrations in PVED@WM
those reported in thdSEPA Aerometric Information Retrieval System (AIR&tabase
(51)for NYC in Table2.5. All modeled species follow the same temporal trend as the
measured data. While the modeledam€; concentrations fail to simulate the elevated
concentrations on July 25the daily maximum @concentrations capture the episode.
Both the modeled Ppt mean and maximum concentrations match well over the course
of the simulation, although they askghtly overestimated and failed to tail off as
dramatically as the data on the final simulation day.

Table 2.5 Comparison of AIRS and baseline concentrations in 8w York City

Species 07/23/2001| 07/24/2001| 07/25/2001| 07/26/2001
Mean PM s AIRS 15.7 21.2 38.2 11.9
(e gy m |Baseline 25.3 23.6 46.4 33.6

% Difference 61% 12% 21% 183%
Daily max AIRS 27.5 324 58.7 28.7
PMas( € g3y Baseline 33.1 36.6 87.5 62.7
% Difference 21% 13% 49% 118%
Mean Q AIRS 21.9 29.3 37.8 12.3
(ppb) Baseline 23.8 215 21.4 13.5
% Difference 9% -27% -44% 10%
Daily 1-h AIRS 61.3 67.3 101.0 42.7
max G (ppb) | Baseline 67.7 67.6 101.9 33.6
% Difference 11% 1% 1% -21%
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2.5.3 Selected health effects and average economic values

Table 2.6: Selected health effectand average economic value (in $2008)3)

Health effect Change in Valuation of | Mean value per
pollutant outcome event ($)
Chronic and acute Mean annual Pis/ Value of a 7,200,000
mortality Mean daily PMs | statistical life
All acute respiratory Mean daily NQ, Hospital 9,100
morbidity PM.s SQ/ 1-hour admission
peak daily Q
All acute cardiovascular Mean daily NQ, Hospital 9,300
morbidity PM.s SQ/ 1-hour admission
peak daily Q
Minor illnesses Mean daily PMs/ | Value of lost 90/day
(e.g. restricted activity 1-hour peak daily activity or
days) Os work

For PM, 5 chronic effects, we assume that all 26 days with peak electricity demand in

2001 would see the same changes in concentration as the simulation.
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2.5.4 Cost and characteristics for backup generators and peaking plants

Table 2.7: Costs and characterisics for backup generators andoeaking plants (48)

Technology Unit size | Efficiency | Capital Fixed Variable
(MW) (%) cost ($/kW) | O&M o&M
($/KW-yr) | (¢/kWh)
Diesel ICE 0.25 35% 600 15 1
Natural gas ICE 0.25 35% 650 15 1
Natural gas 0.075 25% 700 15 0.6
microturbine
Simple cycle 10 35% 480 15 0.55
natural gas

turbine (peaking
plant)
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2.5.5 Supplemental figures forregional differences in PM s and Os for backup

generators

Figure 2.5: Regional difference in daily mean PMsc oncentrations in eg
between a diesel ICE with a DPF for an emission factor of 0.@7kWh and basecase

for July 25, 2001.The NYC grid celis indicated as well as CT = Connecticut, MA =
Massachusetts, NY = New York State, and Rhode Island (RI). The white areas are
concentrated enhancerments of |less than 0.0
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Figure 2.6: Regional difference in daily meanPMsc oncentr atd ons
between a natural gas internal combustion engine or a natural gas microturbinfer
an emission factor of 0.04 g/kwW and basecase for July 252001.The NYC gridcell

is indicated as well as CT = Connecticut, MA = Massachusetts, NY = New York State,

and Rlode Island (RI). The white areas are concentrated enhancements of less than 0.01
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Figure 2.7: Regional difference in peak ihour daily O3 concentrations in ppb

between the natural gas ICE simuwtion and basecase for July 252001.The NYC

grid cell is indicated as well as CT = Connecticut, MA = Massachusetts, NY = New York
State, and Rhode Island (RThe white areas are concentrated enhancements of less than
0.1 ppb.
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Figure 2.8: Regional difference in peak ihour daily O3 concentrations in ppb
between themicroturbine simulation and basecase for July 2532001 The NYC grid
cellis indicated as well as CT = Connecticut, MA = Massachusetts, NY = New York

State, and Rhode Island (RThe white areas are concentrated enhaecgésof less than
0.1 ppb.
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2.5.6 Supplemental figures of Gaussian dispersion plumes

