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On April 3, 2008, WDEQ requested additional BART modeling analyses for Basin Electric Power 
Cooperative's Laramie River Station. Specifically, the WDEQ request was for individual unit modeling for 
the baseline scenario as well as unit specific analyses of the selective catalytic reduction (SCR) control 
technology-or NO, control technologies being reviewed as BART for the LRS units. Coincident with 
completing the requested analysis, Basin further investigated additional refinements to the LRS BART 
modeling analyses which included nitrate repartitioning and more realistic ammonia background 
concentrations. These refined BART modeling analyses supplement the previous report submitted on 
February 14, 2008. On behalf of Basin Electric please find enclosed three copies of the refined visibility 
modeling report for the Laramie River Station and one external hard drive containing the revised electronic 
modeling flies. 

If you have any questions regarding the contents of this submittal please call me at 913-458-9062. For 
specific questions regarding the Laramie River BART analysis please contact Bob Eriksen of Basin 
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Introduction 

') \ .. 

In a conference call held on April 3, 2008, the Wyoming Department of 

Environmental Quality (WDEQ) requested additional modeling analyses be performed 

for the Laramie River Station (LRS). Specifically, the WDEQ request was for individual 

unit modeling for the baseline scenario as well as unit specific analyses of the selective 

catalytic reduction (SCR) control technology-or NO, control technologies being 

reviewed as BART for the LRS units. Subsequent to the April conference call with 

WDEQ, Basin further investigated additional refinements to the BART CALPUFF air 

dispersion modeling analyses which included nitrate repartitioning and· more realistic 

ammonia background concentrations based on monitored values in western Wyoming as 

well as at several western Class I areas. In addition to the individual unit modeling 

requested by WDEQ, these two refinements are described in more detail below. 

Additionally, the submittal of the Basin LRS BART analysis in September 2007 

contamed 2006 cost information. The cost for control equipment and other 'associated 

expenses have continued to increase and can no longer be considered representative. 

Therefore, the costs for NO, control technologies were updated from the November 2006 

timefrarne to December 2007 costs. 
This submittal document contains to two parts-updated cost infor:rnation for the 

control technologies as well as updated visibility modeling results. 

Part 1 - Technology Cost Update 

In an effort to provide a more accurate visibility cost impact, the cost impact 

analysis for the control scenario evaluated for BART were updated to a 2007 dollar basis 

to capture recent escalation in equipment and other associated expenses between the last 

submitted cost estimation values (2006). The cost data submitted in the September 2007 

transmittal to WDEQ was based on the results from the cost impact analysis performed 

using November 2006 values. Since then, it has been observed that there is an iucrease in 

the cost for control equipment. This increase is attributable to the surge in demand. for 

such control equipment in both the domestic and international markets. The inability of 

the manufacturer's supply capacity to meet this demand has resulted in a spike in these 

equipment costs. 

The cost escalation was based on .published material escalation rates recorded 

between 2006 and 2007. The primary escalation factor utilized was the Chemical 

Engineering Plant Cost Index (CEPCI). CEPCI is an index published by the Chemical 

Engineering magazine to track process plant construction costs from one time period to 

another. The CEPCI consists of a series of sub-indices for specific plant equipment 
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categories, which is then calculated using assigned weightage to. produce a composite . 

index value. Using the sub-indices in CEPCI for specific plant equipments, the cost 

impact analysis for the control tecbnologies evaluated for LRS were escalated to the 

December 2007 time frame. 

The cost data and updated cost analysis tables are included in Attachment I of this 

document. 

Part 2 - Visibility Analysis 

To date, Basin has previously submitted two BART modeling analyses. To 

clarifY the contents of these analyses, as well as for this submittal, a summary of each has 

been provided: 

September 25. 2007 

Modeling analyses were performed to provide LRS plani-wide regional haze 

(visibility) impacts at the Badlands and Wind Cave Class I areas. The analyses 

were based on a constant 2 ppb background ammonia concentration and no nitrate 

repartitioning. 

Febrnary 14. 2008 

Modeling analyses were perfonned to provide LRS plant-wide regional haze 

(visibility) impacts at two aforementioned Class I areas. The analysis corrected 

two discrepancies in the September 2007 modeling. Specifically, the update 

included corrected upper air meteorological station locations and a ZFACE height 

change. The analysis was based on a constant 2 ppb background ammonia 

concentration and no nitrate repartitioning. 

July 24. 2008 

Two main modeling analyses were performed to provide LRS plant-wide and unit 

specific regional haze (visibility) impacts at two Class I areas for the baseline 

scenario, the units with Overfired air (OF A), selective non-catalytic reduction 

(SNCR) control tecbnology, and SCR. The first analysis, believed to be the more 

representative of ammonia chemistry of the area, was based on refinements which 

included using the nitrate repattitioning methodology and monthly variable 

background ammonia concentrations. The second analyses, was conducted 

utilizing the methodologies and modeling options from the previous submittals-­

the analyses included a 2 ppb constant background ammonia concentration. 
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The modeling analyses using the constant ammonia background is at the request· 

of the WDEQ while the analyses based on the refmements contained in this submittal 

using the aforementioned nitrate repartitioning and the variable ammonia background, 

supersedes the original September 2007 and February 2008 BART modeling analyses as 

Basin believes these analyses are more representative. Therefore, the purpose of this 

document is to flIst describe the two refinements in modeling methodology used and to 

.provide supplemental information on the background ammonia data. Secondly, the 

document will summarize the LRS plant-wide and unit specific modeling using nitrate 

repartitioning and a variable ammonia background. Lastly, the document will summarize 

. the requested WDEQ modeling using the constant ammonia background concentration. 

BART CALPUFF Modeling Refinements 

Subsequent to the April conference call with WDEQ, Basin further investigated 

additional refmements to the BART CALPUFF air dispersion modeling analyses which 

included nitrate repartitioning and more realistic ammonia background concentrations 

based on monitored values in western Wyoming as well as at several western Class I 

areas, 

Nitrate Repartitioning 

The flIst refinement for the LRS BART visibility analyses was to better account 

.for the amount of particulate nitrate (NO,) by limiting the available ammonia when 

individual unit puffs oveilap. The original visibility modeling ·did not incorporate 

repartitioning of available ammonia (MNITRATE .~ 0). Tbe refinements did not allow 

each overlapping puff( s) to use the full ammonia background value but instead only a 

portion of the ammonia available (MNITRATE ~ 1). This concept is reflected in Section 

6.0 of the WDEQ protocol. It is important to note that this refmement noted as nitrate 

repartitioning is not the ammonia limiting method commonly referred to as ALM. 

Ammonia Background Concentration 

As described in Section 7.1 of the BART application, the air dispersion modeling 

analyses presented were conducted in accordance with the BART Air Modeling Protocol 

Individual Source Visibility Assessments for BART Control Analyses dated September 

2006, (hereinafter referred to as theWDEQ Protocol). Specifically, the LRS BART 

modeling was performed using the same high fixed background ammonia level of 2 ppb 

that was used for the initial modeling performed by WDEQ. Section 5.0 of the WDEQ 

protocol notes that the 2 ppb ammonia concentration is " ... based upon monitoring data 

from nearby states and IWAQM guidance. Experience suggests that 2.0 ppb is 
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conservative in that it is unlikely to significantly limit nitrate fonnation in the model 

computations. " However, at the time of the WDEQ protocol development there was 

limited real-time or historic ambient concentration information for ammonia within the 

modeling domain and at the individual Class I areas from sources such as CASNET. As 

a result, there was limited information to use to verify whether the assumed 2 ppb 

ammonia background concentration was representative. In fact, colder temperatures aud 

limited agriculture activity, among other variables, could limit the amount of ammonia 

present in the ambient atmosphere, thus limiting the armnonia available to chemically 

react to form sulfates aud nitrates to reduce visibility. 

The WDEQ Protocol (Section 3.1) further indicates that "auunonia is not believed 

to be. a significant contributor to visibility impairment in most cases in Wyoming ... ". 

Other regional. BART modeling guidauce also considered a high initial ammonia value 

but also noted that the issue would be later reviewed as noted in the CALMETICALPUFF 

Protocol for BART Exemption Screening Analysis for Class I Areas in the Western 

United States dated August 15, 2006, (hereinafter referred to as the WRAP Protocol). 

Section 3.1.2.6 of WRAP protocol indicates that the I ppb value would be initially used 

and the issue revisited at a later time: 

Thus, based on the fact that western Class I areas tend to be either more arid or 
forest land than grassland we proposed to initially use a 1 ppb background 
ammonia value for the CALPUFF runs. We will then revisit the background 
ammonia values for the Class I areas for the post processing step and provide the 
CALPUFF output to the States so they can investigate alternative background 
ammonia values if de/dred. 

Similar to WDEQ, no additional information regarding refined armnonia 

background concentrations was available from the WRAP in supplemental guidance or 
modified BART modeling protocols .. 

However, additional studies have been complete which report lower background 

ammonia concentrations as well as provide modeling resnlts which clearly snggest 

ammonia concentrations less than I ppb could significantly affect the visibility impacts. 

Therefore, an investigation was undertaken to locate and identify more realistic 

ammonia background values. A IS-month monitoring study, located in the Upper Green 

River Basin of western Wyoming sonthwest of Bridge Wilderness Area, was initiated in 

December 2006 by Shell Exploration & Production Company to characterize ammonia 

concentrations throughout the year. The findings ofthis study were presented at the Air 

& Waste Management Association (A WMA) Aerosol & Atmospheric Optics: Visual Air 

Quality and Radiation in Moab, Utah on May 1, 2008. The extended abstract for this 
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presentation has been included as Attachment 2. As the abstract indicates, "standard 

operating procedures, technical instructions, and a QAPP for instrument installation, 

operation and maintenance, field sampling, filter handliug, and laboratory analyses were 

developed and submitted to WDEQ". The results of stndy indicate that ammonia 

concentrations are variable throughout the year, are below or near detectable limits from 

December through late February, peak in August at levels less than WDEQ's assumed 

constant 2 ppb ammonia level, and have an annual mean value of 0,24 ppb. Table I 

includes the monthly mean ammonia values (referenced from Figure 2 of the abstract) for 

illustration of the low background ammonia values. 

Table 1 
Monitored Variable Monthly Ammonia 

Background Concentration! 

Background Ammonia 
Concentration 

Month (ppb) 
Januarv <0.1 
February <0.1 
March 0.2 
April 0.2 
May 0.3 
June 0.3 
July 0.8 

August 0.8 
September 0.3 

October 0.2 
November 0.1 
December <0,[ 

'The Wyoming ammonia data is from the 
extended abstract presented at the Air & Waste 
Management Association (A WMA) Aerosol & 
Atmospheric Optics: Visual Air Quality and 
Radiation in Moab Utah on May 1 2008. 

Similarly, other facilities undergoing Prevention of Significant Deterioration 

(PSD) air permitting further investigated more realistic ammonia background 

concentrations. The Sithe Global Power, LLC's Desert Rock Energy Facility and the· 

Toquop Energy Project visibility analyses located in the southwestern U.S. used variable 

monthly background ammonia concentrations which were approved by the regulating 

agencies as being representative ofregional background concentrations. For reference, 
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these background a=onia concentrations are presented in Table 2. Additionally, the 

aforementioned ammonia data and supporting information for the values contained in the 

Desert Rock Energy Facility and the Toquop Energy Project visibility analyses have been 

included in Attachment 3. These data were·based on a=onia background concentrations 

monitored at several western class I areas. Attachment 3 also contains the Colorado 

Department of Public Health and Environment's CALMETICALPUFF BART Protocolfor 

Class I Federal Area Individual Source Attribution Visibility Impairment Modeling 

Analysis dated October 24, 2005. This document contains information on ammonia 

sensitivity tests completed which indicate that background a=onia values do vary and 

that the model is sensitive to background a=onia values less than 1.0 ppb. 

Table 2 
Variable Monthly A=onia 
Background Concentration! 

Background 
Ammonia 

Month concen:~tion 
(oob 

Januarv 0.2 
Februarv 0.2 
March 0.2 
Amil 0.5 
May 0.5 
June 1.0 
Julv 1.0 

August 1.0 
SeDtember 1.0 

October 0.5 
November 0.5 
December 0.5 

1 The ammonia data is from the Sithe 
Global Power, LLC's Desert Rock Energy 
Facility and the Toquop Energy Project 
visibility analyses. 

Additionally, based on a conference call with Mark Sather of EPA Region 6 it 

was detennined tbat EPA has conducted an a=onia monitoring study from December 

2006 through January 2008 in the Four-corner's area of New Mexico. The EPA goal of 

this study is to establish a baseline for the area and to set the background a=onia 

concentrations to be used in visibility studies, PSD permitting activities, and BART 
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analyses. The study used five monitoring sites scattered throughout the Four-Comers 

area. From discussions with EPA the data in the 4 comers area generally ranges from a 

non-detectable level to 0.6 ppb with the annual average background approximately 0.2 

ppb. EPA is currently completing a tecbnical review for journal publication with 

completion of the review anticipated at the end of July. 

The aforementioned supplemental data from the Shell study in Wyoming, the 

Desert Rock Energy Facility. and the Toquop Energy Project's, and EPA Region 6's 

monitoring study each indicate that the background ammonia in the western United States 

is variable and the ammonia values monitored less than WDEQ's 2 ppb constant value. 

Based on this information, refinements to LRS's BART modeling have been completed 

to reflect the monthly ammonia values from the study in Wyoming. The results of this 

update are presented below. It should be noted that Basin considers these refinements 

and the resulting visibility impacts more realistic and representative than those results 

previously submitted. 

Visibilitv Summary with Nitrate Repartitioninq and Variable Ammonia 

Based on the aforementioned refinements in background ammonia concentrations 

and nitrate repartitioning, revised CALPUFF visibility modelnig was performed for the 
following scenarios: 

• Facility and unit specific Baseline 

• Facility and unit specific Scenario I (OFA) 

• Facility and unit specific Scenario 4 (SNCR) 

• Facility and unit specific Scenario 5 (SCR) . 

The modeling summarized in this report is for the LRS on a plant-wide basis and 

for each of the three LRS units on an individual unit basis. It is important to note that all 

other modeling options as described in the BART application were unchanged. For 

simplicity, the following results discuss the differences between the OF A scenario and 

the SNCR and SCR scenarios. The OF A scenario was used as the new baseline as Basin 

is currently proceeding with the installation of this control technology as BART for NO, 

as indicated in the submittal in September 2007. The visibility modeling results are 

contained in Attachment 4. 

The results of the refined visibility modeling for the LRS plant, assuming the 

same control technology is installed on all three units, are illustrated in Tables I through 

3 and 13 of Attachment 4. These tables summarize the scenarios and the maximum 

visibility (deciview) impact seen at any of the two Class I areas at any time over the 200 I 
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to 2003 period. The results of this analysis, using the aforementioned refInements, 

indicates a decrease in visibility impact at each of the two Class I areas from those 

visibility impacts indicated in the BART application document. 

The maximum visibility (deciview) improvement seen at either of the two Class I 

areas at any time over the 2001 to 2003 period is illustrated in Table 13 for each scenario. 

The expected degree of visibility improvement for each control scenario on a 

plant-wide basis was determined by the difference in the maximum visibility· 

improvement for each receptor at each of the Class I areas. Again, it is important to note 

that the control technology associated with the OFA scenario formulated the LRS's 

baseline case, as well as the new baseline case for the individual unit analyses described 

later. Additionally, the cost-effectiveness for the potential BART control technologies 

from the BART application were used to calctilate visibility improvement cost­

effectiveness in $/deciview ($/dv). 

These maximum visibility improvements between the OF A and the SNCR and 

SCR control scenarios range from 0.35 dv to 0.68 dv of expected visibility improvement 

above the OF A scenario. The results indicate that adding additional SNCR or SCR NO, 

control technology beyond the consent decree does not yield visibility improvement 

greater than 1.0 dv at any Class I area and in fact results indicate that visibility 
improvcment at Badlands is less than 0.5 dv. 

Based on the visibility improvements modeled and the total annual cost evaluated 

in the impact analysis stage of the BART application document, the cost-effectiveness for 

visibility improvement (armual cost per improvement in visibility, $/dv), was determined 

for LRS over the aforementioned range of visibility improvement. The resulting cost for 

installation of SNCR or SCRs at LRS ranges from $42.4millionldv to $97.6 millionldv. 

The results of the refmed visibility modeling for Unit I, Unit 2, and Unit 3 

individually are illustrated in Tables 4-6, 7-9, 10-12, and Table 13 Attachment 4, 

respectively. These tables summarize the scenarios and the maximum visibility 

(deciview) impact seen at either of the two Class I areas at any time over the 2001 to 

2003 period. Again, it is important to note that individual unit impacts at a specifIc class 

I area cannot be added to equal the combined LRS plant-wide impact at the same class I 

area because each impact may not have occurred during the same 24 hour period or at the 

sarne receptor location. 

The maximum visibility (deciview) improvement seen at either of the two Class I 

areas at any time over the 200! to 2003 period is illustrated in Tables 13. Again, the 

expected degree of visibility improvement for each control scenario for each unit was 

determined by the difference in the maximum visibility improvement for each receptor at 
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each of the sixteen Class I areas. Furthermore, the same methodology previously 

described for the LRS's cost-effectiveness in ($/dv) was used here for each unit. 

These maximum visibility improvements between the OF A scenario and the 

SNCR or SCR control scenario for each unit are lower than the results utilizing the less 

realistic constant ammonia background of 2 ppb described in the next section. The 

visibility improvements are summarized below. 

• Unit 1 improvements range from 0.07 dvto 0.19 dv. 

• Unit 2 improvements range from 0.1 0 dv to 0.19 dv 

• Unit 3 improvements range from 0.09 dv to 0.22 dv 

The results again indicate that adding additional SNCR or SCR NOx control 

technology beyond the OF A scenario does not yield visibility improvement greater than 

0.5 dv at any Class I area. Based on the visibility improvement modeled and the total 

annual cost evaluated in the impact analysis stage of the BART application document, the 

cost-effectiveness for visibility improvement (annual cost per improvement in visibility, 

$/dv), was determined for each unit. The resulting cost for installation of SNCRs or 

SCRs for each unit is summarized below. 

SNCR 

• Unit 1 cost range is $54.6 millionldv to $99.5 millionldv. 

• Unit 2 cost rauge is $55.8 millionldv to $73.7 millionldv. 

• Unit 3 cost range is $43.6 millionldv to $85.6 millionldv. 

SCR 

• Unit 1 cost range is $78.1 millionldv to $130.7 millionldv. 

• Unit 2 cost range is $78.1 millionldv to $114.0 millionldv. 

• Unit 3 cost range is $70.5 millionldv to $130.7 millionldv. 

Attachment 4 contains a LRS plant and unit sunrmary of the 98th percentile 

visibility impact for the three modeled technology scenarios and provides information on 

the number of days above 0.5 dv threshold for each class I area. 

Visibilitv Summary with Nitrate Repartitioninq and Variable Ammonia 

The individual unit's impacts for the SNCR and SCR control scenarios indicate a 
slight improvement in visibility from the OFA scenario. Specifically, individual 

improvements are less than half of the 0.5 dv threshold. For the LRS facility the 
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visibility improvements are slightly greater than 0.5 dv but these minor visibility 

improvements for class I areas outside of the state of Wyoming using these technologies 
are cost prohibitive. 

Basin recognizes that WDEQ has requested additional visibility modeling be 

conducted using a constant ammonia background value of 2 ppb. While Basin does not 

believe analyses conducted using the constant ammonia background (2 ppb) is 

representative, analyses have been conducted based on the aforementioned modeling 

methodology and described scenarios for both the LRS plant and individual units and 

these results are summarized in the next section as well as contained in Attachment 5., 

Visibility Summary with Constant Ammonia 

Based on the aforementioned request from WDEQ for individual unit modeling' 

for the baseline scenario as well as the SCR control technology this modeling as well as 

modeling representing Scenarios 1 (LRS units with OF A) and 4 (SNCR) were perfolJiled. 

The following CALPUFF visibility modeling was performed for the following 

scenarios: 

• Facility and unit specific baseline 

• Facility and unit specific Scenario 1 (OF A) 

• Facility and unit specific Scenario 4 (SNCR) 

• Facility and unit specific Scenario 5 (SCR) 

Again, the OF A scenario was modeled and used as the new baseline scenario as 

Basin is currently proceeding with the installation of this control technology as BART for 

NOx as indicated in the submittal in September 2007. The modeling sunnnarized in this 

section of this report is for the LRS facility as well as each of the three LRS units on an 

individual unit basis. It is important to note that all other modeling options and modeling 

methodologies as described in the BART application were unchanged. For simplicity, 

the result tables illustrate the visibility impacts of the baseline scenario and the three 

scenarios-Scenario I (OF A), Scenario 4 (SNCR), and Scenario 5 (SCR) scenario. The 

visibility modeling results are contained in Attachment 5. 

The results of the refmed visibility modeling for the LRS plant's NOx control 

scenarios, assuming the same control technology is installed on all three units, are 

illustrated in Tables 1 through 3 and Table 13 of Attachment 5. These tables summarize 

the scenarios and the maximum visibility (deciview) impact seen at any of the two Class I 

areas at any time over the 2001 to 2003 period. The results of this analysis indicate 

visibility improvement for all three control technologies at both affected federal Class I 
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areas through the years 2001 to 2003. It should be noted that because LRS is currently in 

the process of installing OF A systems, the visibility improvement from the OF A scenario 

to either the SNCR or SCR control technology scenario is less than LO dv. The 

maximum improvement which is less than LO dv is attributed to a costly SCR control 

technology scenario for each unit, which exceeds the targeted NOx presumptive limit of 

0.23 Ib/MBtu. 

These maximum visibility improvements between the OFA scenario. and the 

SNCR or SCR control scenario range from 0.57 dv to 0.97 dv of expected visibility 

improvement above the OF A scenario. The results indicate that adding additional SCNR 

or SCR NOx control technology beyond the OF A scenario does not yield visibility 

improvement greater than LO dv at any Class I area and on a individual unit basis shows 

a potential visibility improvement of 0.36 dv but this is less than 0.5 dv threshold. 

Based on the visibility improvement modeled and the total annual cost evaluated 

in the impact analysis stage (Step 4) of the BART process, the cost-effectiveness for 

visibility improvement (annual cost per improvement in visibility, $/dv), was determined 

for LRS over the aforementioned range of visibility improvement. The resulting cost for 

installation ofSNCRs or SCRs at LRS ranges from $37.1 millionldv to $62.0 millionldv. 

As noted in the application the total annual cost for the implementation of the 

recommended cop:trol technologies to meet the presumptive emissions levels is 

approximately 2.7 million $/yr. The maximum modeled visibility improvements for the 

reco=ended control scenario at each federal Class I area through the 2001 to 2003 time 

period is 0.2 dv .. From this analysis, the cost-effectiveness for maximum visibility 

improvement from LRS is' 8.9 million $/dv which is siguificantly less than the costs to 

install either SNCR or SCR control technology shown in this analysis. 

The results of the refined visibility modeling for Unit I, Unit 2, and Unit 3 are 

illustrated in Tables 4-6, 7-9, iO-12, and Table 13 of Attachment 5, respectively. These 

tables summarize the scenarios and the maximum visibility (deciview) impact seen at 

either of the two Class I areas at any time over the 200 I to 2003 period. The visibility 

impacts illustrated in the tables represent the maximum visibility impact at each of the 

Class I areas. It is important to note that individual unit impacts at a specific class I area 

cannot be added to equal the combined LRS plant-wide impact at the same class I area 

because each impact may not have occurred during the same 24 hour period or at the 

same receptor location. 

The maximum visibility (deciview) improvement seen at either of the two Class I 

areas at any time over the 2001 to 2003 period is illustrated in Table 13. Again, the 

expected degree of visibility improvement for each control scenario for each unit was 

determined by the difference in the maximum visibility improvement for each receptor at 
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each of the Class I areas. Furthennore, the same methodology previously described for 

the LRS's cost-effectiveness in ($/dv) was used here for each unit. 

These maximum visibility improvements between the OF A scenario and the 

SNCR and SCR control scenario for each unit are less than that of the combine LRS 

analysis and are all less than 0.5 dv. The visibility improvements are summarized below. 

• Unit 1 improvements range from 0.21 dv to 0.36 dv 

• Unit 2 improvements range from 0.21 dv to 0.36 dv 

• Unit 3 improvements range from 0.20 dv to 0.36 dv 

The results again indicate that adding additional SNCR or SCR NO, control 

technology beyond the OFA scenario does not yield visibility improvement greater than 

0.5 dv at any Class I area. Based on the visibility improvement modeled and the total 

annual cost evaluated in the impact analysis stage of the BART process, the cost­

effectiveness for visibility improvement (annual cost per improvement in visibility, $/dv), 

was determined for each unit. The resulting cost for installation of SNCRs and SCRs for 

each unit is summarized below. 

SNCR 

• Unit I cost range is $33.3 million/dv to $35.6 million/dv. 

• Unit 2.cost range is $33.3 million/dv to $35.6 million/dv. 

• Unit 3 cost range is $32.3 million/dv to $37.4 million/dv. 

SCR 

• Unit I cost range is $42.2 million/dv to $54.5 million/dv. 

• Unit 2 cost range is $41.8 million/dv to $55.3 million/dv. 

• Unit 3 cost range is $42.5 million/dv to $57.9 million/dv. 

Attachment 5 contains a LRS plant and unit summary of the 98th percentile 

visibility impact for the three modeled technology scenarios and provides infonnation on 

the number of days above 0.5 dv threshold for each class I area. 

Additional Considerations 

The minimal visibility improvements discussed in this document for either the 

variable or constant ammonia cases do not merit the large capital expenditure required to 

install SNCR or SCR. In addition to the prohibitive cost associated with SNCR and SCR, 

there are other important reasons' that OF A should be considered BART for the LRS 
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units. First, these state-of-the-art combustion controls (OFA technology) were used to 

form the basis for the BART presumptive limits for NOx in the BART guidelines. 

Furthermore, these state-of-the-art combustion controls are currently being plauned by 

Basin for installation to meet BART requirements based on the findings of the September 

2007 analysis. Second, if one considers the potential visibility improvements gained 

(for either variable or constant ammonia) from utilizing the baseline scenario in lieu of 

the OF A scenario, the individual unit results again indicate that adding additional SNCR 

or SCR NO, control technology does not yield visibility improvement greater than 0.5 dv 

at either Class I area. Lastly, installation of SNCR or SCR requires ammonia to reduce 

NOx emissions. Specifically, in a SCR system, anunonia is injected into the flue gas 

stream just upstream of a catalytic reactor. The ammonia molecules in the presence of 

the catalyst· dissociate NOx into nitrogen and water. Any unreacted ammonia passes 

through the reactor and out the stack as ammonia emissions or ammonia slip. In an 

SNCR system, the ammonia is injected directly into the boiler to react with NOx. In 

either case, this additional ammonia would then be available to add to the ammonia 

background concentration, chemically react to form nitrates and sulfates, and potentially 

further increase the visibility impacts at the Class fareas. The additional ammonia slip 

was not considered in this analysis. Therefore, OF A should be considered BART -for 

NOx control on the LRS units. 

Conclusion 

As noted in this document, Basin's further investigation of additional refmements 

to the February 2008 BART CALPUFF air dispersion modeling analyses to yield more 

realistic regional haze impacts was warranted. These analyses included nitrate 

repartitioning and more realistic ammonia backgroUnd concentrations based on a year of 

monitored values in western Wyoming. The modeling refinements contained in this 

submittal supersedes the original February 2008 BART modeling analyses. 

The conclusions of this study re-iterate and support the overall fmdings of the 

February 2008 submittal that installation of an SNCR or SCR system at the LRS provides 

minimal visibility improvement and would require significant capital expenditure and 

modifications that will impact many areas such as air heater performance, S03 emissions, 

and ash handling. The results from the analyses further substantiate that the addition of 

these technologies does not yield a benefit nor meet the intended goal of BART. Both 

the total aunual costs evaluated and the cost-effectiveness ($/dv) are prohibitive for the 

SNCR and SCR technologies given the minimal improvements realized. 
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Therefore, given the minimal visibility improveinent to the two Class I areas in 

the BART analysis, the recommended BART NOx control for LRS is still the installation 

of an OF A system for all three units. 
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RH'BARTCD~lr"l Strategy RevIew 

All Feasible Techno!o ... 
NOI Control T.clm"lgglaB 

OV81f1re Air 101'A) System 
NowU," 
SNCRISCR H\'bIid (C.'(:ade) 
NewlNBwllllOFA 
Now UtE! with OI'A.ne! SNCR 
5810011\10 Cal.lytlc RBductlon (SeR) 

Notes: 

1. Dominant e<>I1lfol/; alii .nOW" In bold 
2. Air CO&IG a .. ,ln 2007f 
3. Incramental cost. ~re b(!sed on: 

a) New LNS with OrA Incremental co.t ",Ialive to OFA 
bi SCfllnoremental cost relative to N ..... LNB with OFA 

Table 6·1 
Impacl ...... ly.r' and Cost EffGcllvana~ Raaull. (lRS 1) 

'm"'" I Ex~d.ed 

I 
Expected Expetled 

Performam'" Emlss:l'OIl Eml8llion Emls,IOIl Capiro' 
. level' 

:~~~ =a~11 ~~~~~~n. Co,t. 
Iblmm8tu ,~. 

0.23 10,787,320 S,3B4 '" 5,3~6 

"" lo,787,mm 5,311'1 '" 15,8.11 .," 9,:362,887 4,651 1,639 44,969 
0.15 7,022,165 3,511 2,B()g 12,096 
0.12 5,617,732 2,SIJ9 3.511 43,441 
0.1)7 3,271,010 1,639 4,681 123,1nl 

TOlel InCl8manlal 
A~nuallZ1ld ~,' Cost 

11;::Sl 
Ef(e=n~eos 1"11~:n~·'· 

'" ... -
1,350 1,453 -
7,4a9 .. ~ -,." .0> '" 1,365 2,09S -

15,787 3,372 7,392 

Energy ""'"" ~~~~l Imp .. " 
'000$ 

, .. -- -
T1 -- -
T1 -
." , 
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RH_BART Control Str,lIeoy Rovlaw 

AI FOBJ;lble Technol" in 
NO. (;onl.ol Technologies 

Overfire Air (OFA) Systom 
NewLNB 
SNCR/SCR Hybrid (Cas~adGJ 
New LNB with OF'" 
New LNB with OFA and SNCR 
S.t.cUve Catolrtle Reducllon {SCR} 

Notes: 

1. Oeminent ",,"t.-ot. alii shawn in bard 
2. All ""$ts are In 2007$ 
3.1naelllanlal _Iullnl h.!O~ an: 

aJ New LNB with OFA tnaemanlat oos\ ,atawa to OFA 
h) SCR incremental cost ,.taliVe 10 N ...... LNB wIlli OFA 

T~ble 6-2 
Impacl Analy.T. and CostEjf<>Cl!veness R •• ults (LRS 2) 

Eml$.loo El<peoted 

I 
Expected E"P. cled 

PBrfOflTllln"" Eml .. 10ll E:miulOll EmT"lon Capllal 

nbl~~~tu ~~~\ ~\ R.ducUDl15 Ie:" 
" .. , S 

0.23 10,70B,:2BO 5,354 ." 5,316 
0.23 10,7C1a,2SO 5,SM ." 15,631 
0.20 S,311,54B 4,8.58 1,630 44,959 
0.15 ~,!lB3,661 3,492 2,7~3 ZZ,1l96 
0.12 5.586,929 2,193 3,492 43.441 
0.07 3,259.042 1,630 4,656 123,11l1 

I ''"' Annualized Cesl 
Coo, Efl'actlveM's 

1000S . $/lao) 

." '" 1,360 1,461 
7,429 4.559 
1,944 ... 
7,365 2,109 
15,787 3,391 

Ineremonl(ll 
Co" 

Etle<:~ven ... 
($/lon) 

--->0. -
~,433 

'M"" -.., 
Impacts 

_i~'=-L (1,OODS) 

". -
- -
IT -- -
IT -." , 
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Tabl~ll-3 

Impaoillnalyol. aod Cost Eff.ctlvanBS. Results (LRS 3) 

Emlulcn Exp8¢led Expected Expected 
Per!orlllllnoe Em~s1on EmissIon Emls,lcm CapllaJ 

Love, eo" U~"I~ RKlucllooi C<lsll 
All Feasible TitChnoTo la, IbfmmBlu ", 10", r ,~ .. , 1 OO~$ 

NO. Conlrol Technologies 
OV.rflre Air (OPA) SYltem 0.23 10,996,012 .. " .. , 5,326 
NewLNB 0.23 10,aaS,012 5,4U3 ." 15,631 
SNCRISCR Hybrid (Cs$Cade) 0.20 9,553,106 4,n7 1,672- 44,969 

o New LNBwlth OFA 0.15 1,164,8,29 3,582 2,866 22,096 
New LN5 wlth Of A and $NCR 0.12 5,731,Ssa '.- 3,582 43,441 
Selec!lve Cal~ryUc Reductloll (SCRJ 0.07 3,343,687 1,612 '.m 123,101 

NoI.$: 

[1 
1. DomInanli:on!ICls if. shown In bold 
2. M "'S!; ara In 2001$ 
3.lncromenkll costs are ba~Bd Oil' 

al N~w LNB with OFA InrJ~menl81 tom relative 10 OFA 
bl sen Incremenlal costtl'lTaliva 10 New LNB with OFA 

[1 

IJ 
L 

, , 
,~ 

) 

Total Inoremenlal 
AnnuollZlld Caol c~, 

C'" EfI~cllvaness Ef(eetlvanu. 
1000$ "00 3non 

'" '" -
1,360 1,424 -
7,429 4,44<\ -
'.'" '" '" " .. 2,056 -
15,787 3,305 1,245 

Energy Non-Air 
Imp.cls Imp.cls 
1 COOS 1.000$ 

'" -- -n -- -n -". , 
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BEPC Laramie River BART Engineering Analysis· Cost Analysis (Revision) • in 2007$ 

Technology: Overfire Air SYstem 

Cost Item 

CAPITAL COST 
DlrectCos\s 

Purchased equipment costs 
Complete OFA System 
CO Monitoring System 

Subtotal capital cost (Ce) 
Taxes 
FreIght 

Total purcl'lElsed equipment cost (PEG) 

Direct installation costs 
Foundation & supports 
Handling & erection 
Electrical 
Piping 
Insulallon 
Painting 
Demolition 
Relocation 

Total direct Instaliation costs (DIG) 

Site preparation 
Buildings 

Total direct costs (DC) '" (PEG) + (DIC) 

Indirect Costs 
Engineering 
Owner's cost 
Construction management 
Stafl-up and spare paris 
Performance test 
ConUngencies 

T otallndirect costs (Ie) 

Allowance for Funds Used During Construction (AFDC) 

Tolal Capltallnveslmenl (Tel) '" (DC) + (IC) + (AFDC) 

ANNUAL COST 
DlrectAnnual Costs 

Fixed annual cosls 
Maintenance materials 
Maintenance labor 

Total fixed annual cosls 

Variable annual costs 
Replacement power due to efficIency hit 

Total variable annual costs 

Tolal direct annual costs (DAC) 

Indirect Annual Costs 
Cost for capital recovery 

Tolal Indirect annual costs (IDAC) 

Total Annual Cosl (TAC) = (OAC) + (lOAC) 

$ 

$2,561,000 
$50,000 

$2,611.000 
$104,000 
$131,000 

$2,846,000 

$0 
$569,000 
$427,000 

$57,000 
$0 
$0 

$71,000 
$0 

$1,124,000 

$0 
$0 

$3,970,000 

$397,000 
$79,000 

$199,000 
$79,000 
$50,000 

$397,000 
$1,201,000 

$155,000 

$5,326,000 

$10,000 
$12,000 
$22,000 

$140,000 
$140,000 

$162,000 

$625,000 

Date: 51612008 

Remarks/Cost Basis 

vendor quote, 10/06 
B&V EsUma!e 

(CC) X 4.0,% 
(CC) X 5.0% 

(PEC) X 0.0% 
(PEC) X 20.0% 
(PEC) X 15.0% 
(PEC) X 2.0% 
(PEC) X 0.0% 
(PEC) X 0.0% 

. {PEC)X 2,5% 
(PEC) X 0.0% 

NfA 
NfA 

(DC)X 10.0% 
(OC)X 2.0% 
(DC)X 5.0% 
(DC)X 2.0% 
Engineering estimate 
{OC)X 10.0% 

[(OO)+(IC») X 6.00% 1 years {project time length} 

B&V cost estimate 
B&V cost estimate, 6 man weeks/yr 

Engineering esUmates, 0.2% efficiency drop, and 0.015 $!kWh 

(TCI) X 8.70% CRF a16% interest & 20 year I1fe 
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BEPC Laramie River BART Engineering Analysis - Cost Analysis (Revision) • in 2007$ 

Technology: New Low NOx Burners 

Cost Item 

CAPITAL COST 
Direct Costs 

Purchased equipment costs 
Complete new burners 

Subtotal capital cost (GC) 
Taxes 
Freight 

Total purchased equipment cost (PEG) 

Direct installation cosls 
Foundation & supports 
Handling & areclian 
Electrical 
PipIng 
Insulation 
PaInting 
Demolition 
Relocation 

Total direct inslallation costs (DIC) 

Sile preparation 
Bufldings 

Tolal direct costs (DC);;; (PEC) + (OlG) 

Indirect Costs 
EngIneering 
Owner'sCQs! 
Construction management 
Sl<:trl-up <:Iud :;pare parts 

Perfonnance test 
ConlingEmcies 

Tolallndirect costs (Ie) 

Allowance for Funds Used During Con;;tructlon (AFDC) 

Total Cap!tallnveslment (Tel) = (DC) + (IC) + (AFDC) 

ANNUAL COST 
Direct Annual Costs 

Fixed annual costs 
NfA 

Tolal fixed annual costs 

Variable annual costs 
NlA 

Total variable annual costs 

Total direct annual costs (D~C) 

Indirect Annual Costs 
Cost for capital recovery 

Tolal indirect annual costs (lDAC) 

Total Annual Cost {TAC)::: (DAG) + (IDAe) 

$ 

$8.446.000 
$8,446.000 

$338,000 
$422,000 

$9,206,000 

$0 
$1,841,000 

$921,000 
$0 
$0 
$0 

$230,000 
$0 

$2,992,000 

$0 
$0 

$12,198,000 

$610,000 
$244,000 
$610,000 
$244,000 

$50,000 

$455,000 

$15,631,000 

$0 
$0 

$0 
$0 

$0 

$1.360.000 
$1,360,000 

$1,360,000 

Date: 5/6/2008 

Remarks/Cost Basis 

vendor quale, 10/06 

(CC) X 4.0% 
(CC) X 5.0% 

(PEC) X 0.0% 
(PEC) X 20.0% 

(PEC) " 10.0% 
(PEC) X 0.0% 
(PEC) X 0.0% 
(PEC)X 0.0% 
(PEC) X 2.5% 
(PEC),X 0.0% 

NfA 
NfA 

(DC)X 5.0% 
(DC)X 2.0% 
(DC)X 5.0% 
(DC)X 2.0% 
Engineering estimate 
(DG) X 10.0% 

[(DC)_([C) X 6.00% 1 years (project time length) 

Similar annual costs as current LNB 

Similar annual costs as currentlNB 

(TC[) x 8.70% CRF at 6% interest & 20 year tife 
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BEPC Laramie River BART Engineering Analysis· Cost Analysis (Revision) • in 2007$ 

Technology; New Low NOx Burners with OFA System 

Cost Item 

CAPITAL COST 
DIrect Costs 

Purchased equipment cosls 
Complete new burners 
Complete OFA System 
CO Monitoring System 

Subtotal capital cosl (CO) 
Taxes 
Freight 

Tolal purchased equipment cosl (PEe) 

Direct installation cosls 
Foundation & supports 
Handling & areclicn 
Electrical 
Piping 
Insulallon 
Painting 
Demalillon 
Relocation 

Total direct inslallalion costs (DIG) 

Site preparation 
BuUdings 

Total direct costs (DC) '" (PEG) 1- (010) 

Indirect Costs 
Engineering 
Owner's cost 
Construction managemeni 
Start-up and spare parts 
Perfomiance test 
Contingencies 

Total indiract costs (IC) 

Allowance for Funds Used During Construction (AFDC) 

Tolal Capllallnvestment(TCI) '" (DC) + (IC) + (AFDC) 

ANNUAL 'COST 
Direct Annual Costs 

Fixed annual costs 
Maintenance materials 
Maintenance labor 

Tolal fixed annual costs 

Variable annual cosls 
- Replacement power due to efficiency hit 

Total variable annual costs 

Total direct annual cosls (DAC) 

Indirect Annual Costs 
Cost for capital recovery 

Total indirect annual costs (lDAC) 

Tala! Annual Cost (TAC) = (DAC) + (IDAC) 