Figure 29: Gaussian dispersion plumes for N@in ppb for an emission factor of 2.8
g/kWh for a diesel ICE at a wind speed of u = 5.8 m/s and Briggs correlations for
urban terrain with a Pasquill atmospheric stability class DWhite areas are

concentration increases of less than 0.1 ppb
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Figure 2.10 Gaussian dispersion plume for PMsi n € fgr/amemission factor of
1.35 g/kWh for a diesel ICE at a wind speed of u = 5.8 m/s and Briggs correlations
for urban terrain with a Pasquill atmospheric stability class DWhite areas are

concentrationincreae s of | es3forPNMpan 0.1 &g/ m
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Figure 2.11 Gaussian dispersion plumes for S@in ppb for an emission factor = 2.3
g/kWh for a diesel ICE at a wind speed of u = 5.8 m/s and Briggs correlations for
urban terrain for Pasquill atmospheric stability class D White areas are concentration
increases of less than 0.1 ppb
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3. Using backup generateos for meeting peak electricity demand: a sensitivity

analysis on emission controls, location and health endpoints

Abstract

Existing generators installed for backup power during blackouts could operate during
periods of high electricity demand. Many diesel generators, however, with ron

negligible air emissions that could damage air quality and human health. In this paper, we
investigate the full (private and social) cost of using diesel generators without and with
controls for fine particulate matt@PM, s) and nitrogen oxides (NPcompared to a new
peaking plant (a natural gas turbine) in four Eastern US cities (Atlanta, Chicago, Dallas
and New York). To calculate the social costs from air quality degradation, we model the
ambient concentratioenhancements in ozonegl@nd PM s from operating 1,000 MW

of backup generatiofor 12 hours in each citipr six days using the chemical transport
model, PMCAM. These enhancements are translated to their equivalent human health
effects using conceration-response functions aradsocial cost using estimates of

Awi | | itopganyedos st o avoi d i | bscdneerrhations increbse (uptb | ci t
5 ¢ 3 duemainly to primary emissions. Smaller increases and decreases are observed
for secondary M, s with more variation between citiesidreases in NQemissions

result insignificantn i t r at e f or ma’tin Atlamta &nd @hicagen Néw € g/ m
York City, nitrate is limited by higher temperatures. N®, emissions also causg O
decreases in ghurban center and ireases in the surrounding aréé#hile the magnitude

of the relationship betweens@nd premature mortality is uncertain, these decreases

could produce a significant social benefit. Limiting our analysis tge £We calculate a
socialcostof approximately2 $/kWh for uncontrolled diesel generators in highly

populated centers ard10 ¢/kWh with PM s andNOy controls.On a full cost basis, we

find that properly controlled diesel generators are-etisttive for meeting peak

electricity demandTo limit the potential for secondary BMiformation, NQ controls

should be employed in addition to controls for 2M
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3.1Introduction

For a few number of hours per year, electricity demamalishhigher than during the
remainder of the year. Due to congested transmission lines and insufficient generation
capacity, these peak hours are associated with wholesale electiazistipat arelO

timesor morethanin off peak periods. This effect is especially acute in urban centers,
which are constrained by available transmission and distribution (T&D) and electricity
generation capacity. In extreme cases, electricity supplgaménd cannot be balanced,
leading to brownouts and blackouts. To help improve the reliabilityexflectricity grid,

end users with osite generation capacity, specifically backup generators installed to
provide electricity during blackouts, could gestte electricity dung periods of peak
demand (e.gi43, 58). These generators represent a significant source of-utitized
capacity; for example, isiestimated thahere isat leastl,000 MW of installed backup
generation in New York Cit{42). Several independent system @ters (ISOs) have
developed reliability programs that harness these generators. For example, the New York
ISO (NYISO) allows backup generators to participate in emergency electricity and
special capacity marke(§9). Despite the potential benefits, many backup generators are
excluded from these programs because they are diesel internal combustion engines
(ICEs). There is concern abadverséhuman health effectsdm exposure to the nen
negligible air emissions from backup diesel ICithout advanced emission controls for

nitrogen oxidesNOy) and fine particulate matter (BN).

In a previous papdChapter 2)we evaluated the private (market) and social (air quality

costs) of using installed backup diesel and natural gas fueled ICEs for meeting peak
electricity demand in New York City compared to a conventional peaking plant (a simple

cycle natural gas turb&) (60). To quantify the social costeom air quality we converted

the emissions from these generatocisen oe @mb
air quality chemical transport model (CTM), the Particulate Matter Comprehensive Air

Quality Model with extensions (PMCAYI(7). We found that a diesel ICE retrofitted

with a catalyzed diesel particulate filter (DPF) could operate less expensively than a new
peaking plant and without causing severe damage to human health. Since that work, the

United State®NationalResearch Councdoncluded that there is sufficient evidence to
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support a causal relationship between exposure to ozghar{®premature mortality
(38). Thus, there is an increased emphasis on reducing the @msisgiQ precursors
from diesel ICEsspecifically by reducingNOy. Retrofit emissions control options for
NO that can be combined with a DPF on stationary dieses iiide lowNOy catalyst
(LNC) and exhaust gas recirculation (EGR)). There is also the possibiliof
retrofitting to a dual fuel, also known as bifuel, ICE. With this retrofit gihgine uses
mostly natural gas with sméler amount ofdiesel used to ignite the mixture, reducing
PM, s andNOy emissiong62). The natural gas is supplied by the existiwagural gas

infrastructure.

In this piece, we extend our previous analysis of backup generators for meeting peak
electricity demand to include emission controlsNi®,. We also conduct a sensitivity
analysis on oupreviouscase study air quality modeling results from New York City by
adding three additional citiegtlanta, Chicago, and DallaBinally, we evaluate the
robustness of our full cost results (privated social) with respect to uncertainties in the
mechanisms for the formation of secondary.BM the CTM and health endpoints.

3.2Methods anddata

We use a levelized approach to compare the full cost of using diesel backup generators
with and without emision controls for PMsandNOy to a simple cycle natural gas
turbine. We include both the private (or market) prices and the social (or unpriced

externdities) as defined by Equation 3.1 and Equation 3.2
Levelized Full Cost = Private Cost (PC) + Social Cost (SC) ...Eqn 3.1

_ (CC +TD + RF) FOM
Levelized Full Cost = R -CRF+W+V0M+FC+SC...Eqn 3.2

WhereCC is the capital cost of the generatttributable to the peaglectricity
generation (in $/kW);

CRF is the capital recovery factor to convert cost into equal annual payments at a
specified discount rat@stimated at 15%);

42



FC is the fuel cost (in $/kwWh);

FOM is the fixed operating and maintenance (in $Aa)W

HR is the number of hours per year of operation (estimated at 200 hours);
RF is the capital cost of an emission control retrofit (in $/kW);

TD is the capital cost af&D or grid-generatointercomections (in $/kW);
VOM is the variable operating and maintenance (in $/kWh); and

SC is the social cost (in $/kWh)

The fuel cost (FC) is calculated as the heat rate (in Btu/kWh) of the generator multiplied
by the price of fuel for the relevant consumexssl (in $/Btu). Fuel costseobtained

from Energy Information Agency (ElAandareupdated from our previous work

(Chapter 2)63). We use the mean, minimum and maximum values 20665 to 2008

We usea diesel fueprice of $2.50/gallonvith a 10¢ premium for ulta low sulfur diesel
(ULSD) fuelwith a range o%1.50/gallon to $4.00/gallofror natural gaswe use grice

of $9.00/Mcf with a range of $5.50/Mcf to $12.50/Mcf for electricity production and
$14.50/Mcf with a range of $10.8@¢f to $20.30/Mcf for commercial deliveries.

We present the capital costs and operating and maintenance (O&M) for the emission
controls in Table.1. The retrofit costs were obtained from the Manufacturer of
Emissions Control Association (200®4) and the Western Regional Air Partnership
WRAP (2005 (65). Following the guidance of WRAP (2005), we assume that the fixed
maintenance cost for all retrofits is dominated by the cost of maintaining the diesel
particulate filter (DPF). We estimate an anrfizedd cost of $1.90/kW, based on
California Air Resources Board (CARB) annual maintenance costs of $156 to $312. For
thedual fuel retrofit, weestimate costs fro®35/kW (approximately the value ahich

the retrofitted dual fuel ICE would have the same levelized cost as an uncontreded di
ICE at the mean fuel prices for diesel and natural gas) to $10@RV66) We assume a
cost of $13/kW for interconnections required ftite generators to operate in phaial

with the electricity grid43). Finally, we asumea variable O&M cost of 0.01$/kWh for
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all backup generators. We compare this to a natural gas turbine with a capital cost of
$500/kW and a fixed O&M of $15/kWr (48). We estimate $100/kW for T&ED
transporthe electricity from the turbine to the urban center.