$ 

$8,446,000 

$0 
$2,432,000 
$1,216,000 

$243,000 
$243,000 

$0 
$304,000 
$122.0'00 

$4,560,00.0 

$0 
$0 

$16,721,000 

$1,672,000 
$334,000 

. $669,000 
$334,000 
$50,000 

$1,672,000 
$4,731,000 

$644,000 

$22,096,000 

$10,000 
$12,000 
$22,000 

$0 
$0 

$22,000 

$1,944,000 

Date: 5/6/2008 

Remarks/Cost BasIs 

vendor quale, 10/06 
vendor quale, 10106 
ref. quote 

(CCIX 4.0% 
(CCIX 5.0% 

(PECIX 0.0% 
(PEC) X 20.0% 
(PECIX 10.0% 
(PECIX 2.0% 
(PECIX 2.0% 
(PECIX 0.0% 
(PECIX 25% 
(PECIX 1.0% 

NfA 
NfA 

(DCIX 10.0% 
(DC) X 2.0% 
(DCIX 4.0% 
(DCIX 2.0% 
Engineering estimate 
(DC) X 10.0% 

[(DC)+{IC)] X 6.00% 1 years (project lime length) 

8&V cost estimate 
8&V cost estimate, 6 man weeksfyr 

Engineering estimates, 0.2% efficiency drop, and 0.015 $/kWh 

(TCIIX 8.70% CRF at 6% interest & 20 year life 
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BEPC laramie River BART Engineering Analysis· Cost Analysis (Revision) ·In 2007$ 

Technology: New Low NOx Burners with OFA and SNCR 

Cost Item 

CAPITAL COST 
Direct Costs 

Purchased equIpment costs 
Complete new bUrners 
Complete OFA System 
Complete SNCR System 
Inlltal urea Inventory 
CO Monitoring System 

Subtotal capital cost (Ce) 
Taxes 
FreIght 

Total purchased equipmen.1 cost (PEe) 

Direct Installation cosh; 
Foundation & supports 
Handling & erection 
Electrical 
Piping 
Insulation 
Painting 
Demo!itlon 
Relocation 

Total direct installation costs (DIG) 

Site preparation 
Buildings 

Total dIrect costs (DC) '" (PEC)'" (DIG) 

Indirect Costs 
Engineering 
Owner's cost 
Construction management 
Start-lip and spare parts 
Performance lesl 
Contlngenc!es 

Tolallndlrect costs (IC) 

Allowance for F~nds Used During Construction (AFDC) 

Tola! Capltatlnves\menl (Tel) ': (DC) + (IC) + (AFDC) 

$ Remarks/Cost Beale 

$8,446,000 vendor quale, 10/06 
$2,561,000 vendor quale, 10/06 
$7,072,000 vendor quole, 101GB 

$B7,000 45,000 gal. urea Inltlallnvenlory 
ref. quote 

(CCIX 4.0% 
(GG) X 5.0% 

$598,000 (PECIX 3,0% 
$3,989,000 (PECIX 20.0% 
$2,991,000 (PEC) X 15.0% 

$399,000 (PEC) X 2.0% 
$199,000 (PEC) X 1.0% 

$0 (PEC) X 0.0% 
(PEC) X 2.5% 
(PEC) X 2.0% 

$0 NIA 
$0 NIA 

$29,017,000 

$2,902,000 (DC) X 10.0% 
$1,451,000 (DG) X 5.0% 
$2,902,000 (~C) X 10,0% 
$1,451,000 (DC)X 5.0% 

$100,000 Engineering esl1mate 
$4,353,000 (DCIX 15.0% 

$13,159,000 

$1,265,000 [(DC)+(IC)] X 6.00% 

$43,441,000 

Date: 5/6/2008 

1 years (project lime length) 

ANNUAL COST 
DlractAnnual Costs 

Fixed annual cosls 
Operating labor $107,000 1 HE and 

3.0% 
108,893 $lyr Fully.loaded labor rate 

Maintenance materIals and labor 
Total fixed annual costs 

Variable annual costs 
Replacement power due 10 efficIency hit 
Reagent 
AuxiIJary power 
Water 

.Tolal variable annual cosls 

Tolal dlrecl annual costs (DAC) 

Indirm::1 Annual Costs 
Cost for capital recovelY 

Talal indirect annual costs (IDAG) 

Talal Annual Gost (TAG) ': (DAG)" (IDAG) 

$871,000 (DC) X 
$97B,OOO 

$0 
$2,352,00D 

$77,000 
$179,000 

$2,608,000 

Engineering esi!mates, 0.2% efficiency drop, and 0.015-$/kWh 

$3,586,00D 

$3,779,000 
$3,779,000 

$7,365,000 

(TCIIX 

1,894 )b/hr and 315 $/1on 
648 kWand 0.015 $/kWh 
200 gpm and 2 $/1,000 gal 

8.70% CRF at 6% Interest & 20 year life 
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BEPC Laramie River BART Engineering Analysis M Cost Analysis (Revision) M in 2007$ 

Tllchnology: SNCRISCR Hybrid 

Cost Item 

CAPITAL COST 
Direct Costs 

Purchased equipment costs 
Reagent storage, handling, Injection & controls 
Complete SCR cost 
loilial urea inventalY 

Subtotal capital cost (CC) 
Taxes 
Freight 

Total purchased equipment cost (PEe) 

Direct installation costs 
Foundallon & supports 
Handling & erection 
Electrical 
Piping 
Insulation 
Painllng 
Demoillion 
Relocation 

Total direct Installation cosls (DIC) 

Site preparation 
Buildings 

Tola! direct costs (DC) '" (PEe) + (DIG) 

Indirect Costs 
Engineering 
Owner'soost 
Construction management 
Starl-up and spare parts 
Performance lesl 
Contingencies 

Total indirect costs (Ie) 

Allowance for Funds Used During Construction (AFOC) 

Total Capilal Inveslment (TCI) '" (DC) + (IC) -I- (AFOC) 

ANNUAL COST 
Oirect Annual Costs 

Fixed annual costs 
Operating labor 
Maintenance labor and materials 

Total fixed annual costs 

Variable annual costs 
Reagent 
Auxiliary and 10 fan power 
Waler 

Tolal variable annual co51s 

Total direct annual costs {OAG} 

Indirect Annual Costs 
Gost for capUal recovery 

Tolar Indirect annual costs ([OAC) 

Total Annual Cost (TAG) '" (OAe) + (IOAC) 

$ 

$7,000,000 
$13,077,000 

$67,000 
$20,144,000 

$806,000 
$1,007,000 

$21,957,000 

$2,196,000 
$2,19B,000 
$2,196,OaO 

$659,000 
$110,000 
$44,000 

$878,000 
$878,000 

$9,157,000 

$0 
$0 

$31,114,000 

$2,178,000 
$1,556,000 
$3,111,000 

$033,000 
$100,000 

$4,667,000 
$12,545,000 

$1,310,000 

$44,969,000 

$107,000 
$933,000 

$1,040,000 

$2,221,000 
$77,OaO 

$179,000 
$2,477,000 

$3,517,000 

$3,912,000 
$3,912,000 

$7,429,000 

Date: 5/812008 

Remarks/Cost Basis 

vendor quote, 10/06 
from ref. cost 
45,000 gal. urea Inltlarrnl/entary 

(CG) X 4.0% 
(CC) X 5,0% 

(PEC) X 10.0% 
(PEC) X 10.0% 
(PEC) X 10.0% 
(PEC) X 3.0% 
(PEC) X 0.5% 
(PEC) X 0,2% 
(PEC) X 4.0% 
(PEC) X 4.0% 

NJA 
NIA 

{DC)X 7.0% 
(DC) X 5.0% 
{DC)X 10.0% 
{OC)X 3.0% 
Engineering estimate 
(OG) X 15.0% 

[(OC)"'{IC)] X 6.00% 

1 FTE and 
(DC) X 3.0% 

(TCI) X 

1,894 Ib/hr and 
646 kWand 
200 gpm and 

8.70% 

1 years (project I1me length) 

106,893 $/yr Fully-loaded labor rate 

315 $/ton 
0.015 $/kWh 

2 $/1,000 gal 

CRF at 6% interest & 20 year life 

AQD LRS BART 
000233 



n 
n 
'l , , 

n 

i I 
n 

l ) 

~l 

r i 
I. J 

II 

: I' 
L" 

BEPC Laramie River BART Engineering Analysis· Cost Analysis (Draft) 

Technology: Selective Catalytic Reduction 

Cost Item 

CAPITAL COST 
Direct·Cosls 

Purchased equipment costs 
Anhydrous Ammonia System 
Expansion Joints 
SCR Reactor & Ductwork 
Catalyst 
Sonic Horns 
Hoists & Conveyors 
Elevator 
10 Fans 
Ash Handling 
NOx Maniloring System 
Electrical 
Piping 
Support Steel 
Instrumentation and Controls 

SubTotal capital cost (CG) 
Taxes 
Freight 

Total purchased eqUipment cost (PEC) 

Direct Installation costs 
Foundation & supports 
Handling & erection 
Electrical 
Piping 
Insulation 
Parnling 
OemolJUon 
Relocation 

Tolal direct Inslallatlon costs (DIC) 

Site preparation 
13uildings 

Tota1 direct cosls (DC) = (PE~) + (DIC) 

Indirect Costs 
Engineering 
Owner's cost 
Construction Management 
Start-up and spare parts 
Performance test 
Conlingencies 

Total Indirect costs (lC) 

Allowance for Funds Used During Construction (AFDC) 

ToU;1 Capitallnveslment (TCI) '" (DC) + (iC) + (AFDC) 

ANNUAL COST 
Direct Annual Cost 

Fixed annual costs 
Operating labor 
Maintenance materials and labor 
Yearly Emissions Test 
Catalyst Activity Testing 
Fly Ash Sampling and Analysis 

Total fixed annual costs 

Variable annual costs 
Reagent 
Auxiliary and 10 fan power 
Catalyst replacement 
Catalyst disposal 

Total variable annual costs 

Total direct annual costs (DAC) 

Indirect Annual Costs 
Cost for capital recovery 

Tolal indirect annual costs (IDAC) 

Total AIlnual Cost (TAC) = (OAe) + (IDAC) 

NOl( COSI Summary Rev OB04.x1s SCR 

$ 

.$2,481,000 
$1,887,000 
$4,871,000 
$4,487,000 

.$115,000 
$182,000 

.$1,200,000 
$6,334,000 

$176,000 
$440,000 

$2,398,000 
$822,000 

$4,723,000 
$1,309,000 

$31,425,000 
$1,257,000 
$1,571,000 

$34,253,000 

$11,988,550 
$11,988,550 ; 

$8,563,250 
$1,712,850 
$3,425,300 

$342,530 
$3,425,300 
$2,397,710 

$43,844,000 

$2,000,000 
.$500,000 

$80,597,000 

$5,642,000 
$4,030,000 
$8,060,000 
$2,418,000 

$100,000 
$12,090,000 
$32,340,000 

$10,164,000 

$123,101,000 

$107,000 
$2,418,000 

$25.000 
$5,000 

$20.000 
$2,575,000 

$1,030,000 
$414,000 

$1,057,000 
$1,000 

$2,502,000 

$5,077,000 

$10,710,000 
$10,710,000 

$15,787,000 

RemarksfCost Basis 

from ref. cost 
from ref. cost 
from ref. cost 
from vendor qu'ote 
from ref. cost 
from ref. cost 
from ref. cost 
B&VEstlmate 
from ref. cost 
from ref. cost 
from ref. cost 
from ref. cost 
from ref. cost 
from ret. cost 
from ref. cost 
(CC) X 4.0% 
(C<?) X 5.0% 

(PEC) x 
(PEC) X 
(PEC) X 
(PEC) X 
(PEC) X 
(PEC) X 
(PEC) X 
(PEC)X 

35.0% 
35.0% 
25.0% 
5.0% 
10.0% 
1.0% 
10.0% 
7.0% 

Enginearing estimate 
Engineering estimate 

(DC)X 7.0% 
(DC)X 5.0% 
(DC)X 10.0% 
(DC)X 3.0% 
Engineering estimate 
,(DC) X 15.0% 

[(DC)+(IC)] X 6.0% 

1 FTE and 
(DC)X 3.0% 
Engineering estimate 
Engineering estimate 
Engineering estimate 

581 Iblhrand 
4,769 kWand 

199 m3and 
213,993 Iband 

(TCI) X 8.70% 

Page7of7 

'-, 

Dete: 5/6/2008 

roc 3 year(s) 

106,893 $/yr Fully"loaded labor rate 

450 $/ton 
0.015 $/kWh 
5,300 $/m3 3yr replacement rate 

10 $/lon 

CRF at 6% interest & 20 year life 

P~fMd: 5J5J2008 10:1l3AM 
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NH3 Monitoring in the Upper Green River Basin, 
Wyoming 

Extended Abstract #70 

John V. Molenar! 
H. James Sewell' 
Jeffrey Collett' 
Cassie Archuleta! 
Mark TIgges! . 
Florian M. Schwandner' 
Suresh Raja' 

! Air Resource Specialists, Inc., 1901 Sharp Point Drive, Suite E, Fort Collins, CO 
80525 
2 Shell Exploration & Production Company, 4582 S. illster Street Parkway, Snite 500, 
Denver, CO 80237 
3 Department of Atmospheric Science, Colorado State University, Fort Collins, 
CO 80523-1371 

Principal Contact: John V. Molenar, Vice President, Air Resource Specialists, Inc., 
1901 Sharp Point Drive, Suite E, Ft. Collins, CO 80525, phone: 970-484-7941, Fax: 970-
484-3423, email: imolenar@air-resource.com 

INTRODUCTION 
A long tenn ammonia air monitoring study was initiated in December, 2006 at Boulder, 
Wyoming, by Shell Exploration & Production Company. The monitoring site is located 
in the Upper Green River Basin of western Wyoming southwest of the Bridger 
Wilderness, a Class I area with an IMPROVE monitoring site. This region is 
experiencing rapid development of natural gas resources with possible consequences of 
air quality and visibility impacts in the Bridger Wilderness. Only very limited short-tenn 
ammonia measurements were previously available for this region. Thus, tbe primmy 
objective of this study is to characterize the local airborne nitrogen budget and, 
specifically, ammonia concentrations and concentrations of related gases and particles in 
the basin for at least one year. Gaseous and particulate samples were collected twice'per 
week (integrated 3-day and 4-day samples) beginning December 15,2006 and will 
continue through May, 2008. Samples were collected using coated annular denuders and 
stacked filters in a University Research Glassworks (URG) sampler. The Colorado State 
University Atmospheric Science Department provided laboratory-prepared sample media 
and laboratory analysis for gas and particle concentrations. Standard operating 
procedures, technical instructions, and a QAPP for instrument installation, operation and 
maintenance, field sampling, filter handling, and laboratory analyses were developed and 
submitted to Wyoming Department of Environmental Quality - Air Quality Division. 

AQD LRS BART 
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MONITORING AND LABORATORY PROCEDURES 
Table 1 lists the instrumentation used and parameters monitored for the Boulder station 
annnonia study, Scheduled denuder and filter changes were performed twice per week, 
providing three- to four-day integrated samples for the duration of the study period. 
Ammonia concentrations and the concentrations of related gases and particles were 
measured using coated armular denuders and stacked filters in a University Research 
Glassworks (URG) sampler. The Colorado State University Atmospheric Science 
Department provided laboratory-prepared sample media and laboratory analysis for gas 
and particle concentrations. The two-charmel sampler operated continuously, the air flow 
being controlled by a progrannnable pump with a mass flow sensor, and subsequent 
volumetric gas flow meters. The sampling method requires that metered air is drawn 
through a PM2., size selective cyclone inlet, then through a series of annular denuders and 
filters. The denuders are coated with an acid-based substrate to collect annnonia gas. A 
second denuder is coated with Nael to collect gaseous nitric acid. A subsequent stack of 
two filters is utilized to collect particles. A nylon filter collects particles, and a second, 
acid-coated filter collects any annnonia volatilized from collected, semi-volatile 
annnonium nitrate particles. The nylon filter retains any nitric acid volatilized from 
particulate annnonium nitrate. Following field exposure, the denuders, filters, and field 
data logs are sent to the CSU lab for chemical extraction and analysis. Total sampler air 
volume from the data sheet is then used to calculate concentrations. 

Table 1: Instrumentation and Monitored Parameters Boulder, Wyoming Air Quality 
Station 

Component 

GASEOUS 

PARTICULATE 

RESULTS 

Instrumentation 

URG denuders 

URGstacked 
filters 

Height 

l.5m 

I.5m 

Frequency 

3-dayand4-
day mtegrated 
samples . 

3-day and 4-
day mtegrateq 
samples 

Parameters 

Ammonia, NH3 
Nitric Acid, 
RNO, 

Ammonium, NH: 
Nitrate, NO,­
Sulfate, sol-

Figure I shows a timeline of gaseous and particulate concentrations from December, 
2006 - January, 2008. Figure 2 plots the monthly mean, standard deviation, minimum, 
and maximum NH3 concentrations. NH, concentrations are below I ppbv for most of the 
monitoring period, peaking in August, 2007 at 1.55 ppbv. Elevated NH3 concentrations 
here coincide with warmer sunnner months. A shift in annnonium nitrate equilibrium 

. toward the gas phase might be responsible for some of this increase, although an increase 
in total reduced nitrogen (ammonium + annnonia) during the summer suggests that 
changes in emissions and or transport patterns are likely also important contributors. 
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Figure 1: Timeline of measured concentrations. 

'1 • "~~~-.---,~~~----~--~~--WH~~HH 

1"~~rH~~~~--~HrL-furr~~~ 
§~~~gS$~~~~~~~~~s~~~~~~~~~~~~~g~~s~~~~~~~ 

date 2006·2DDB 

Fi ure 2: 2007 monthl and annual NH concentration data 

0.0 +-" ... --.....,.... 

J F M A M J J A s o N D 

Three events stand out: high particulate NO,' in January, 2007; high palticulate NO,' in 
December, 2007 - January, 2008; and high particulate SO,' in May, 2007. The winter 
nitrate events are interesting as all reduced nitrogen is present as particle phase . 
ammonium while considerable nitric acid remains in the gas phase. Sufficient increases 
in ammonia emissions during this period could have substantially increased PM2.5 
concentrations by further ammonium nitrate fonnation. 

Figure 3 displays a timeline of the gas/particle partitioning ofthe measured species for 
the same time period. Particulate sulfate (red) dominates throughout most of the year. 
Reduced nitrogen (green bars) shows an increased partitioning into the gas phase 
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(ammonium to ammonia). Increased particulate nitrate in late winter is consistent with 
thermodynamic expectations: ammonium nitrate formation is favored at lower 
temperatures and higher relative humidities, 

Figure 3: Timeline of gas-particle partitioning, Concentrations in )lg/m3
, top bar 

stack for particles, bottom bar stack for gases, 

RESIDENCE TIME ANALYSIS 
Ammonia weighted back trajectories were used to identify the geographic source areas 
most likely to contribute to the highest measured ammonia days. Back trajectory analyses 
use interpolated measured or modeled meteorological fields to estimate the most likely 
central path over geographical areas that provided air to a receptor at a given time. The 
method essentially follows a parcel of air backWard in hourly steps for a specified length 
oftime. Back trajectories account for the impact of wind direction and wind speed on 
delivery of emissions to the receptor, but do not account for chemical transformation, 
dispersion and deposition of emissions. 

Trajectories were generated using the Hybrid-Single Particle Lagrangian Xntegrated 
Trajectory (HYSPLIT) model developed by the National Oceanic and Atmospheric 
Administration's (NOAA) Air Resources Laboratory CARL), Detailed information 
regarding the trajectory model and these data sets can be found on NOAA's Web site 
Chttp://www,arLnoaa.gov/readylhysplit4,htrn1), 

Three back trajectories were generated per day, including end times of 0400, 1200 and 
2000 MST and end heights of 100 m. Each hourly point along a 72-hour back trajectory 
paths was weighted with measured aromonia concentration corresponding to the end date 
of each trajectory. The ammonia values associated with each hourly point were then 
summed and normalized into 1/4 degree horizontal grid cells oflatitude and longitude. 

Figure 4 presents a map of the ammonia weighted residence time for 2007. One path of 
influence follows the Snake River from Idaho to the Columbia River. This is a significant 
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agriculture region. Another distinct path is from the South-Southwest along I-IS to 
Nevada then along the Colorado River. In addition to the major urban areas of Salt Lake 
City and Las Vegas, this pathway includes the agriculture regions of Star Valley north of 
Salt Lake City, the Wasatch front in Utah, and the Colorado River Basin. 

Figure 4: NH3 weighted residence time analysis for 2007. 

SUMMARY 

Bcu1dar, WY 
2007 

NH3 Weighted 
R08r~.nce Time (%) 

<0.01 
0.01-0.02 
0.02 - 0.04 

[:] 0.04 _ 0.08 

• 0,08-0.16 
• 0.16-0.32 

. • >0.32 

A 15 mouth study in the Upper Green River Basin of Wyoming measuring a=onia and 
nitric acid gasses and a=onium, nitrate, and sulfate particles has been completed. The 
results of the study show that in the Upper Green River Basin of Wyoming 2007 
a=onia concentrations are (\) quite variable throughout the year, (2) are below or near 
detectable limits from December through late February, (3) peak in August at 1.55 ppbv, 
and (4) have a yearly mean value of 0.24 ppbv. NH3 weighted Residence time analySis 
indicates that much of the NH3 present is transported into the region fi'Om agriculture and 
urban areas to the West and Southwest. 
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Attachment 3 
• Summary 
• BRAVO ion Paper dated May 2004 
o LA WFR fmal report dated August 22, 2003 
o Ammonia Data 
o Addendum to Modeling Protocol for the Proposed Desert Rock Generating 

Station dated January 2006 
o Colorado Department of Public Health and Environment­

CALMET/CALPUFF Modeling Protocol dated October 24, 2005 (Amlnonia 
Sensitivity Tests) 
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. Summary 

The attached documents were sent to the National Park Service in cop.jnnction with their 
approval of the monthly ammonia data for the Desert Rock aod the Toquop PSD projects, 
One document is a modeling protocol addendum for Desert Rock project that explains 

the procedure; it was provided to the reviewing agencies on January 19, 2006, The 
ammonia data used as part of the justification is also attached, along with two papers 
discussing measurement techniques for Big Bend aod Graod Caoyon National Parks, . 
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BRAVO ion Paper dated May 2004 
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Aerosol Ion Characteristics During the Big Bend Regional 
Aerosol and Visibility Observational Study 

Taehyoung Lee, Sonia M. Kreidenweis, and Jeffrey L. Collett, Jr. 
Department of Atmospheric Science, Colorado State University, Fort Collins, Colorado 

ABSTRACT 
The ionic compositions. of particulate matter with aero­
dynamic diameter .::52,5 ~m (PM2 •S) and size-resolved 
aerosol particles were measured in Big Bend National 
Park, Texas, during the 1999 Big Bend Regional Aerosol 
and Visibility Observational study, The ionic composition 
of PM2•5 aerosol was dominated by sulfate (SOl-) arid 
ammonium (NH4 +). Daily average sol- and NH4 + con­
centrations were strongly correlated (R2 = 0.94). The mo­
lar ratio of NH4 + to S042

- averaged 1.54, consistent with 
concurrent measurements of aerosol aCidity. The aerosol 
was observed to be comprised of a submicron fine mode 
consisting primarily of ammoniated S042- and a coarse 
particle mode containing nitrate (N03 -). The N03 - ap· 
pears to be primarily associated with sen snlt particles 
where chloIide has been replaced by N03 -, although 
formation of calcium nitrate (Ca(N03):z) is important, 
tool. on several days. Size-resolved aerosol composition 
results reveal that a size cut in particulate matter with 
aerodynamic diameter ::;1 j.1ffi would have provided a 
much better separation of fine and coarse aerosol modes 
than the standard PM:u size cut utilized for the study. 
Although considerable nitric acid exists in the gas phase 
at Big Bend, the aerosol is sufficiently acidic and temper~ 
atures sufficiently high that even significant future reduc· 
tions in PM2 .5 S042

- are unlikely to be offset by formation 
of particulate ammonium nitrate in summer or fall. 

IMPLICATIONS 
Aerosol particles in Big Bend National Park during summer 
and fall include an external mixture of submlcron, acidic 
partially ammoniated 804 2~ particles and supermicron so­
dium nitrate or Ca{N03b·particles. The NOa - is present as 
a result of reactions of riitrfc acid or its precursors with sea 
salt or soil dust. The division between the two aerosol 
modes Is at -1 ",m, such that PM2,5 samples Include a 
significant part of the ooarse mode tail. The acidity of the 
80/- aerosol and the Importanoe of sodium nitrate and 
Ca{NO:J2 particles should be considered when examining 
aeroso) hygroscopicity and aerosol contributions to re­
giona! haze. 

Volume 54 May 2004 

INTRODUCTION 
The Big Bend Regional Aerosol and Visibility Observa~ 
tional (BRAVO) study was conducted in the region sur~ 
rounding Big Bend National Park during 4 months from 
July to October, 199~. Despite its remote location, Big 
Bend National Park frequently experiences poor visibility 
caused by long·range pollutant transport. 1 Big Bend Na· 
tiona! Park, located on the Rio Grande River on the Texas­
Mexico border, is designated a Class I area.2,3 The Inter­
agency M~JTIitoring of Protected Visual Environments 
(IMPROVE) network and earlier networks have included 
measurements at Big Bend since 1982. 

A 1996 study found that sulfate (SO/-) was the ma­
jor contributor to fine particle mass and the largest can· 
tributor to visi"Qility degradation in Big Bend National 
Park.4 The highest fine particulate S042 - concentrations 
were observed in summer and autumnj however, no in­
fonnation was available from this earlier study regarding 
the size distribution or acidity of the So.,/- aerosol. The 
size of the SO/- particles has ~ sqong effect on their 
light-scattering efficiency. Likewise, the acidity of the 
SO l- aerosol strongly affects its hygroscopicity and, 
henc~, the amount of water on 'the particles at a given 
humidity, More acidic forIDs of S042

- (e.g" ammonium 
bIsulfate I,NH3 HS04 J, letoVicite, or sulfuric acid [H2S04]) 
take up liquid water at much lower relative humidities 
than ammonium sulfate (NH4hSOJ,S-7 Addition of wa~ 
ter to SOl--containing particles is an important factor 
governing their masses and scattering efficiencies and" 
therefore, their impact on visibility degradation. 

Organic, carbon and soll~derived aerosol particles 
were observed to contribute significantly to visibility deg· 
radation in Big Bend National Park as well, although their 
contributions were typically much smaller than that ob· 
served for So./-,1 The highest contributions of organic 
carbon are observed during the spring when agriculture· 
related biomass burning in Mexico is suspected to be a 
primary source,4,8 The presence of soil and dust particles 
was associated with local emissions as well as with sus­
pected Saharan dust episodes in July and August.4 

To improve understanding of the visibility~degrading 
properties and sources of aerosol particles in Big Bend 

Journal olthe Air & Waste Management Association 5se; 
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National Park, the 4-month BRAVO study was conducted 
during summer and fall 1999. As part of BRAVO, a series 
of special aerosol characterization studies was conducted 
in the park itself to provide detailed information about 
the physical and chemical properties of the aerosol parti­
cles. These included a determination of the particle size 
distributiOfl,9 ·characterization of the organic composition 
of the aerosol,10 and a detailed investigation of aerosol 
ionic chemical composition. The objective of this work is 
to examine the aerosol ionic chemical composition, fo­
cusing on examination of aerosol acidity, major ion con­

. centrations in particulate matter with aerodynamic diam-
eter !'SZ.5 ~ (PMz . .J, and aerosol ion size distributions. 

EXPERIMENTAL PROCEDURES 
The BRAVO study (www2.nature.nps.gov/ait/studies!bravo/ 
index.hbnl) was conducted during July I-October 31, 
1999. A network of ~40 sites was used to measure aerosol 
properties following the IMPROVE protocol. More de­
tailed measurements of aerosol composition were con­
ducted at the K-Bar ranch site inside Big Bend National 
Park 

Concentrations of aerosol Ions at the K-Bar site were 
measured in daily 24-hr PM2 .s samples collected with an 
annular denuder/filter-pack system manufactured by 
URG. Ambient air was drawn through"a cyclqne (D.so = 
2.5 /-Lm) and through two coated annular denuders (242 
mm) in series to collect the gaseous species of interest. 
Sodium chloride (NaGI [0,1%]) coated the first denuder 
for collection of nitric acid (HN03), and the second de­
nuder was coated with O.S g citric acid in SO mL of meth­
anol to collect ambIent ammonia (NBs). Pre-filter collec­
tion of NH3 helps preserve acidic aerosol samples. II The 
remaining airstream was then filtered through 47-mm 
diameter Teflon and nylon filters in series. The Teflon 
filter (Gelman TefLo, 2-lJ.m pore size) was used to collect 
particulate matter (PM). The nylon membrane filter 
(Gelman Nylasorb) was used to capture any HN03 vola­
tilized from PM on the Teflon filter. Samples were col­
lected from 8:00 a:m. to 8:00 p.m. central daylight time 
with a nominal flow rate of 10 L/min. Flow was controlled 
by a mass flow controller and the actual sample volume 
was monitored using a dry gas meter with appropriate 
correction for system pressme drop. Two URG systems 
were operated to pennit rapid daily sample changeover, 
collection of replicate samples (on selected days), and 
regular collection of system blanks. 

Daily 24-hr Impactor samples were also collected us­
ing a Micro-Orifice Uniform Deposit Impactor (MOUDI). 
The largest eight stages of the MOUDr were used, corre­
sponding to the following aerodynamic diameter size 
ranges: 18-10 /kID, 10-5.6 ).LID, 5.6-3.2 !LID, 3.2-1.8 f.Lffi, 

1.8-1 fWl, 1-0,56 fWl, 0,56-0.32fWl, andO,32-0,18 ~m, 

586 Journal of the Air & Waste Management Assocfation 

Additionally, there was an initial stage that collected 
particles with aerodynamic diameter >18 J.L1ll. The 
MOUDI stages used in the study were selected to provide 
good coverage of the expected ion size distributions and 
to avoid potential clogging issues associated with use of 
stages with smaller size ruts. Samples were collected on 
greased aluminum foil impaction surfaces12 to reduce parv 

tiele bounce. The MOUDI impactor was operated 6 days 
each week, with the seventh day used fO,r impactor clean­
ing and collection of a sampler blank. 

Analysis of the collected aerosol samples focused on 
quantification of the main ionic spedes: chloride (Cl-), 
SOi-, nitrate (N03 -), sodium (Na+), ammonium (NH4 +), 
potassium (K+), magnesium (Mg2+), and calcium (Ca2 +). 

PMz.s and denuder samples were extracted and analyzed 
on-site to minimize potential artifacts (e.g., neutraliza­
tion) associated with sample storage and Shipping. Sam­
ples were loaded and unloaded in an NH3-free glove box 
to further minimize potential artifact neutralization. Ion 
analysis was completed on two Dionex DX-SOO ion chro­
matographs set up in a trailer at the field site. A Dionex 
AG4A-SC guard column, an AS4A-SC separation column! 
and a self-regenerating anion suppressor were used to 
measure anion concentrations. Cations were measured 
using a Dionex CG12A guard column~ a CS12A separation 
co~umn, and a self-regenerating cation suppressor. Detec­
tion was by conductivity in both cases. Both ion chro­
matographs were calibrated daily using a series of stan­
dards prepared from analytical-grade salts. Replicate 
injections and analysis of independent National Institute 
of Science and Technology-traceable standards were used to 
establish measurement predsion and accuracy. 

PM2.5 and denuder samples were generally extracted 
twice per weeki with cation and anion analyses usually 
conducted once per week. Denuders were extracted with 
10 mL deionized water freshly prepared on-site. The ny­
lon membrane filter was extracted using 6 mL of jon 
chromatographiC anion eluent {1.8 mM sodium carbon­
ate (Na2 COa)/1.7 mM NaHC03). Each Teflo filter was 
extracted with 5.85 mL of 10-4 N perchlori~ acid (HCI04) 

solution with 150 /loL of ethanol added fust to wet the 
filter. pH measurements (Orion model 2S0A portable pH 
meter equipped with a Ross Sure-Flow combination pH 
electrode calibrated with pH 4 and 7 buffers and a series of 
H2S04 solutions) of the PM2 . .s extracts were made imme­
diately after extraction to measure strong aerosol acidity. 
The background acidity from the HCI04 extract solution 
inhibits dissolution of carbon dioXide (CO:0 and other 
weak acids to permit measurement of sample strong acid­
ity. The hydrogen ion (H+) concentration of a filter blank­
was subtracted from each filter extract concentration to 
determine the aerosol strong acidity contribution. 
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Figure 1. llmelines of major PM2.5 ion concentrations. The elTOr bars represent measurement precision (1 standard deviation). 

MOUDI samples were stored frozen until later analy­
sis in the laboratory at Colorado State UniverSity. Samples 
from 41 study days (Plus several blanks) were analyzed. 
This subset of sample periods was selected based on inter~ 
esting PM2 .S aerosol composition measurements (e.g., 
high SO,/-, high N03 -, and suspected seaMsalt days) and 

other BRAVO study results (particle size distributions and 
thermodynamic modeling studies). MOUDI impactor 
substrates were extracted by sonication in deionized water 
(HCI04 was not n~eded because acidity measwernents 
were not made on these samples) and analyzed using the 
same ion chromatograph systems and approaches outM 

lined previously. 
Analysis of sample replicates and blanks permitted 

establishment of measurement precision and detection 
limits. Precisions for the major measured aerosol species 
(N03 -, 50/-, :NH4 +, and H+) were good with relative 
standard deviations (R5Ds) in the range of 3-5%. RSDs for 
trace ~erosol ions were higher, ranging from 12 to 23%. 
RSDs for replicate denuder measurements of HN03 and 
NH3 were each 9%. RSDs for replicate sample analyses of 
MOUDI extracts were all below 6%. 

PM2 .S N03 - concentrations are reported as the sum 
of N03 - measured on the· Teflo and the backup ny­
lon filter. Further details of all sampling and analysis 
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protocols, including copies of study Standard Operating 
Procedures are presented by Lee and Collett.13 

RESULTS AND DISCUSSION 
Study time1ines of the 'major PM2 .5 ions and a statistical 
·summazy of concentrations .of PM2 .S ion components and 

gases are presented in Figure 1 and Table 1, respectively. 
sol- and NH.j. + were the dominant ionic species in daily 
PM2 .S, with smaller contributions from N03 -, Na+, and 

Table 1. StaHs!ical summary of PM2.5 and gas compositions (f.I4Im~ measured 
using the URG sampler. 

SPBlliBS 

HNO, (9) 
NH, [9) 
a-wi 
SOi- (P) 
No,- (p) 

Na+ (P) 

NH4+ (p) 
K+ (p) 
Mg2+ (p) 

ca2+ (P) 

W (P) (nmollm3) 

Mean Min Max Standard Deviation 

0.545 1.555 0.084 0.341 
0.156 0.003 0.624 0.131 
0.033 0.002 0.177 0.029 
2.391 0.289 8.568 1.751 
0.159 0.Q15 0.451 0.093 
0.063 0.002 0.234 0.047 
0.651 0.102 2.037 0.415 
O.Q1S 0.002 0.055 0.011 
0.013 0.001 0.052 0.012 
0.082 0.D03 0.329 0.068 

13.08 0 75.56 14.27 
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other species. S042
- concentrations were highest in the 

period from AUgust to October} reaching as high as 8.5 

,...g/m3
• Daily average sol- and NH4 + concentrations were 

strongly correIa_ted (Rz = 0.94) as shown in Figure 2. PM2.5 
N03 - and S042 - concentrations showed little correlation 
CR' = 0,05), 

The aerosol was usually acidic} with an average PMz.s 
NH4 + to 504 2.- molar ratio of 1.54 (standard deviation of 
0.3). The ratios of NH4 + to sol- showed a trend consjs~ 
tent with the aerosol acidity measurements (see Figure 3). 
A high correlation between S042

- and H+ was observed 
(R2 == 0.9) as shown in Figure 4. The average acidity 
measured during BRAVO wa~ 13 nnlOl H+/m3 with a 
range of 0-75.6 nmal/rn3 . These values are similar to 
aerosol addities measured in previous midwestern U,S. 
studies in Portage, WI (average = 8 nmol/m3, range = 
0-78 nmol/m3

), St. Louis, MO (10, 0-122 nmol/m3), and 
Chicago, IL (7.7, 0-78 nmol/m3),14-17 but somewhat 
lower than measured at eastern U.S. sites in Kingston, 1N 
(3~.1, 0-290 nmol/m3) and BostOD, MA (17.9, 1.3-84 
nmol/m3).18,19 The most acidic BRAVO aerosol was ob~ 
served during August, September, and the beginning of 
October, with 24Rbr average concentrations in the range 
of 40- 80 nmol/m3 of H+ on several days. 

Both N03 - and NH4 + can partition between the gas 
and particle phases. The sum of gaseous NH3 and partic~ 
ulate NH4 + comprise N in the minus three oxidation state 
(N(~III». Likewise, the sum of gaseous RN03 and particR 
ulate N03 - comprise N(V). N(V) and N(-III) were found to 
exhibit quite different distributions between the particle 
and gas phases (see Figure 5). The average ratio for 
HNO,(g)IN(V) was 0.73 and for NH,(g)/N(-III) was 0,22, 
(These ratios do not reflect N03 - or NH4 + contained in 
particles with aerodynamic diameters larger than 2.5 j.Lrh.) 

200 

150 

1; R2 "'O.94 

~ • c 
<;; 

100 

:J: 
~ 

50 

50 

" " , 
# 

100 

[SOll naq/m3 

150 200 

Figure 2. Relationship between NH4 + and 804
2- concentratkms in 

BRAVO PM2.5 aerosol. . 
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Figure 3. T1melines of the molar raoo of NH4 +/80/- and the PM2•5 

H+ concentration, As reference, horizontal lines are included at N~ + / 
804

2
- molar ratios of 1, 1,5, and 2 corresponding to the compositions 

of (NH4)2S04' letovlc::ite, and NH4HS04• respecUvely. 

The implication is that most of the available N(~II1) has 
been taken up into particles} while the majority of N(V) 
remains in the gas )hase, representing potential for for R 
mation of additional particulate N03-. 

Back trajectory an.alysis rev~aled tha.t days with high 
HN03 concentrations featured quite different transport 
from days with high PM2.5 N03 -, High HN03 days were 
generally also high S042- days and typically featured 
transport from a sector extending eastRsouilieast to northR 

east of Big Bend National Park. High PM2 .5 N03 - ~ays, in 
contrast/ typically featured transport from the southeast 
and across the Gulf of Mexico. These transport differences 
suggest that PMz.s NOs - concentrations are governed not 
by HN03 availability but by some other factor that proa 

motes N03 - particle fonnation. 
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Figure 4. Relationships between H+ and sol- and between H+ and 
excess 804

2
- in BRAVO PM2 .5 aerosol. 
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Comparison of PM2 •S Na+ and Cl- concentrations 
(see Figure 6) reveals that the observed CI-/Na+ equiva­
lent ratio (average -0.33) is much lower than expected for 
sea salt (-1.16).20 The combination of apparent CI- loss 
from sea salt and the observation that PM2 .S N03 - con­
centrations peak during periods with transport from the 
Gulf region, suggests that HN03 reaction With sea salt is 
important. Indeed, if we examine the daily ratios of the 
sum ofPM2..s N03 - and CI- to PM2 .s.Na+, it is found that 
on many days they fall close to the ratio expected ill aged 
sea salt (see Figure 6). This is consistent with the reaction 
of HN03 with sea salt, resulting in a 'stoichiometric loss of 
volatilized hydrochloriC acid.21 The -correlation between 
N03 - and Na+ is moderate (R2 = 0.64), furtheI suggesting 
the presence of sea salt aerosol as an important precursor 
to particulate N03 - formation in this environment. A 
weaker correlation was observed between NOa - and Ca2 + 
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Figure 6. Relationship between Na+ and CI- and between Na+ and 
the sum of NOa - and 0-. 
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(RZ = 0.33), suggesting that RN03 condensation onto 
dust partides might also exert some influence on aerosol 
N03 - formation. Occurrence of this reaction can account 
for why s~melatios of(N03 - + CI-) to Na+ fall above the 
sea salt line. This becomes clearer if the data are replotted 
as shown in Figure 7. Here, the observed ratio of (CI- + 
N03 -)/Na+ is compared with the expected CI-/Na+ sea 
salt ratio (shown as a horizontal line) as a functio.n of the 
observed Caz+/Na+ ratio. When the Caz+jNa+ ratio is 

high, indicating a greater presence of dust than sea salt, 
the (N03 - + CI-)/Na+ ratio tends to fall well above the 
sea salt ratio line, indicating that much more N03 - is 
present than can be accounted for by HN03 reaction with 
sea salt. Presumably, tbls -reflects formation of Ca(N03)z 

.or other HN03~dust reaction products. Recent laboratory 
tests22 have demonstrated that reaction of HN03 with 
CaCOa particles occurs with a timescale on the order of 
hours1 even at relative humidities as low as 17%. When 
the Ca2+ fNa+ ratio is lower than ~3, indicating increased 
presence of sea salt (relative to dust), the points mainly 
fall close to the line, indicating that most N03 - probably 
is associated with reacted sea salt particles. 