We quantify the social cost of air quality using a botigmmmpact pathwayechnique.

The first steps modeling the enhanced ambient concentrations from operating the
generators. Second, we transform these concentrations intedheialenthealth

endpoints and economic vakido model the ambient concentration changes, we start by
collecting emission factors (EF) for all generator/retrofit combinations. In Bableve

show the baselinEFscorresponding to an uncontrolled diesel ICE and the reductions
from baseline for retfitting with a catalyzed DPF, a DRENC, a DPF with a low

pressure EGR, and dual fuel operation. The EFs and fuel economy penalties for the
generator/retrofit combinations are derived from the California Air Resources Board
(2008)(67), the Environmental Defense Fund (200&).), and the Natural Resources
Defense Council (200458). For all retrofitoptions, we employ adLSD fuel, which
reduceghe sulfur dioxide (S by approximately95%. The reductions for the dual fuel
option are highly dependent time percent of diesel which is replaced tatural gas. We
present a range @0% to 95% naturalag. For PMs from the retrofitwe assume that

the EF is a linear combination of the EFs for an uncontrolled diesel and natural gas ICE
multiplied by thefractionof the two fuels. FONOy, the emissions are a function of
combustiorcharacteristicsvith most retrofits reporting reductions of approximately

50%. There is also evidence that taebon monoxideqGO) andhydrocarbonsHC) can

be higher than the diesel IGE9).

To constrat a scenario for operating these generators, we isolate the top 200 hours with
hourly load data from the Federal Energy Regulatory Commission (FERC) Form 714
(21). For New York City and Chicago, weedelectricityload dataspecific tothe city

control area. FoDallas and Atlanta, we assume that these cities fahewsame trend as

the lower resolution state level dafar detailed air quality simulatienwe identifytwo

peak periods of tieedays each from July 1719, 2001 and July 2B825,2001, aime

period for which our basase PMCAM simulations have been evaluated extensively
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(32). While not all cities experienced peak electricity demand on all days, we run all six
daysfor all citiesto capture additinal variability in the meteorological conditions. To
investigate a scenario with substantial use of backup power, we assume that 1,000 MW of
capacity operates from 9 an® pm local time per city per dain NYC, 1,000 MWis
approximately the average pdalad (defining the load as the difference in the electricity
demand between any of the top 200 hours and the load in tHié@0x) and is consistent

with estimates of available backup generation capacity in the\&take 1,000 MW

exceeds the averagegk electricity demand iatlanta, Chicago and Dallagie model

1,000 MW in each cityo produce &onservative estimate tie costs from air quality.

We calculate the total hourly emissions by multiplying the emission factors in Jable

by 1,000 MW foreach hour of operation.

We transform the emissions into their equivalent ambient concentrations using the
Comprehensive Air Quality Model with extensions and particulate matter modules
(PMCAM,). PMCAMyi s a Ostate of the sanisgonced CTM
advection ¢onvection), dispersion, gas and aqueous phase chemical reactions, and dry
and wet deposition f@5 gaseous species, 12 radical species and 13 aerosol species in 10
size bins on &-D Eulerian grid. Thgaseous chemistry is simulatesing the Carbon

Bond Mechanism (CBM) 1\(19). Additional modules simulate the dynamic behavior
(coagulation, condensation, and nucleation) of aerosols species. The model domain is
discretized into a horizontal grid of 36 by 36 km with 14 vertical layers frensurface

to 6 km. The lowest model layer is slightly less than 30 m thick vertically. Details and
evaluation of the model can be found in Gaydos et al. (200With evaluation in

Karydis et al. (2007(32).

We conduct separate model runs for each city to capture all the air quality effects from
operating the generators in that cityese results are used to calculate the social costs.
We also conduct omaodelrun with generators operatingaf cities at once and oman
with no changes to the basecase emission fieldsh\de the difference between these
two runsin the plots irthis manuscript. The emissions are modeled as an evenly

distributed area source over the coarse grid cell that contains the majority of the urban
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area. The baseline concentrations are generated with emission files from the Lake
Michigan Air Directors Congtium (LADCO) (31).