Further insight into the properties of BRAVO aeIosol 
N03 -, as well as other species, is possible through exam~ 
ination of the MOUDl impactor results, Figure 8 depicts 
the average measured size distributions for SO., 2-, NH., +, 

N03-, Cl-, Na+, K+, Mg2.+, and Ca2 +. These average 
distributions are representative of the general features of 
the distributions measured on the 41 selected MOUDI 
a!1alysis daysj although observed concentrations of the 
different ions changed (sometimes significantly) from day 

30 
D 

25 

'~ 20 

~ 
0 15 z D D + ... d' 2- 10 

D 

5· ",'ll "B 
~'" I1D P, III 

D 
D 

0 
0 5 10 15 20 25 30 

Ca2+/Na+ 

Figure 7. Comparison of the ratio of (N03 - + CI-VNa+ with the sea 
salt CI-/Na+ ratio (imicated as horizontal line) as a function of the 
C!i2+ INa+ ratio, The figure does not include one sample at a Ca2+ INa+ 
railo of 51, which also falls well above the sea salt ratio line. Writs used 
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to day. Integrated results for the submicron aerosol spe­
cies (NH4 + and SO/-) from the appropriate stages of the· 
MOUDI impactor show excellent agreement with PM2,s 
concentrations measured using the URG sampler/ provid­
ing confidence in the quality of the two d;;tta sets. A direct 
comparison is not possible for the other species, which are 
distributed over a broader size range, becau,se of the lack 
of matching size cuts between the PM2 .S sampler and 
MOUDI impactor, where the closest size cut is at 3.2 11m. 

The MOUDI sol- aI)d Nl4 + size distributions exhibit 
very similar shapes/ with a submicron mode typically 
peaked at 0.4-0.5 j.LIIl aerodynamic diameter. NOs -, by 
contrast, is found almost exclusively in a coarse particle 
mode, with a characteristic mode diameter of ~4-5 ILm. 
(There are some days near the end of October where a small 
fine particle mode of what appears to be NH4NOa was also 
observedi the presence of NH4N03 during this period is 

consistent with the observation that the NH4 + ISO/- molar 
ratio climbed slightly above 2 (see Figure 3). The average 
NOs - size distribution has a shape very similar to the size 
distributions of sea salt components Na+ and Cl-, further 
supporting the interpretation that particulate NOa - in 

BRAVO was formed primarily as a result ofHNOa (or other 
precursor nitrogen spedes) reaction with sea salt particles. 
Several days, however, were observed when the amount of 
NOs - found in coarse particles considerably exceeded the 
amount of Na+. On these days, sufficient Ca2+ was present 
to account for the NOa -, consistent with the analysis pre­
sented in Figure 7. The bimodal nature of the average K+ 
distribution is also interesting. Individual day samples in the 
.first half of the study tended to contain mostly coarse-mode 
K+J while distributions from days in September and October 
frequently contain both fine- and cOaIse-mode K+. 

590 Journal of the Air & Waste Management Assoclellon 

The findings from the MOUDI size distribution mea­
s'Urements have several important implications. First, the 
coexistence of acidiC, submicron ammoniated S042- par­
ticles with coarse-mode sea salt, reacted sea salt (NaN03 ): 

and dust particles indicates the aerosol is externally 
mixed, even within the PM2 •S fraction. Second, the com­
monly made assumption that fine particle N03 - is 
present mainly as NH4N03 z,3 is clearly not appropriate for 
BRAVO aerosol. The fact that the NOs - is present mainly 
in the form of coarse-mode NaN03 particles 15 important 

_ for understanding the hygroscopicity and refractive index of 
NOs-containing parti~es in this environment, topics ad­
dressed in some detall by Malm et al.23 Significant formation 
of hygroscopic Ca(NOa)z22 on some days is also of interest. 
Third, the MOUDI ion distribution measurements cieatIy 
show that a size cut at 1 /LID aerodynamic diameter would 
provide a much better separation of the coarse and fine 
particle modes, a point also -evident from the aerosol size 
distributions measured in the study and reported by Hand et 
a1,9 Use of a PMZ.5 size cut for the URG sampling, as well as 
for IMPROVE samplers running at the site, leads to inclusion 
of a substantial portion of the lower tail of the coarse-mode 
size distribution in fine particle (PM2.5) samples. 

If 80/- concentrations at Big Bend were substan­
tially reduced, .for example, because of upwind reductions 
in 802 emissions, it is likely that the resulting aerosol 
would be less acidic. If the sol- concentrations were re­
duced far enough, sufficient NHa might be present to neu­
tralize the S042 - in the aerosol. Further sol- reductions 
beyond this neutralization point would leave some NHs 
available to react "With HN03 to form particulate NH4NOa 
(assuming total N(-III) concentrations do not change in 
response to SO/- decreases). Because two NHs molecul~s 

Volume 54 May 2004 

AQD LRS BART 
000249 



~l 
! I 
• .1 

:l 
! I , . 

fl 

~J 

I i 

, I 

~J 

! J 

: J 

Lee, Kreidenweis, and Collett 

9 

8 (A) 

--S04= 
-Excess 5041:11 
..... HN03(g) 

mmmt ___ ~~_~~~_~m~n_~~t~_,~~_ 
SlImpls Date 

9 

S 
(8) 

7 

"e 
"6.6 
.= 
S 5 

i 
" 4 Y = 0.39x ·0.27 • m 
0 R'=0.S6 

~ 3 • • 
2 

0-1-4'_ 
o 2 3 4 5 6 7 8 9 

Sulfate (~glm3) 
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concentrations in BRAVO PM2.5 aerosol. 

are required to neutr.alize one S042- molecule, two NH3 
molecules can neutralize two HN03 molecules, and two 
N03 - molecules have greater mass than one S042 - mol­
ecule, repla~ement of (N~hS04 by NH4N03 has the po­
tential under the right circumstances to actually produce 
an increase in PM2 .S mass concentrations. West et a1.24 

utilized model simulations of eastern U.S. aerosol COID­

position to show :that reductions in aerosol 5°42-
concentrations may be up to 50% less effective in some 
locations at reducing annual average fine particle mass 
concentrations than if the role of HND3 is neglected. The 
effect was largest in winter, with up to half of the exam­
ined locations affectedJ but uncommon in summer be­
cause of higher temperatures that do not favor NH4N03 
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formation. Much less is known about the potential for 
nonlinear responses in fine particle mass concentrations 
(resulting from S042- decreases) in western U.S. aerosol. 
This is in large part because of a lack of information about 
CUlrent western U.S. aerosol acidity and concentrations of 
key species induding gaseous NH3 and HN03. 

The BRAVO data set provides an opporhmity to con­
sider whether hypothetical reductions in regional aerosol 
SO 4 z- concentrations might be less effective at decreasing 
PM2 .5 mass than expected because of NH4N03 formation. 
To consider this issue, it is useful to determine the amount 
of ((excess/! SO/- present in BRA va aerosol, where "excessll 

SO/- is defined as the concentration of SO/- (expressed:in 
equivalents) minus the concentration of NH4 + (i.e., the 
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amount that 504
2

- concentrations would have to be de~ 
creased for the aerosol to become neutralized, assuming 
particulate NH4 + concentrations remam unchanged}, The 
BRAVO "excess'l S042- tlme1ine is shown in Figure 9AI 
along with tlmeIines of PM2.S SO/- and HN03(g). It is 
evident from the timelines that pertods of high 50/- con~ 

centration also feature high concentrations of I'excess" 
501-, This point is further made in Figure 9B where a 
strong correlation (R2 = 0.86) is found to exist between 
"excess" SO/- and SOl-. When sol- concentrations are 
high, llexcess" 504

2- concentrations are also high, indicat­
ing that considerable reductions in aerosol 50/- coneen· 
trations could be made on these days before the aerosol 
became neutralized. Second, the high temperatures present 
during the summer and fall at Big Bend do not favor forma­
tion of NH4N031 even if additional gaseous NH3 . is made 
available by S042- reductions. Last, even if all the available 
gaseous nitric were shifted to the particulate phase, the 
additional mass (see Figure 9A) would still be smaller during 

most periods than the SO/- concentration decreases re­
quired to neutralize the aerosol. Accordingly, it appears.that 
during summer and fall at Big Bend, SO/- concentrations 
could be significantly decreased Without much concern 
about nonlinear responses in fine particle mass concentra­
tions. 

ACKNOWLEDGMENTS 

The authors thank D.E. Sherman, M.P. Hannigan,].L. Handj 

and J.B. Reilly for their contributions to the success of the 
field campaign. They are grateful to AlI Resource Specialists 
for excellent field support before and during the campaign 
and to W. Malm for numerous helpful discussions. :rhis 
study was funded by the National· Park Service, grants 
CA238099001 TO 01-52 and CA238099001 TO 01-54. How­

ever, the results, findings, and conclusions expressed in.thiS 
paper are solely those of the authors and are not necessarily 
endorsed by the management, sponsors, or collaborators of 
the BRAVO study. A comprehensive final report for the 
BRAVO study is antidpated in 2004. 

REFERENCES 
1. Gebhart, KA.; Maim, W.C.; Flores, M. A Preliminary Look at Source­

Receptor Relationships In the Texas·Mexlco Border Area; /. Alr& Waste. 
Manage. Assoc. 2000, 50, 858-868. . 

2. Spatial and Seasonal Patterns and TrmpoU11 Vrrriability of Haze and its Con· 
stltuents in the United Sllltes: Report mi IMPROVE report; Cooperative 
In~titute for Research In the Atmosphere: Fort CoJUns, CO, May 2000. 

3. Spatial alld Seasonal Patterns and Long Term Variability of the Composl. 
tion of the H!{le in the United States: An Aualysls of Data from the 
lMPROVE Network; IMPROVE report; Cooperative Institute for Re­
search in the Atmosphere: Fort Collins, CO, July 1996. 

4. Gebhart, K.A.; Kreldenwels, S.M.; Maim, w.e. Back-Trajectory Analy­
ses of FIne Particulate Matter Measured at BIg Bend National Park In 
the Historical Database and the 1996 Scoplng Study; Sci. Total Environ. 
2001, 276 (1-3), 185-204. 

5. Day, D.E.; Maim, W.C.; Kreldenwels, S.M. Aerosol Light Scattering 
Measurements as a Function of Relative Humidity; J. Air & Waste 
Manage. Assoc. 2000, 50, 710-716. . 

592 Journaf of thB Air & Waste Menagement AssocJeUon 

6. Maim, W.C.; Day, D.E.; KreldenweJs, S.M. Light Scattering Character­
Istics of Aerosols as a Functions of Relative Humidity, Part. I, A Com­
parison of Measured Scattering and Aerosol Concentrations Using the 
Theoretical Models; /. Air & Waste Manage. Assoc. 2000, SO, 686-700. 

7. Maim, w.e.; Day, D.E. Estimates of Aerosol SpeCies Scattering Char­
acteristics as a Function of Relative Humidity; Almos. Environ. 2001, 
35, 2645·2660. 

8. I<reidenweis, S.M.; Remer, L.A.; Brulntjes, R.; Dubovlk, 0. Smoke Aero· 
sol from Biomass Burning in Mexico: Hygroscopic Smoke Optical 
Model; J. Geophys. Res. 2001, 106 (D5), 4831·4644. 

9. Hand,J.L.; I<reldenwels, S.M.; Sherman, D.E.iCollett,j.L.;Herlng,S.V.; 
Day, D.E.i Maim, W.C. Aerosol Size Distributions and VisiblIity Esti­
mates during the Big Bend Reglonal Aerosol and VisibIlIty Observa­
tional (BRAVO) Study; Atmos. Environ. 2002, 36,5043-5055. 

10. Brown, S.G.; Herckes, P.i Hannigan, M.P.; Kreldenwels, S.M.; Collett, 
].L. Characterization of Organic Aerosol In BIg Bend National Park, 
T~xas; Atmos. Environ. 2002, 36, 5807·5818. 

11. Perrino, C.; Santis, F.D.j Febo, A. Criteria for the Choice of a Denuder 
Sampllng Technique Devoted to the Measurement of AtmospherIC 
Nitrous and Nitric Acids; Atmos. Environ. 1990, 24A, 617-626. 

12, Marple, V.A.; Rubow, K.L.; Behm, S.M.A. Mlcroorlfice Uniform De­
posit Impactor (MOUDl):· Descrlptlon, Cal1bratlon, and Use; Aerosol 
Sd. Teelmol. 1991, 14, 434-446. 

13. Lee, T.; Collett, ].L. The Ionic Composition of Aerosol in Big Bend National 
Park; Cooperative Institute for Research In the Atmosphere: Fort Col· 
lins, CO, 2002. 

14. Koutrakls, P.; Wolfson, j.M.; Slater, ).L.; Brauer, M.i Spengler, J.D.; 
Stevens, R. K; Stone, C. L. Evaluation of an Annular Denuder/Filter 
Pack System to Collect Acidic Aerosols and Gasesj Eviron. Sci. TechnClI. 
1988,22 (12), 1463-1467. 

15. Koutrakls, P.; Wolfson, J.M.; Spengler, J.D. An Improved Method of 
Measuring Aerosol Strong Acidity: Results from a Nine-Month Study 
·In St. Louis, Missouri, and Kingston, Tennessee; Atmos. Environ. 1988, 
22, 157·162. 

16. Spengler, J.D.; Keeler, G.].; Koutrakls, P.; Ryan, P.B.; Ralzenne, M.i 
Franklin, C.A. Exposures to Acidic Aerosols; Environ. Health Perspect. 
1989, 79,43-S1. 

17. Lee, H.S.; Wadden, R.A.; Scheff, P.A. Measurement and Evaluation of 
Acid Alr Pollutants .In Ch.icago Using an Annular Denuder System; 
Atmos. Environ. 1993, 27A, ".543-553. 

18. Spengler, J.D.; :Brauer, M.; Koutrakls, P. Acid Air and Health; Environ. 
su.. TllclulOl. 1990, 24 (7), 946·956. 

19. Brauer, M.i Koutrakls, P.; Keeler, GJ.; Spengler, J.D. Indoor and Out­
dOOI Concentration of InorganIc Acidic Aerosols and Gases; J. Air & 
Waste Mallage. Assoc. 1991, 41 (2), 171-181. 

20. Cheng, Z.L.; Lam, KS.; Chan, L.Y.; Wang, T.; Cheng, KK. Chemical 
Characteristics of Aerosols at Coastal Station In Hong Kong. I. Sea­
sonal Variation of Major Ions, Halogens and Mineral Dusts between 
19% and 1996; Atmos. Environ. 2000, 34, 2771-2783. 

21. Selnfeld, J.H.; Pandls, S.N. Atmospheric C/lemfstry and Physics; Wiley & 
Sons: New York, 1998. 

22. Krueger, BJ.; Grassian, V.H.; Laskin, A.; Cowln,].P. The Transforma· 
tlon of Solid Atmospheric Particles into Liquid Droplets through Het­
erogeneous Chemistry: Laboratory Insights into the Processing of 
Calcium Containing Mineral Dust Aerosol in the Troposphere; Geo· 
phys. Res. Lett. 2003, 30, 1148. 

23. Maim, W.C.; Day, D.E..; Kreidenweis, S.M.; Coi!ett,J.L.; Lee, T. HumId· 
Ity-Dependent Optical Properties of Fine Particles during the Blgllend 
Reglonal Aerosol and Visibility Observational StudYi ,. Geophys. Res. 
2003, 108 (09), 4279. 

24. West, J J.; AnsarI, A.S.; Pandis, S.N. Marginal PM2-.s; Nonlinear Aerosol 
Mass Response to Sulfate Reductions 10 the Eastern United States; ,. Air 
& Waste Manage. Assoc. 1999, 49, 1415-1424. 

About the Authors 
Taehyoung Lee is a Ph.D. student In the Department of 
Atmospheril:; Science at Colorado State Universio/ in Fort 
COlllns, CO, where he received an M.S. In 2002. Dr. Sonia 
M. Kreidenweis and Dr. Jeffrey L. Collett, Jr., are professors 
in the Department of Atmospherlo Science at Colorado 
State University. Address correspondence to: Jeffrey L. 
Collett, Jr., Department of Atmospheric Science, Colorado 
State UniverSity, Fort Collins. ,CO 80523; fax: (970) 491-
8449; e-mail: collett@iamar.colostate.edu. 

Volume 54 May 2004 

AQD LRS BART 
000251 



n 
n 
l 
n 
~·1 . 
L 

lJ 

! ! 
, 

LAWFR final report dated August 22, 2003 

AQD LRS BART 
000252 



n 
o 
n 
n 

n 
1 
[l 

u 
[] 
; I 
l J 

u 
Ll 

U 

u 

u. 
I I 
LJ 

Possible future replacement of sulfate by nitrate in aerosols on the Colorado Plateau 
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1. Introduction 

The composition of atmospheric aerosols is detennined in part by the nature of primary 

particle emissions and partly by the production of secondary atmospheric pollutants that 

condense to fonn particulate matter. Two important secondary pollutants are sulfates and 

nitrates, fonned from the atmospheric oxidation of emissions of gaseous sulfur dioxide 

and nitrogen oxides, ·respectively (Seinfeld and Pandis, 1998). 

Because the sulfuric acid produced by atmospheric oxidation of S02· has a very low 

equilibrium vapor pressure, it tends to partition maiuly into atmospheric particles. This 

may happen either by condensation onto pre-existing particles or by new particle 

formation. In most enviromnents sulfates are found primarily as constituents of 

snbmicron aerosol particles. They may be present as sulfuric acid or as partly or fully 

neutralized sulfate salts. Typically these are ammonium sulfate salts in the fonn of 

ammonium sulfate, ammonium bisulfate, letovicite, etc .... 

Nitric acid, produced by atmospheric oxidation of gaseous nitrogen oxides, is a gas phase 

species. In the presence of gaseous ammonia, however, the nitric acid and ammonia can 

combine to fonn particulate ammonium nitrate salts. This is a reversible reaction with an 

equilibrium that is strongly dependent on temperature and relative humidity (Seinfeld and 

Pandis, 1998); low temperatures and mgh humidities favor the formation of ammonium 

nitrate aerosol. 
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Understanding the propensity for annnonium nitrate aerosol fonnation also requires 

understanding the presence of acidic sulfate in the aerosol. For a system containing 

sulfuric acid, ammonia, and nitric acid, thennodynamic constraints favor the fonnation of 

ammonium sulfate salts prior to equilibrium fonnation of ammonium nitrate. In other ' 

words, if there is insufficient ammonia to fully neutralize the sulfate (a 2:1 molar ratio is 

required since two ammonia molecules pair with one sulfate to fonn fully neutralized 

(NH4)ZS04), nitrate is not expected to coexist with the sulfate in submicron particles. If 

excess ammonia is available, however, ammonium nitrate can form. 

As a result of decreasing SOz emissions in the U.S" attention has begun to focus 

increasingly on the nitrate fraction of atmospheric aerosols. In particular, concern has 

been expressed about the potential for replacement of sulfate by nitrate in fme aerosol 

particles. If sulfate concentrations at a receptor site with an'acidic aerosol were 

substantially reduced, due for example to upwind reductions in SOz emissions, it is likely 

that the resultillg aerosol would be less acidic. If the sulfate concentrations were reduced 

far enough, suffi,?ient ammonia might be present to neutralize the sulfate in the aerosol. 

Further sulfate reductions beyond this neutralization point would leave some ammonia 

available to react with nitric acid to fonn particulate annnonium nitrate (assmning total 

N(-III) concentrations do not change in response to sulfate decreases). Because two 

ammonia molecules are required to neutralize one sulfate molecule, two annnonia 

molecules can neutralize two nitric acid molecules, and two nitrate molecules have 

greater mass than one sulfate molecule, replacement of (NH4)ZS04 by NH4NO, has the 

potential under the right circumstances to actually produce an increase in PMz.5 mass 

concentrations. 

West et al. (2000) utilized model simulations of eastern U.S. aerosol composition to show 

that reductions in aerosol sulfate concentrations may be up to 50% less effective at 

reducing annual average fine particle mass concentrations than if the role ofuitric acid is 

neglected. The reduced effectiveness comes from increased fonnation of annn6nium 

nitrate. The effect was largest in winter, with up to half of the examined locations 
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affected, but unco=on in su=er due to higher temperatures which do not favor 

NR.NO, formation. 

Much less is known about the potential for nonlinear responses in fine particle mass 

concentrations (resulting from sulfate decreases) in western U.S. aerosol. This is in large 

part due to a lack of information about current western U.S. aerosol acidity and 

concentrations of key species including gaseous a=oma and mtric acid. Although the 

IMPROVE monitoring network makes routine measurements of aerosol composition at 

many locations in the western U.S., it does not measure concentrations of all the aerosol 

and gas phase species needed \0 examine the aerosoJJgas partitioning of mtrate and the 

sensitivity of this partitioning to sulfate concentrations. These issues are, however, 

sometimes addressed in special studies sponsored by the National Park Service and other 

agencies .. 