Table 3.1: Retrofit options, heat rate in Btu/kWh and fuel efficiency penalties in %
from baseline, baseline emission factors in g/lkwWh and reductions % from

baseline

Emission| Capital | O&M Heat rate NOx PM, 5 CO HC SO
Control Cost | ($/kW | (Btu/kwh) | (g/kWh | (g/kwh)
Retrofit | ($/kW) | -yr) or Penalty | ) or (%) | or (%)

(g/kWh) | (g/kwh) | (g/kwh)

or (%) or (%) or (%)

(%)
Baseline - - 9,750 18.8 1.40 6.40 2.0 1.25
DPF 25-40 1.90 0-4% NA | 85 99% 90 % 90 % 95 %
DPF - 40- 60 1.90 0-7% 1025 | 85 99% 90 % 90 % 95 %
LNC %
DPF - 40-55 1.90 07 5% 2560 | 8599% 90 % 90 % 95 %
EGR %
Dual 35-100 - 01 8% | ~50%| 68-92% - - 9599%
fuel
(70% -
95%
natural
gas)
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The changes in ambient air quality are translated into moréaddymorbidityeffects and

dollar values, using concentratioespons€CR) functions, economic valuations and
population distribution from the Environmental Benefits Mapping and Analysis Program
(BenMap), version 2.4.884). Focusing on theelationship between loagrm (annual)
exposure to Pl and premature mortalityye use a fixed pooling @&R relationships

from Laden et al. (200gY0) and Pope et al. (2002J1). We model the value of a

statistical life (VSL) as a Weibull distribution with a mear$7.5 million (in 2005
dollars)(Weibell scale parameter: 8,300,000; Weibull shape parameter6)..508 also
report5% and 95% confidence intervals addition to the relationships fong-term

mortality from PM s, we evaluate shoterm (daily)mortality from PM s based on

Klemm and Mason (200%y2) and Schwartz (2003)y3). We alsoexamine a range of
estimates for carcinogenic effects from diesel particulate matter (DPM). The US
Environmental Protection Agency (EPA) estimated a range of xal® x 10° cancer

cases for edrpg/nt of DPM of continuous exposure over a 70 year lifetime, but
concludedhat the existing data is insufficient to derive quantitative risk fa¢8&s The
California Office of EnvironmentaHealth Hazard Assessment (OEHHA) and the Air
Resources Board (CARB) establ i*agr@7.a fireas
To calculate the increase in cases, we multiply the annual average concentration
enhancements by the cancer risk estimate and divide by 70 years to estimate the number
of cases on an annual basis. We costaitcer outcomest theVSL sincemost @ases are

lung cancer which has a poor prognogi® assume that the average of our six modeled
days is representative of the change in ambient concentrations that would be observed on

any peak electricity day, and that there are thirty days of opexat@rthe year
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3.3 Results and dscussion
3.3.1 Private costs

In Figure3.1, we show th@rivate costs of operatirdjesel ICE with and without

emission control retrofits compared to constructing a new natural gas simple cycle
turbine. All backup options are less expensive for meeting peak electricity demand than
the turbine. The capital costs of the backup generators do notoneedncluded when
using the generator for peak power. The capital cost as well as the fixed operating and
maintenance (O&M) is already attributed to the increased reliaf@lity protection from

a blackoutprovided by the generator to its owner. ®iice additional number of hours

of operatiorfor peak power is small (e.g. less than 200 hours per year), thoery is
minimal additional wear on the ICE. By contrast, the owner of a new peaking plant
would need to recover the capital costs and the {0&M as well as the marginal cost

of producing electricity. Using the costs in TaBl&, the emissions control retrofits have

a levelized cost of 2 to 4 ¢/kWAs with the DPF, there is a small fuel efficiency penalty
associated with theOy controls andhedual fuelretrofit which we include in Figure

3.1. We also includente smallpremium associated with ULS®Ve do not include

selective catalytic reduction (SCR3$ a NQ emission control optioas it is impractical

for an emergency generator to have urea available for operation. As the full albst of
control options is similaquantifying the effectiveness of these options at reducing the
air quality and adverse human health effects is necgss make a recommendation on

the type of retrofit.
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Figure 3.1: Private costs forinstalled backup generatorswith and without emission
controls and a peaking plantin ¢/kWh. Thecosts showrmre the average of the range
presented in Tabl®.1. The bars represent the low and high fuel prices. The fuel cost for

the dual fuel option is calculated for 80% natural gas and 20% diesel.
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