The ionic composition of aerosol particles was studied in detail at Big Bend N.P. during 

the 1999 BRAVO snuly. During this study we found that the submicron aerosol was 

generally qnite acidic, due to a lack of sufficient a=onia to fully neutralize the aerosol 

sulfate. While some nitrate was found in the BRAVO aerosol, particle size-resolved 

composition measurements demonstrated that this mtrate was associated with larger sea 

salt and soil dust particles and not associated with the acidic submicron aerosol, A large 

amount of gaseous nitric acid was also observed throughout most of the study, illustrating 

the potential for submicron a=omum mtrate formation in the event thatsulfate 

concentrations were reduced and/or ammonia concentrations were increased. 

The BRAVO data set provides an opportunity to consider whether hypothetical 

reductions in regional aerosol sulfate concentrations might be less effective than expected 

due to NR.NO, formation. In order to consider this issue, it is useful to determine the 

amount of "excess" sulfate present in BRAVO aerosol, where "excess" sulfate is defmed 

as the concentration of sulfate minus the concentration ofarnmonium (i.e., the amount 

that sulfate concentrations would have to be decreased for the aerosol to become 

neutralized, assuming partiCUlate a=onium concentrations remain unchanged). The 
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BRAVO "excess" sulfate timeline is shown in Figure la, along with timelines ofPM,.5 

sulfate and HNO,(g). It is evident from the timelines that periods of high sulfate 

concentration also feature high concentrations of "excess" sulfate. This point is further 

made in Figure lb where a strong correlation (R' = 0.86) is found to exist between 

"excess" sulfate and sulfate. When sulfate concentrations are high, "excess" sulfate 

concentrations are also high, indicating that considerable reductions in aerosol sulfate 

concentrations could be made on these days before the aerosol became neutralized. 

Second, the high temperatures present during the summer and fall at Big Bend do not 

favor formation OfNIL.NO" even if additional gaseous ammonia is made available by 

sulfate reductions. Last, even if all the available gaseous nitric were shifted to the 

particulate phase, the additional mass (see Figure la) would still be small during most 

periods relative to the sulfate concentration decreases required to neutralize the aerosol. 

Accordingly, it appears that during summer and fall at Big Bend sulfate concentrations 

could be significantly decreased without much concern about nonlinear responses in fine 

particle mass concentrations. 
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Figure 1. PM" aerosol composition measured at Big Bend N.P. during the 1999 BRAVO 

experiment. 

Because measurements of all of these components are uot routinely made throughout the 

western U,S, it is not easy to determinc the extent to which the situation at Big Bend is 

representative of the situation at other western U,S, locations. Nor are these results 

directly applicable to consideration of other seasons at Big Bend. Some western U,S, 

locations may well have aerosol compositions that are close to the neutral point where 
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reductions in sulfate would more quickly translate into possible increases in aerosol 

nitrate. 

In order to consider tbe potential for nitrate replacement of sulfate in fine aerosol 

elsewhere in tbe interior western U.S., a one montb study of aerosol composition was 

conducted at Grand Canyon National Park in spring 2003. Preliminary findings from tbat 

study, sponsored by tbe National Park Service and Land and Water Fund oftbe Rockies 

(LA WFR, now Western Resource Advocates), are presented here. 

2. Experimental description 

2.1 Site selection· 

The region selected for tbe study was tbe Colorado Plateau. This region is home to the 

so-called Golden Circle of National Parks, including Bandelier, Bryce Canyon, 

Canyonlands, Grand Canyon, Mesa Verde and Petrified Pores!. The IMPROVE network 

intensively monitors many aerosol characteristics in this region. According to tbe May 

2000 IMPROVE report (MaIm, 2000), light extinction in tbis region is caused primarily 

by sulfate, organic species, and soil. Nitrate is a smaller contributor at present, 

experiencing its highest concentrations in spring, but nitrate concentrations have been 

increasing at some sites (MaIm, 2000). 

Although Mesa Verde was originally considered for tbe LA WFR measurement 

campaign, a decision was made to conduct the measutements at Grand Canyon, due to 

complementary work already planned there under sponsorship ofNPSIIMPROVE. By 

conducting measurements at Grand Canyon, we were able to (1) sample for a mouth, 

rather than tbe 3 weeks originally proposed, (2) collect PM,.s samples at time resolutions 

of 24 hours ratber than tbe 48 hr samples originally proposed, and to add high time 

resolution (15 min) measurements ofPM2.s aerosol composition. Measurements at Grand 

Canyon were targeted for spring, because that is tbe season when tbe park historically has 

tbe highest PM2.s nitrate concentrations, based on IMPROVE data (see Figure 2). Grand 
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Canyon nitrate concentrations peak in May, so the stndy was scheduled for May 2003. 

As seen in Figure 2, May is historically also the month featuring the 2nd highest aerosol 

fIne mass concentrations. The site utilized for the stndy was the existing IMPROVE site 

GRCA2 (Site Name: Hance Camp at Grand Canyon NP Longitnde (dd): -111.9841 

Latitnde (dd): 35.9731 Elevation (m): 2267). This site is located in a meadow 

approximately 200 m south of East rum Drive and approximately 1.2 miles south of the 

Grandview point tnmoff. 

GRAND CANYON NP 

Jan Mar May Jul Sap Nov 
SULFATE NITRATE ORGANIC ~c SOIL - - - - -

Figure 2. IMPROVE data showing seasonal trends in PM:2.5 aerosol concentrations at 

Grand Canyon (source: 

http://vista.cira.coIostate.edu/impr.ovelData/GraphicViewer!seasonaLhtm). 

2.2 Measnrements 

Three types of measnrements were made at Grand Canyon dnring the stndy. PM2., 

composition, along with concentrations of gaseous nitric acid and ammonia, was 

measnred using a URG annular denuder/frlter pack system. Size-resolved aerosol 

composition was measnred using a Micro OrifIce Uniform Deposit Impactor (MOUDI). 

Semi-continuous measnrements ofPM2., aerosol composition were made using a Particle 

Into Liquid Sampler (PILS) coupled to two Dionex ion chromatographs. 
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Several URG systems were operated in parallel to test measurement precision and 

different filter sampling and extraction protocols as part of the NPS/IMPROVE study. 

We focus here on results from the first module, operated to collect 24 hr samples (08:00-

08:00 local time). This module contained a PM2 .5 cyclone, a carbonate-coated annular 

denuder for nitric acid collection, a phosphorous acid-coated annular denuder for 

ammonia collection, a nylon filter for particle collection, a second nylon filter for 

collection of any nitric acid lost from the flIst filter, and a final phosphorous acid-coated 

annular denuder for collection of any ammonia lost from particles collected on the nylon 

filter. 

Ion size distributions were measured over sequential 48 hr sampling periods (08:00-

08:00) using a Multi Orifice Uniform Deposit Impactor (MOUDI). The MO:oDI was 

operated with eight stages with size cuts ranging from 0.18 tolO flm aerodynamic 

diameter. An iulet stage collected particles with aerodynamic diameter> 18 flm and a 
Teflon after-filter collected particles with diameters below 0.18 fl1ll. Impaction surfaces 

were almninum, with a silicone grease coating to reduce particle bounce. 

Denuders were extracted on-site with deionized water. Filters and impaction substrates 

were frozen for later extraction and analysis in our lab at CSU. URG module I filters 

were extracted with deionized water (first nylon filter) or an alkaline sodium 

bicarbonate/sodium carbonate solution (2nd nylon filter). Aluminum impaction substrates 

and the MOUDI after-filter were extracted with deionized water. All filters were 

sonicated during extraction. Ion analysis was completed' on two Dionex DX-500 ion 

chromatographs. A Dionex AG4A-SC guard columo, AS4A-SC separation column and 

a self-regenerating anion suppressor were used to measure anion (N03', cr, and sol') 
concentrations. Cations (Na +, NH/, K+, Mi+, and Ca2+) were measured using a Dionex 

CGI2A guard columo, CSI2A separation columo and a self-regenerating cation 

suppressor. Detection was by conductivity in both cases. Both ion chromatographs used 

for URG and MOUDI sample analysis were calibrated daily using a series of standards 
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prepared from analytical grade salts. Replicate injections and analysis of independent 

NIST traceable standards were used to establish measurement precision and accuracy. 

URG annular denuders and a PM,., cyclone (URG) were also used upstream of the PlLS. 

The fIrst denuder was coated with N a,CO, for removal of acidic gases and the second 

denuder was coated with phosphorous acid to remove basic gases. The overall principle 

ofPlLS is to collect particles that comprise the PM'.5 aerosol mass into a small 

continuous flow of high purity water. The liquid stream is then continually drawn to two 

ion chromatography systems for measurement of aerosol anions and cations using the 

same separation, suppression and detection schemes outlined above. Calibration of the 

PILS IC's was checked approximately every 4-5 days. 

3. Resnlts and discussion 

Measurements using the URG and MOUDI samplers were made at Grand Canyon 

beginning at 08:00 on May 1" and ending at 08:00 on May 31 ". PlLS data are available 

for a slightly shorter time period. Concentrations ofPM2., aerosol observed during the 

study were typical of previous May concentrations measured by IMPROVE. 

Figure 3 depicts timelines cifPM,.5 ion concentrations. Concentrations are expressed as 

mass concentrations in )J.g/m'. On a mass concentration basis, sulfate is observed to be 

the dominant anion while ammonium is the dominant cation. Sulfate concentrations 

during the month-long study range over approJdmately a factor often, from -0.2 to 

nearly 2 Jlglm'. Nitrate concentrations are observed to range between approximately 0.1 

and·O.5 )J.g/m'. In addition to ammonium, both Ca'+ andNa+ are important contributors 

to cation concentrations. 

Figure 4 depicts timelines ofthe concentrations of the most·important ions in units of 

nanoequivalents per cubic meter (neqlm'). These concentration units incorporate the 

charge on each species (e.g., one mole of sulfate equals two equivalents), permitting 

ready analysis of the charge balance in the aerosol. The highest concentration species is 
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a=onium, closely followed by sulfate. This result indicates that more than sufficient 

a=onium is typically present in the aerosol to neutralize the sulfate. 

Grand Canyon tlmellne of PM2,5 anions 
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Grand Canyon timelines of PM2.5 cations 

Figure 3. TimeUnes ofPM2.5 ion concentrations measured using the URG sampler at 

Grand Canyon. 

A comparison ofa=onium concentrations vs. sulfate concentrations (Figure 5) shows 

this result again. When a=onium concentrations are compared to the sum of nitrate 

and sulfate concentrations, however, it is clear that there is frequently insufficient 
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ammonium present to balance the sum of nitrate and sulfate. This finding suggests that 

other forms of nitrate and sulfate, e.g. products of the reaction of nitric or sulfuric acid (or 

their precursors) with soil dust or sea salt, may be present. 

Grand Canyon PM2.5 
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Figure 4. Timelines of major PM25 ion concentrations in neq/m3
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Figure 5. Comparison of PM2.5 concentrations of nitrate, sulfate, and ammonium. 
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Figure 6. PM1.S concentrations ofCr or cr + N03~VS. Na+in Grand Canyon aerosoL The 

sea salt line defines a cr to Na+ ratio ofl.164. 

Ifwe assume the Na + measured at Grand Canyon is associated with sea salt, we observe 

that therds a deficiency ofCr (also observed at Big Bend). Ifwe sum NO, and cr 

concentrations. we find there is usually more nitrate than can be explained by the amount 

of missing chloride and the ratio of nitrate plus chloride to Na+ falls above the CrlNa+ 

ratio in sea salt (Figure 6). Nitrate concentrations are correlated with Na+ (See Fig. 7). 
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but tbe correlation improves 

Grand Canyon 
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Figure 7. Correlations between PM:z.s N03- and Na + or Na + plus Ca2+ i~ Grand Canyon 

aerosol. 

somewhat if nitrate is correlated against tbe sum ofNa + and Co2+, again suggesting 

reaction of nitric acid witb soil dust might be important here. 

Figure 8 depicts the average size distributions oftbe major anions and cations as 

measured from the 48 hr MOUDI impactor samples. Several points are clear from 

Grand Canyon MOUDI average 

< 0.18 0.18 - 0.32 0.32 - 0.56 0.56 -1.0 1.0-1.8 1.6-3.2 3.2-5.6 5.6-10.0 10.0-18.0 ::>18.0 

aerodynamic diameter (!-1m) 
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analyzing these distributions. Figure 8. Study average major ion size distributions 

measured at Grand Canyon using the MOUDI impactor. 

First, the aerosol fine particle mode consists mainly of particles with aerodynamic. 

diameters less than 1 flm and a composition of fully neutralized CNH4hS04. Second, 

nitrate is contained mainly in a coarse particle mode, with most particles possessing 

aerodynamic diameters above 1 flffi. Third, the size distributions of nitrate and Na+ are 

similar, but nitrate concentrations on average exceed Na + concentrations iu essentially all 

particle sizes. Fourth, Ca2+ exhibits an average size distribution qnite similar to the 

average nitrate size distribution, with concentrations that are also similar. Last, there is 

also sulfate present in coarse mode particles. Since the amount of sulfate in these 

particles exceeds the amount of annnonium, it appears likely that the coarse sulfate is 

associated; like nitrate, with soil dust or reacted sea salt. Ion size distributions from most 

48 hr sampling periods show features generally similar to those discussed above for the 

study average size distributions. 
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Figure 9. PILS timelines (IS-min resolution) of selected PM,., ions (top panel) and PILS 

nitrate vs. the snm of PILS Na + and Ca'+ (lower panel) •. 

As mentioned above, high time resolution (15 minute) measurements of Grand Canyon 

PM2.5 aerosol composition were made using a PILS sampler coupled to two ion 

chromatographs. Figure 9 depicts timelines of ion concentrations (neqlm') measured by 

this approach. The timelines show some correlation between changes in nitrate and 

changes in Na + (r' = 0.36) and Ca2+ (l = 0.49). An improved correlation is seen when 

plotting nitrate vs. the sum ofNa+ and Ca2+ (r2 = 0.57) as shown in Figure 10. Nitrate 

concentrations are observed to increase with increasing Na + and Ca2+. concentrations, 

presumably reflecting increased reaction with advected sea salt and soil dust. The 

average ratio of nitrate to the sum ofNa + and Ca2+ is approximately one-third. 

In order to examine the potential for further particle fonnation at Grand Canyon, it is 

useful to consider the concentrations of key precursor species in the gas phase. Figure 10 

presents timelines of the mass concentrations of gaseous sulfur dioxide, ammonia, and 

nitric acid, measured using the URG annular denuders. The highest concentration is 

observed for nitric acid, with values approaching I J.lg/m' late in May. Concentrations of 

sulfur dioxide are generally below 0.4 J.lg/m', while NH, concentrations increase from -

0.2 J.lg/m' early in May to - 0,6 J.lg/m' at the end cfthe study. 

AQD LRS BART 
000267 



n 
n 

[] 

: I 
r 1 
{ j 

[I 
.. 1 

(. 

1 ! 
Lj 

I 

r--' , ) 

Grand Canyon gas concentration-

0.8 

'" 
0.6 

.E 
'" "" 0.4 

0.2 

0 

Figure 10. Timelines of mass conce~trations of key gases measured at Grand Canyon using 

URG annular denuders. 

Figure 11 depicts the ratios oreach ofthese gases to the sum oftne gas and its 

counterpart PM'.5 aerosol concentration throughout the study. For example, the ratio of 

gaseous nitric acid to the sum of gaseous nitric acid and PM,.5 nitrate (this sum is 

designated as N(V), nitrogen in the +5 oxidation state) ranges between approximately 0.4 

and 0.8. The higher values occur later in the month. Beginning May 10 and continning 

until the end of the study, 60-80% oftbe total N(V) resides in the gas phase (neglecting 

contributions from nitrate in particles with aerodynamic diameters> 2.5 /-Lm). Tbis 

indicates a significant potential for increasing nitrate's contribution to particle mass. 
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Figure 11. Tlmellnes of the fraction of key species present in the gas phase at Grand 

Canyon. HN031N(V) denotes the ratio of nitric acid to the sum of nitric acid and PMl .5 

nitrate. S02/S02+S0t denotes the ratio of sulfur dioxide to the sum of sulfur dioxide and 

PM2.5 sulfate. NH31N(-llI) denotes the ratio of gaseous ammonia to the sum of ammonia and 

PM1.5 ammonium. 

The likelihood of nitrate entering particles, due for example to changes in particulate 

sulfate concentrations, can be examined using an aerosol thermodynamic model. We 

conducted t4is analysis using the model ISORROPIA v. 1.5 (Nenes et aI., 1998. 1999). 

This model treats gas-particle equilibria for a system containing a=onium, nitrate, 

sulfate, sodium, and chloride. Soil components.(e.g., Ca2+ and Mg2lare not included. 

In addition, the version of the model used here permits ouly one (internally mixed) 

aerosol composition. In other words, it cannot predict variations in aerosol composition 

with size or between particles of the same size. Inputs to the model simulation include: 

. total sulfate (as H2S04), total a=onium (gaseous a=onia + particulate ammonium, as 

NH3), total nitrate (gaseous nitric acid plus particnlate nitrate, as HN03), total cr (as 

HC1), Na +, relative humidity (RR) and temperature. Where particulate concentrations 

were called for, we used measured PM2.5 concentrations. Average temperature vaiues 

measured during each 24 hr sample were input for temperatme. Because RH values were 

not innnediately available for the study period, we performed a sensitivity analysis, 

looking at RH values of20% (a typical May value for the Grand Canyon area) and a 

higher valne of 50%. 

AQD LRS BART 
000269 



n 
n 
l 
~] 

J 
f] 
'. 

~J 

!J 
!J 

J 

The model was applied to examine the predicted equilibrium composition ofPM,.5 

aerosol at Grand Canyon and to watch how this predicted composition changes as sulfate 

concentrations are reduced. The intent oftrus evaluation was primarily to determine the 

likelihood ofNR,NO, formation that might occur in response to futnre reductions in 

aerosol sulfate and associated nonlinearities in fine particle mass reductions. The main 

finding from these analyses is that significant formation ofNH,.NO, is unlikely, even as 

available gaseous ammonia increases in response to sulfate decreases. The lack of 

NR,NO, fOnTIation can primarily be attributed to the relatively high temperatnres and 

low humidities characteristic of this region in spring and summer. 

Figure 12 depicts the results ofthe aerosol composition simulations for RH=50%. Panels 

are included showing PM,., mass, gaseous ammonia, PM,., ammonium sulfate, gaseous 

nitric acid, PM,., sodium sulfate, and PM,., sodium nitrate. Five lines are included in 

each panel, showing how pnidicted PM,., mass on each day changes from current 

conditions (100% sulfate) to hyPothetical scenarios where the particulate sulfate 

concentration is reduced to levels equal to 75%, 50%,25%, and 0% of the current value . 

. All other species inputs were held constant. As sulfate is initially reduced, it is apparent 

that PM,.5 mass also decreases, accompanied by decreases in particulate ammonium 

sulfate and increases in gaseous ammonia. This pattern changes only at large sulfate 

reductions in excess of 50%. For example, the simulations for May 2nd and May 5th 

predict that when sulfate is reduced from 50 to 25% of its present value, a slight increase 

in PM,., mass is observed. The mass increase is accompanied by a decrease in gaseous 

nitric acid. The predicted mass increase on these two days does, in fact, reflect 

replacement of sulfate by nitrate, but it is replacement ofNa,S04 by NaNO, that occurs 

(see'bottom two panels in Figure 12), not replacement of CNH4)2S04 by NH,.NO,. 

Reductions of gaseous nitric acid and replacement of sodium sulfate by sodium nitrate 

become more common in the simulations as sulfate is further reduced to 0% of its current 

value. These predictions, however, must be judged cautiously. The nitrate replacement 

effect at extreme sulfate reduction levels is magnified by the absence of Ca'+ in the 

ISORROPIA simulations. Because Ca'+ is not included, gas phase nitric acid 
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concentrations are overpredicted by fue model which pairs sulfate, not nitrate, with N a +. 

In the absence of available Na+ or any Ca2+, fue simulation forces all nitrate into fue gas 

phase. Even aside from fuis limitation offue ISORROPIA simulations, however, it is 

clear fuat sulfate replacement by nitrate is unlikely except at extreme levels of sulfate 

reduction. 
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Figure 12. Timelines of aerosol and gas composition at Grand Canyon predicted by 

simulations using the ISORROPIA aerosol thermodynamic model. Predictions are shown 
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for sulfate at its current level (100% sulfate) and for sulfate reduced to 75%, 50%, 25%, 

and 0% of its current level. 

The absence of a tendency for tbe atmosphere to readily fonn NR,N03 in May at Grand 

Canyon suggests that significant reductions in regional sulfate can be achieved witbout 

great concern about potential sulfate replacement by nitrate or increases in PM2.5 mass. 

Only at extreme levels of sulfate reduction, exceeding 75%, do the. model simulations 

suggest any significant movement of nitrate from tbe gas phase into particles and tbe 

effect predicted here is probably exaggerated by tbe absence of Ca2+ in tbe model's 

treatment of aerosol tbennodynamics. 

While we must be cautious in trying to extend these conclusions to other locations, it 

seems most likely tbat a similar picture would emerge at .otber sites on tbe Colorado 

Plateau with similar climates if data were available. This hypotbesis should be tested by 

additional measurements at another key location such as Mesa Verde. It would also be 

wortb examining the behavior of tbe system under winter conditions. May was selected 

for tbe current study because that is when PM2., nitrate concentrations have been 

observed to peak.at Grand Canyon. Based on our observations, it appears that tbe 

relatively high nitrate concentrations present at this time of year are due to reactions of 

gaseous nitric acid witb sea salt and soil dust. We do not know what fonn Grand Canyon 

nitrate exists in during the colder winter montbs, but a secondary seasonal peak is 

observed at Grand Canyon in December (see Fig. 2). Certainly the chances ofNH..NO, 

fonnation are greater tben and tbe system might also be more sensitive to additional 

ammonium nitrate formation in response to increases in gaseous ammonia associated 

witb any reductions in aerosol sulfate. For tbese reasons, we recommend tbat a filture 

study be conducted in tbe region during winter to evaluate aerosol composition and its 

sensitivity to changes in ambient sulfate levels. 

4. Snmmary 

Measurements of aerosol composition at Grand Canyon in May 2003 indicate the ionic 

fraction oftbe aerosol is a complex mixture of submicron ammonium sulfate and 

supermicron nitrate and sulfate salts. The coarse mode nitrate and sulfate appear to be 
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present mainly in the form of calcium or sodium salts, products ofreaction of nitric or 

sulfuric acid (or their precursors) with sea salt and soil dust. Sulfate concentrations 

generally were several times nitrate concentrations on a mass basis; the sulfate to nitrate 

ratio for 24 hr samples ranged from approximately 1.2 to 8'.2. An aerosol thermodynamic 

model (ISORROPlA) was applied to predict how gas-particle partitioning of nitrate and 

fine particle mass concentrations might change if aerosol sulfate concentrations were 

reduced at Grand Canyon due, for example, to fuiure reductions in upwind sulfur dioxide 

emissions. The simulations suggest that sulfate replacement by nitrate in the aerosol is 

likely only in response to large sulfate concentration decreases, on the order of75% or 

more. It is recommended that additional research be conducted to determine whether this 

finding is representative of other locations on the Colorado Plateau or other seasons of 

the year. 
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\ 

n 
~g/m3 Temp(K) Pressure( atm) ppmV ppbv 

n Example NH3 10 298.5 1 0.0143865 14 

8/18/99 0.1819116 300 0.88897 0.0002959 0.296 
8/19/99 0.1676753 300 0,88897 0.0002727 0.273 

0 8/20/99 0.0655813 300 0,88897 0,0001067 0.107 
8/21/99 0.0412588 300 0,88897 6.711E·05 0,067 
8/22/99 0.0329118 300 0.88897 5.353E-05 0.054 

[1 
8/23/99 0,0976835 300 0,88897 0.0001589 0,159 
8/24/99 0.1744019 300 0.88897 0.0002837 0.284 
8/25/99 0.2601731 300 ' 0,88897 0.0004232 00423 
8/26/99 0.2461532 300 0,88897 0.0004004 DADO 

cJ 8/27/99 1 0,3533519 300 0,88897 0.0005747 0.575 
8/28/99 0.2494415 300 0.88897 0.0004057 00406 
8/29/99 0.2097213 300 0,88897 0,0003411 0,341 

[] 
8/30/99 0,2091272 300 0.88897 0,0003401 0.340 
8/31/99 0.1029207 300 0.88897 0.0001674 0.167 
9/1/99 0.0717892 300 0.88897 0,0001168 0.117 

f1 
9/2/99 0.1166805 300 0.88897 0.0001898 0.190. 
9/3/99 0.1724441 300 0.88897 0.0002805 0.280 
9/4/99 0.2748442 300 0.88897 0,000447 00447 
9/5/99 0,354151 300 0.88897 0,000576 0.576 

i 1 
9/6/99 0,244154 300 0.88897 0.0003971 0.397 
9/7/99 0,1810427 300 0,88897 0.0002945 0.294 , . 
9/8/99 0.1752375 300 0.88897 0.000285 0.285 

1 

9/9/99 0.1563287 300 0.88897 0.0002543 0.254 
9/10/99 0.1759587 300 0,88897 0.0002862 0.286 
9/11/99 0,1198776 300 0,88897 0.000195 0.195 
9/12/99 0,1.971267 300 0.88897 0.0003206 0.321 

j 9/13/99 0.0838616 300 0.88897 0.0001364 0.136 
9/14/99 0.0883098 300 0.88897 0.0001436 0,144 
9/15/99 0.0946431 300 0.88897 0,0001539 0,154 

[ ] 9/16/99 0.092398 300 0.88897 0.00Ci1503 0.150. 
9/17/99 0.0715884 300 0.88897 0.0001164 0.116 
9/18/99. 0.0757026 300 0.88897 0.0001231 0.123 
9/19/99 0.1464696 300 0.88897 0.0002382 0.238 

il 9/20/99 0.14915137 300 0.88897 0.0002426 0.243 
9/21/99 0,0637126 300 0.88897 0.0001036 0.104 
9/22/99 0.1034005 300 0.88897 0.0001682 0.168 

; I 9/23/99 0.0830731 300 0.88897 0.0001351 0.135 
9/24/99 0.2123768 300 0.88897 0.0003454 0.345 

...... J 
9/25/99 0.1209784 300 0.88897 0.0001968 0.197 

i J 
9/26/99 0.1170312 300 0.88897 0.0001903 0.190 
9/27/99 0.2425912 300 0.88897 0.0003946 0.395 
9/28/99 0.1398417 300 0.88897 0.0002274 0.227 
9/29/99 0 300 0.88897 a 0.000 
9/30/99 0.024167 300 0,88897 3.931E-05 0.039 
10/1/99 0.0774498 300 0.88897 0,000126 0.126 
10/2/99 0.099696 300 0.88897 0.0001622 0.162 
10/3/99 0.1499461 300 0.88897 0.0002439 0.244 

: I 10/4/99 0.1130874 300 0.88897 0.0001839 0.184 
.~ 10/5/99 0.0415091 300 0.88891' 6.751 E-05 0.068 

I 
[ . 

. . ' 

" ! 
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·---~---- . 

n () 

n 
~g/m3 

ExampJe NH3 10 

n 10/6/99 0.0184388 
10/7/99 0.0834712 

0 10/8/99 0.0090958 
10/9/99 0.0417177 
10/10/99 0.0247477 

n 10/11/99 0.0531778 
10/12/99 0 
10/13/99 0.0121699 
10/14/99 0.0380807 

[1 10/15/99 0.0292747 
\. ... 10/16/99 0.0740632 

10/17/99 0 

fl 
10/18/99 0 
10/19/99 0 
10/20/99 0 
10/21/99 0.0027914 

!J 10/22/99 0 
10/23/99 0 
10/24/99 0 

n 10/25/99 0 
10/26/99 0 

'- 10/27/99 0.0206089 . 

fl 
10/28/99 0.08372 
10/29/99 0.0835952 

L_. 10/30/99 0 
10/31/99 0 

r . Yosemite N.P 7/14/02 2.1985058 
I 7/15/02 1.9506237 

7/16/02 1.7508617 

U 
7/17/02 1.7557416 
7/18/02 1.573602 
7/19/02 1.5980512 
7/20/02 1.753371 

~ -) 
7/21/02 1.8919999 U 7122/02 1.6646199 
7/23/02 1.9746935 

lJ 
7/24/02 2.0045247 
7/25/02 1.3116232 
7/26/02 1.1842875 
7/27/02 1.7255472 

i J 
7/28/02 2.3236657 
7/29/02 1.8024083 
7/30/02 . 2.050771 

I 7/31/02 1.7444775 
8/1/02 1.4579433 ' __ I 

8/2/02 1.7315657 
8/3102 2.9744911 
8/4/02 1.5258905 
8/5/02 1.2852996 

Temp(K) Pressure( atm) 
298.5 1 

300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 
300 0.88897 

.300 0.88897 
300 0.88897 
300 0.88897 
295 0.8238 
295 0.8238 
295 0.8238 
295 0.8238 
295 0.8238 
295 0.8238 
295 0.8238 
295 0.8238 
295 0.8238 
295 0.8238 

·295 0.8238 
295 0.8238 
295 0.8238 
295 0.8238 
295 0.8238 
295 0.8238 
295 0.8238 
295 0.8238 
295 0.8238 
295 0.8238 
295 0.8238 
295 0.8238 
295 0.8238 

.~ 

J 

ppmV 
0.0143865 

2.999E-05 
0.0001358 
1.479E-05 
6.785E-05 
4.025E-05 
8.649E-05 

0 
1.979E-05 
6.194E-05 
4.761E-05 
0.0001205 

0 
0 
0 
0 

4.54E-06 
0 
0 
0 
0 
0 

3.352E-05 
0.0001362 
0.000136 

0 
0 

0.0037943 
0.0033665 
0.0030218 
0.0030302 
0.0027158 
0.0.02758 
0.0030261 
0.0032654 
0.0028729 
0.0034081 
0.0034596 
0.0022637 
0.0020439 
0.0029781 
0.0040104 
0.0031107 
0.0035394 
0.0030108 
0.0025162 
0.0029885 
0.0051336 
0.0026335 
0.0022183 

ppbv 
14 

0.030 
0.136 
0.015 
0.068 
0.040 
0.086 
0.000 
0.020 
0.062 
0.048 
0.120 
0.000 
0.000 
0.000 
0.000 
0.005 
0.000 
0.000 
0.000 
0.000 
0.000 
0.034 
0.136 
0.136 
0.000 
0.000 
3.794 
3.367 
3.022 
3.030 
2.716 
2.758 
3.026 
3.265 
2.873 
3.408 
3.460 
2.264 
2.044 
2.978 
4.010 
3.111 
3.539 
3.011 
2.516 
2.988 
5.134 
2.633 
2.218 
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[1 
i I 

n 

fl 
~g/m3 

n 
Example NH3 10 

8/6/02 1.3241604 
8/7/02 1.0156514 

0 8/8/02 1.2774439 
8/9/02 1.5729415 

8/10102 1,5653678 
8/11/02 1.4846665 n 8/12102 1,670329 ,. 8/13/02 1,8929517 
8/14/02 1,5154399 n 8/15/02 1,6386779 

'. 8/16/02 1.4608394 
8/17/02 1,2867552 

!l 8/18/02 1,5953123 
8/19/02 1,3997464 
8/20/02 0,990909 
8/21/02 1,368196 

[] 8/22/02 1,5655903 
8/23/02 1,6097282 
8/24/02 1,3738666 

II 8/25/02 1,2220733 

, 8/26/02 1,0614 
8/27/02 1,7295178 

:! 
8/28/02 2,1110297 
8/29/02 1,9778178 

i J 8/30/02 1,3502569 
8/31/02 1,7537224 
9/1/02 1,5608312 
912102 1,1308022 
9/3/02 1 .. 39328 

i 'I 
9/4/02 1,5717609 

Bondville, iL 2/1/03 0.4248991 
'. 2/2103 0,6646827 

2/3/03 1.4290753 

U 2/4/03 0.4464631 
2/5/03 0,2427664 
2/6/03 0,2574685 

] 2/7/03 0,0526125 
2/8/03 0.4341843 
2/9/03 0,3726877 

1'1 
2/10/03 0.2071454 
2/11/03 0,183113 

• 2/12/03 0,2752659 
2/13/03 0,8017485 

: I 2/14/03 0,3139462 
I , 2/15/03 0,1208578 , ) 

2116/03 0,1170747 
2117103 0,0312416 
2/18/03 0,0790236 
2/19/03. 0,302582 

Temp(K) Pressure(atm) 
298.5 1 

295 0.8238 
295 0,8238 
295 0,8238 
295 0,8238 
295 0,8238 
295 0,8238 
295 0,8238 
295 0,8238 
295 0,8238 
295 0.8238 
295 0.8238 
295 0.8238 
295 0,8238 
295 0,8238 
295 0,8238 
295 0,8238 
295 0.8238 
295 0,8238 
295 0,8238 
295 0,8238 
295 0.8238 
295 0,8238 
295 0,8238 
295 0,8238 
295 0,8238 
295 0,8238 
295 0,8238 
295 0,8238 
295 0;8238 
295 0,8238 
276 0,97404 
276 0,97404 
276 0.97404 
276 0,97404 
276 0,97404 
276 0,97404 
276 0,97404 
276 0,97404 
276 0,97404 
276 0,97404 
276 0,97404 
276 0.97404 
276 0.97404 
276 0,97404 
276 0,97404 
276 0,97404 
276 0,.97404 
276 0,97404 
276 0,97404 

~'. 

ppmV 
0,0143865 

0,0022853 
0,0017529 
0,0022047 
0,0027147 
0,0027016 
0,0025624 
0,0028828 
0,003267 
0,0026155 
0,0028282 
0,0025212 
0,0022208 
0.0027533 
0.0024158 
0.0017102 

. 0,0023613 
0,002702 

0.0027782 
0.0023711 
0,0021091 
0,0018318 
0.0029849 
0.0036434 
0.0034135 
0.0023304 
0,0030267 
0.0026938 
0.0019516 
0.0024046 
0.0027127 
.0,0005803 
0,0009077 
0.0019516 
0.0006097 
0.0003315 
0.0003516 
7,185E-05 . 
0.0005929 
0,000509 

0.0002829 
0,0002501 
0.0003759 
0.0010949 
0.0004287 
0.0001651 
0,0001599 
4,267E-05 
0,0001079 
0.0004132 

ppbv 
14 

2,285 
1,753 
2,205 
2,715 
2,702 
2,562 
2,883 
3,267 
2,615 
2,828 
2,521 
2,221 
2,753 
2.416 
1,710 
2,361 
2,702 
2,778 
2,371 
2,109 
1,832 
2,985 
3,643 
3.413 
2,330 
3,027 
2,694 
1,952 
2.405 
2,713 
0,580 
0,908 
1,952 
0,610 
0,332 
0,352 
0,072 
0,593 
0,509 
0,283 
0,250 
0,376 
1,095 
0.429 
0,165 
0.160 
0,043 
0,108 
0.413 
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Example 

Grand Canyon N,P 

San Gorgonio 

NH3 

2/20/03 
2/21/03 
2/22/03 
2/23/03 
2/24/03 
2/25/03 
2/26/03 
2/27/03 
5/1/03 
5/2/03 
5/3/03 
5/4/03 
5/5/03 
5/6/03 
5/7/03 
5/8/03 
5/9/03 

5/10/03 
5/11/03 
5/12/03 
5/13/03 
5/14/03 
5/15/03 
5/16/03 
5/17/03 
5/18/03 
5/19/03 
5/20/03 
5/21/03 
5/22103 
5/23/03 
5/24/03 
5/25/03 
5/26/03 
5/27/03 
5/28/03 
5/29/03 
5/30/03 
4/4/03 
4/5/03 
4/6/03 
4/7/03 
418/03 
4/9/03 

4/10/03 
4/11/03 
4/12/03 
4/13/03 
4/14/03 

() , 

~g/m3 

10 

0.5118587 
0,1143403 
0.1639139 
0.1392738 
0.0396096 
0.0397416 
0,061876 

0,0909833 
0,2614889 
0.2567476 
0.3025117 
0,1763725 
0,1440949 
0.2002973 
0,2819588 
0.2423621 
0,1133546 
0,1291995 
0,1306583 
0.1685175 
0.2227893 
0,2659592 
0,2742725 
0,4116403 
0,4124989 
0,307847 
0.2441263 
0.2204024 
0.2164546 
0.4068385 
0,5168976 
0,406053 
0.3167727 
0.3800757 
0.4191143 
0.4545668 
0.5068734 
0,6516641 
0.4520397 
1.3682234 
1.2643345 
0.4853762 
0,4174674 
2.2028933 
1,7510235 
1.5181289 
0,7950082 
0,8124928 
0.1170158 

Temp(K) Pressure(atm) 
298.5 1 

276 0,97404 
276 0,97404 
276 0.,97404 
276 0.97404 
276 0.97404 
276 0.97404 
276 0.97404 
276 0,97404 
295 0.76766 
295 0,76766 
295 0,76766 
295 0.76766 
295 0,76766 
295 0,76766 
295 0,76766 
295 0.76766 
295 0.76766 
295 0.76766 
295 0,76766 
295 0,76766 
295 0,76766 
295 0.76766 
295 0,76766 
295 0.76766 
295 0,76766 
295 0.76766 
295 0,76766 
295 0.76766 
295 0,76766 
295 0.76766 
295 0,76766 
295 0.76766 
295 0,76766 
295 0,76766 
295 0.76766 
295 0,76766 
295 0,76766 
295 0.76766 
289 0,80809 
289 0,80809 
289 0.80809 
289 0.80809 
289 0,80809 
289 0.80809 
289 0.80809 
289 0.80809 
289 0,80809 
289 0.80809 
289 0.80809 

,.-~, 

ppmV 
0,0143865 

0.000699 
0,0001561 
0.0002239 
0.0001902 
5A09E-05 
5.427E-05 
SA5E-05 

0,0001243 
0.0004843 
0.0004755 
0.0005603 
0,0003267 
0.0002669 
0,000371 
0.0005222 
0.0004489 
0.0002099 
0.0002393 
0,000242 
0,0003121 
0.0004126 
0.0004926 
0.000508 

0.0007624 
0.000764 
0,0005702 
0.0004521 
0,0004082 
0,0004009 
0.0007535 
0,0009573 
0,000752 

0,0005867 
0,0007039 
0,0007762 
0.0008419 
0.0009388 
0,0012069 
0.0007792 
0.0023583 
0,0021793 
0.0008366 
0,0007196 
0,003797 

0.0030181 
0.0026167 
0,0013703 
0.0014004 
0.0002017 

. ppbv 
14 

0,699 
0.156 
0.224 
0,190 
0,054 
0,054 
0,085 
0.124 
0,484 
0,476 
0,560 
0.327 
0,267 
0.371 
0.522 
0,449 
0.210 
0.239 
0.242 
0,312 
0.413 
0,493 
0.508 
0.762 
0.764 
0.570 
0.452 
00408 
0.401 
0.754 
0,957 
0,752 
0.587 
0,704 
0,776 
0.842 
0,939 
1.207 
0.779 
2,358 
2.179 
0.837 
0.720 
3.797 
3.018 
2,617 
1,370 
1.400 
0.202 
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rl ) 

il 
~glm3 

n Example NH3 10 

4116103 1.4533051 
4117103 0.6370786 

0 4118103 0.8140165 
4/19103 0.5264535 
4120103 1.9902295 

n 4121103 1.0913788 
4122103 0.6182538 
4123103 0.4664089 
4124103 0.8180046 

[] 4125103 1.1954716 
4126103 0.6340705 
711/03 1.1508674 

fl 
712/03 1.7351965 

·713/03 1.8225929 
714/03 2.2347766 

iJ 
715/03 1.7582609 
716103 3.080472 
717103 2.6699759 
718103 2;6607387 

') 7/9103 2.1798461 

(J 7110103 1.897579 
7111103 3.6562342 

[ 1 
7/12103 3.3857207 
7113103 2.1314336 

~. 7114103 1.4775031 
7115103 1.9875548 
7116103 2.5530809 
7117103 2.4323033 
7118103 3.8732721 
7119/03 4.3307939 

U 7120103 3.5059764 
7121103 3.8249028 
7122103 2.9632854 

il 7123103 4.0200089 
7124103 3.6464071 
7125103 3.0228622 

LJ 
7126103 4.0503221 
7127103 4.187615 
7/28103 4.5617782 
7129103 2.0703654 

1 J 
7130/03 2.9100174 

Briganitine 11104103 0.2206698 
11105103 0.4123882 
11/06103 0.1521582 
11/07/03 0.1951034 
11/08103 0.0638068 
11109103 0.1128087 
11110103 0.4815922 
11111103 0.507241 

Temp(K) Pressure(atm) 
298.5 1 

289 0.80809 
289 0.80809 
289 0.80809 
289 0.80809 
289 0.80809 
289 0.80809 
289 0.80809 
289 0.80809 
289 0.80809 
289 0.80809 
289 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
298 0.80809 
287 1 
287 1 
287 1 
287 1 
287 1 
287 1 
287 
287 

ppmV 
0.0143865 

0.002505 
0.0010981 
0.0014031 
0.0009074 
0.0034304 
0.0018811 
0.0010656 
0.0008039 
0.0014099 
0.0020606 
0.0010929 
0.0020455 
0.003084 

0.0032393 
0.0039719 
0.003125 
0.005475 
0.0047454 
0.004729 
0.0038743 
0.0033726 
0.0064983 
0.0060175 
0.0037882 
0.002626 
0.0035325 
0.0045376 
0.004323 
0.006884 

0.0076972 
0.0062312 
0.0067981 
0.0052667 
0.0071448 
0.0064808 
0.0053726 
0.0071987 
0.0074427 
0.0081077 
0.0036797 
0.005172 

0.0003052 
0.0005704 
0.0002105 
0.0002699 
8.826E-05 
0.000156 

0.0006661 
0.0007016 

ppbv 
14 

2.505 
1.098 
1.403. 
0.907 
3.430 
1.881 
1.066 
0.804 
1.410 
2.061 
1.093 
2.045 
3.084 
.3.239 
3.972 
3.125 
5.475 
4.745 
4.729 
3.874 
3.373 
6.498 
6.018 
3.788 
2.626 
3.533 
4.538 
4.323 
6.884 
7.697 
6.231 
6.798 
5.267 
7.145 
6.481 
5.373 
7.199 
7.443 
8.108 
3.680 
5.172 
0.305 
0.570 
0.210 
0.270 
0.088 
0.156 
0.666 
0.702 
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:l . " , . 

II 
~g/m3 

fl 
Example NH3 10 

11/12/03 0.3402455 
11/13/03 0.1226835 

[J 11/14/03 0.2479913 
11/15/03 0.4621654 
11116/03 0.6210247 

f1 
11/17/03 0.1987873 
11/18/03 0.4813656 
11/19/03 0.3412621 
11/20103 0.0966073 

0 11/21/03 0.7662481 
11/22103 0.3700046 
11/23/03 0.243648'9 

[1 11/24/03 0.3630643 
11/25/03 0.0954852 
11/26/03 0.140397 

[] 
11/27/03 0.2768692 
11/28/03 0.3239342 
11129/03 0.044656 
1.1/30/03 0.168285 (] Great Smoky Mts 7/20/04 0.2002726 

L 7/21/04 0.2590933 
7/22104 0.2766246 

U 
7/23/04 0.2204342 
7/24/04 0.1766765 
7/25/04 0·2602328 
7/26/04 . 0.2535956 

[] 7/27/04 0.2029204 
7/28/04 0.2005491 
7/29/04 0.2630131 

,-I 7/30/04 0.299369 
7/31/04 0.1985987 ,I 
8/1/04 0.1767665 
8/2/04 0.1138253 

LI 8/3/04 0.1125322 
814104 0.1895693 
8/5104 0.1485111 

i I 8/6/04 0.11655 

: . .1 8/7/04 0.1561461 
8/8/04 0.1843826 
8/9/04 0.2053317 ; I 8/10/04 0.1884613 

, .. 8/11/04 0.1340964 
8/12/04 0.1214892 

i 8/13/04 0.2019858 
_.J 8/14/04 0.3402938 

8/15/04 0.3212033 
8/16/04 0.3390405 
8/17/04 0.2429167 
8/18/04 0.2363473 

_ ..... _-_._--, . 

Temp(K) Pressure(atm) 
298.5 1 

287 1 
287 1 
287 1 
287 1 
287 1 
287 1 
287 1 
287 1 
287 1 
287 1 
287 1 
287 1 
287 1 
287 1 
287 1 
287 1 
287 1 
287 1 
287 1 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0;91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 
302 0.91905 

ppmV 
0.0143865 

0.0004706 
0.0001697 
0.000343 
0.0006393 
0.000859 
0.000275 

0.0006658 
0.000472 

0.0001336 
0.0010599 
0.0005118 
0.000337 
0.0005022 
0.0001321 
0.0001942 
0.000383 
0.0004481 
6.177E-05 
0.0002328 
0.0003172 
0.0004103 
0.0004381 
0.0003491 
0.0002798 
0.0004121 
0.0004016 
0.0003214 
0.0003176 
0.0004165 
0.0004741 
6.0003145 
0.0002799 
0.0001803 
0.0001782 
0.0003002 
0.0002352 
0.0001846 
0.0002473 
0.000292 . 

0.0003252 
0.0002985 
0.0002124 
0.0001924 
0.0003199 
0.0005389 
0.0005087 
0.0005369 
0.0003847 
0.0003743 

ppbv 
14 

0.471 
0.170 
0.343 
0.639 
0.859 
0.275 
0.666 
0.472 
0.134 
1.060 
0.512 
0.337 
0.502 
0.132 
0.194 
0.383 
0.448 
0.062 
0.233 
0.317 
0.410 
0.438 
0.349 
0.280 
0.412 
0.402 
0.321 
0.318 
0.417 
0.474 
0.315 
0.280 
0.180 
0.178 
0.300 
0.235 
0.185 
0.247 
0.292 
0.325 
0.298 
0.212 
0.192 
0.320 
0.539 
0.509 
0.537 
0.385 
0.374 
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1.0 Introduction 

1.1 Background 

In May, 2004, Steag, LLC (now Sithe Global, LLC) submitted a Prevention of Significant Deterioration (PSD) 
permit application to EPA Region IX associated with a modeling protocol and modeling analysis for assessing 
the air quality Impacts of the proposed Desert Rock Generating Station. This project Is a mine-mouth coal­
fired power plant, to be located in northwestern New Mexico about 50 km southwest of Farmington, New 
Mexico; within the trust lands of the Navajo N·ation. The plant will receive Its coal supplies from BHP Billiton 
New Mexico Coal. 

The rnodellng analysis submitted in May 2004 used the CALPUFF (Scire et aI., 2000) model for both short­
range and long-range transport rnodeling. While CALPUFF Is the preferred EPA model for long-range 
transport (distances of at least 50 km), it is also used on a case-by-case basis for local complex winds. The 
results of a 1982 study focusing upon meteorological conditions in northwestern New Mexicoprovlded 
evidence that the local flows exhibit complex behavior. Therefore, EPA Region 9 approved the use of the 
CALPUFF model with a 3-year meteorological database (2001-2003) for evaluating impacts on a consistent 
basis at all distances. This general modeling approach will not be changing for future modeling of the facility, 
except that a finer grid mesh may be employed for the local modeling near the proposed project site (including 
the local Class II modeling as well as Class I impacts at Mesa Verde; see Section 3-1). However, the National 
Park Service has elected to add three specific periods (more details In Section 3.3) to the analysis for regional 
haze at PSD Class I areas. 

The two proposed units will exhaust to a common stack which will be huilt to 1h~ Good "Engineering Practice 
(GEP) height of 279.5 meters (917 feet). For long-range transport modeling at distant (beyond 50 km) PSD 
Class I and sensitive Class II areas, the emissions from this main stack only were modeled In the 2004 . 
submittal. Future modeling will use these same procedures for distant Class I and sensitive Class II areas. 
For short-range modeling (at distances within 50 km of the project site), emissions from fugitive sources and 
other Intermittent and loW-level combustion sources were also considered in the 2004 submittal and will be 
included in future local Class II modeling. 

1.2 Overview of past modeling results 

The short-range modeling of the project emissions (modeled for both minimum and maximum boiler loads) 
indicated a significant Impact for two criteria pollutants; S02 and PM lO. The significant impact areas were 
contained within the Navajo Nation lands. A cumUlative inventory was obtained for the area extending out 
50 km from the distance to the Significant Impact Area (SIA) .. All sources in this Inventory were modeled, 
along with the proposed source, except for very small sources with an emission rate in tons per year (TPY) 
less than 0.8D (D in km) from the extent of the SIA for SO,: and 0.3D for PM

"
. (This exclusion of very small 

sources is consistent with the approach used for the cumulative inventory for PSD Class I modeling, and 
equates to 40 TPYfor SO, and 15 TPY for NO, at a distance of 50 km.) The cumulative modeling results 
showed compliance by a wide margin for the National Ambient Air Quality Standards (NMQS) and the PSD 
increments. 

Long-range modeling (for transport distances beyond 50 km) was conducted for both mandatory PSD Class I 
areas and also several sensitive Class II areas of interest to the National Park Service and the Forest Service. 
The Class II results were well below applicable thresholds for increment consumption and increment 
significance levels. The Class I results were significant for SO, only. A modeling analysis with a cumulative 
inventory was conducted, after an Inventory was requested from New Mexico, Colorado, Utah, and Arizona. 
For two nearby sources (San Juan Generating Station and Four Corners Power Plant), increment-expanding 
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emissions were also considered. The modeling results showed compliance for total 802 Increment 
consumption In all Class I areas, 

Regiona[ haze modeling was first conducted using the default FLAG approach. Some a[temat[ve methods 
were also applied to account for meteorological [nterferences, other components of natural background (e.g., 
natural salt concentrations), and EPA's revised f(RH) curves used in the implementation of the Regiona[ Haze 
Ru[e. The result of one of the a[temative approaches, which included a detailed analysis of meteorological 
interference periods and an hourly ratio averaging approach, resulted in an insignificant modeled impact for 
the proposed facility. The permit application was submitted with the conclusion that the proposed project will 
not have an adverse impact on regional haze. 

Ac[d[c deposition results were also provided as part of the permit application. A[though the results were above 
the deposition analysis thresholds (DATs), these thresholds incorporate a conservative factor of 25 for source 
clustering, and the results ofthe modeling showed impacts that were well below that margin. 

1.3 Comments on permit application air quality analysis 
A summary of comments received on the air quality modeling analys[s [n the 16 months since the permit 
application was filed is provided below. Severa! comments were received regarding the PSD Class I 
modeling, and very few regarding the Class II (local) modeling. The comments discussed below refer mostly 
to the Class I modeling issues, and were primarily submitted by the National Park Service. 

• Minor source baseline dates need to be identified before a cumUlative analysis is conducted: 

• The validity of sources In the cumUlative inventory is questionable. Some of the emission rates used 
may be too low. Also, there is a question as to whether minor sources have been accounted for. 

• It is not clear whether the increment expansion sources modeled for the Class I S02 cumulative 
inventory are fully creditable. 

• The visibility Impact analysis resulted in a conclusion of insignificant impacts, but the alternative 
procedures used in that conclusion are questioned by the Nationa[ Park Service, such as the way the 
meteorological interferences were addressed and the quant[ficatlon of the natural salt particle 
il1fluence on natural background. 

• The meteorological data used In the analysis was not properly evaluated. 

• Some of the CALPUFF model system technical options selected need more justification,. such as the 
dlspers[on option. 

• For regional haze, there Is a concern about winter events with an easterly wind that could advect the 
project emissions to the Grand Canyon, have these emissions pass through (and possibly.stagnate 
within) a cloud ·[ayer within the Canyon, accelerate formation of a sulfate cloud, and cause a vls[bliity 
impairment that is under-predicted by CALPUFF. To address this problem, a meteoro[ogical wind field 
with a resolution of 4-12 km is needed. [n addition, there is concern that CALPUFF is understating the 
sulfate transformation inside clouds. On the other hand, ENSR noticed that CALPUFF appears to be 
.overstating the nitrate formation In winter due to its dominance relative to sulfate form~tion in cold 
weather, while IMPROVE observations indicated dominance of sulfates rather than nitrates. 

• Since the FLAG method did not show [ow impacts for the proposed facility, a refined analysis must be 
undertaken to resolve the predicted project Im·pacts. 

• The protocol we have discussed to date has really only dealt with the Desert Rock Impacts in isolation. 
The issue of methods for a cumulative impact assessment is not covered. We expect that a 
cumUlative assessment will stili be done. . 

• We want to be clear that the modeling protocol as currently presented will not satisfy two of our 
primary concerns. First, there Is still no consideration of aqueous phase conversion of sulfates. 
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Secondly, the meteorological fields proposed for use are stili unlikely to capture some of the Important 
flow phenomena that lead to impacts In the Class I areas In the region. We are attempting to generate 
more accurate wind flelds for some speclflc time periods, and will make them available to you as soon 
as they are available. We anticipate looking at these results as well as refining previous work done at 
the NPS when making our recommendations. We will need caples of all of the CALPUFF input and 
output files to complete our evaluations. 

The next me sections discuss a resolution to these comments and how the next round of modeling will be 
conducted. 
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2.0 Resolution of comments regarding the modeling analysis 

This section presents each comment stated above, and then provides a discussion regarding a response to 
the comment. 

1. Minor source baseline dates need to be identified before a cumulative analysis is conducted. 

Discussion: these dates have been assembled by WESTAR and are available at 
http://www.westar.orgfCommitteesrrDocsfAQCR%20mapsfS02_02Dec04. pdf. The emission inventories 
already supplied by each state are consistent with these dates. 

2. The validity of sources In the cumulative Inventory is questionable. Some aftha emission rates used may 
be too low. Also, there is a question as to whether minor sources have been accDunted for. 

Discussion: The cumulative emls~IQn Inventories are most likely overstating increment consumption because 
increment expanding sources (other than perhaps San Juan Generating Station and Four Corners Power 
Plant) are not included. In addition, the implementation of the on-road ultra-low diesel sulfur fuel program in 
2006 and off-road diesel program In the 2007-2010 time frame. As Scott Bohning indicated in his 
April 29, 2005 notes for the May 3, 2005 meeting, the "states seem to agree that minor source growth does not 
·pose a problem for 802 increment." 

For the Electric Generation Unit (EGU) sources in the inventory that already exist, EPA Region 9 has 
conducted a thorough review of the emissions, and has determined that the use of the 99~ percentile emission 
rate will be sufficiently conserVative·so as to estimate the maximum routine operations. The EPA analysis is 
further described in Section 3. 

3. It is not clear whether the increment expansion sources modeled for the Class I SO, cumulative Inventory 
are fully creditable. 

Discussion: This issue has been resolved by EPA Region 9, and Is further discussed in Section 3 and 
Appendix A. . 

4. The visibility impact analysis resulted in a conclusion of insignificant impacts; but the aiternative 
procedures used in that conclusion are questioned by the National Park Service, such as the way the 
meteorological Interferences were addre.ssed and the quantification of the natural salt particle influence on 
natural background. 

Discussion: There has been an evolution of techniques that have be~n proposed and. discussed to deal with 
·the issue of-meteorological interferences. This is an important issue becaus!? the peak modeled visibility 
Impacts using the default FLAG approach can often occur during high relative humidity conditions, and lhese 
conditions can otten be associated with natural obscuration such as fog, snow, rain, etc. These factors are not 
taken Into account in CALPOST. The problem with procedures that attempt to address these conditions on a 
case-by-case basis is that the required analysis resources are extensive and the information regarding· actual 
obscuration is often incomplete. Ttlerefore, significant disagreements can occur regarding how to handle 
individual events. 

An alternative approach to a case-by-case meteorological iriterference analysis is to adopt the method in 
EPA's final BART rules for determining whether an existing source has an adverse visibility impact on any 
Class I area. That approach involves the following method: 
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a. Use Method 6 in CALPOST, which uses monthly average relative humidity values In the I(RH) 
calculation. 

b. For each year (or over 3 years), take the 98% highest daily Impect at any point in the .Class I area to 
compare to a 0.5 declview (or 5% extinction change) threshold for significance. For a one-year 
analysis, this would Involve looking at the 8lli highest day's Impact at each receptor, while lor a three' . 
year analysis, it would involve the 22nd highest aver the entire period. 

5. The meteorological data used in the analysis was not properly evaluated. 

Discussion: A oomparlson 01 the meteorological data at several surface airport stations was submitted with the 
permit application. However, some changes to the meteorological data are being proposed that will adopt 
publicly available data that have been independently reviewed. For 2001, we will use the 36-km data 
documented by McNally (2003). For 2002, we will use the recently-completed WRAP 12-km MM5·database, 
as documented by ENVIRON and UC Riverside (2004). For 2003, we will continue to use the 20-km RUC 
data, provided by Earth Tech. Three additional periods provided by the FLMs lor a reviewal specific regional 
haze impacts will also be Included. 

6. SomB ofthe CALPUFF model system technical options selected need more justification, such as the 
dispersion option. We would like to see CALPUFF run with the P-G dispersion option as our preferred 
choice. lIthe applicant uses the AERMOD-like MDISP~2 option only, the National Park Service will rerun 
CALPUFF with MDISP~3, thus delaying the review 01 the permit application. . 

Discussion: There has been extensive discussion of these optIons, and we have come to an agreement with 
the National Park Service. The agreed-upon options are listed in Section 3. 

Additional Information regarding the dispersion option is provided here, An EPA study available at 
htto://www,epa.gov/scram001/7thconf/calpuff/tracer,pdf presents a comparison of CALPUFF predictions VS. 

observations for sOrrie far-field experiments and has mixed conclusions about the two dispersion options 
mentioned above. In the main report, the figures showing the crosswind ooncentration distributions prediCted 
by CALPUFF with MDISP-2 and MDISP~3 overall show that when there are differences, the peak predictions 
are higher lor MDISP~3, but that the MDISP~2 peak predictions generally have a better agreement with the 
observed peak values. This can be seen most clearly in Figure 3 and in·Figure 4a (two different experiments). 
The Appendix A to the EPA report seems to provide a reverse conclusion for one experiment, showing 
overpredictions with the similarity dispersion curves and better agreement with the P-G curves, Therefore, 
there are mixed results reported here for the tendency of the two different options to predict higher or lower' 
relatiVe to each other lor long-range transport, although two different experiments showed better perfonmance 

. with MDISP~2. In general, the choice 01 MDISP~2 does not appear to lead to underpredictlons 61 the peak 
impact, and It is more accurate most of the time. 

It is also noteworthythatthe model developer, Earth Tech presents in its CALPUFF courses (Scire, 2005) the 
following features of the Pasquill-Gifford coefficients vs. the turbulence-based ~ispersion coefficients: 

The P-G dispersion coefficients: 

• are based on ground-level releases over short distances 

. • neglect variation of diffusion with height 

• neglect variation of diffusion due to sulface characteristics (exes'pt urbanlrural distinction). 

The turbulence-based dispersion coefficients: 

• are continuous functions of height, surface properties, and measured or estimated values of crv, rJw 
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• include spatial variability in dispersion rates; puffs respond to surface characteristics as they move 

• respond to changes In surface roughness, soil moisture, and other surface parameters. 

We do not have any further technical Justification from the National Park Service regarding their choice of 
MDISP = 3, an option that is associated with a model (ISC) that is now being phased out by EPA. Accordingly, 
we will present results with MDISP = 3, but may include results'as well with MDISP=2 (and MPDF=1) in some 
cases, espsclallyJor regional haze'results, to provide more complete information for the reviewers. 

7. For regional haze, there Is a concern about winter events with an easterly wind that could advect the 
project emissions to the Grand Canyon, have these emissions pass through (and possibly stagnate within) 
a cloud layer within the Canyon, accelerate formation Of a sulfate cloud, and cause a visibility impairment 
that is under-predicted by CALPUFF. Such impairment Is typically seen after the clouds evaporate, and is 
usually limited to 24 hours or less. To address this issue, the FLMs feel that a meteorofogical wind field 
with a resolution of 4-12 km is needed. In addition, there is concem that CALPUFF is understating the 
sulfate transfonnation inside clouds. On the other hand, ENSR noticed that CALPUFF appears to be 
overstating the nitrate formation in winter due to its dominance relative to sulfate formation in cold weather, 
while IMPROVE observations Indicated dominance of sulfates rather than nitrates. 

Discussion: We have had numerous discussions about this issue. At this time, it is not possible to change 
CALPUFF to enhance its treatment of aqueous-phase chemistry because the model developer, Earth Tech, is 
not currently prepared to take on that task. Joe Scire of Earth Tech also notes (2005) that an advanced 
algorithm for aqueous phase chemistry is highly dependent upon the concentration of hydrogen peroxide, 
which Is not generally known. Therefore, it is not advisable to adopt a more advanced algorithm until scientists 
achieve a better understanding of hydrogen peroxide concentrations In the atmosphere. Any advanced 
treatment would directly access liquid water content Input data, rather than the relative humidity surrogate 
values currently used. 

As noted above, there is no appropriate "quick fix" to this treatment. The use of Eulerian regional models such 
as CAMx or CMAO have other difficulties, such as lack of regulatory approval and insufficient validation; they 
could be challenged as unproven alternate models to CALPUFF and may suffer from the same dependence 
upon the unknown concentrations ,of hydrogen peroxide and other compounds. In addition, plume dispersion 
for individual sources is not adequately simulated in these models unless the meteorological resolution is very 
good (such as 4 km), which makes the effort involved too unwieldy. 

To move on, we will run CALPUFF with its current algOrithms for the proposed project and then provide for 
agency review a series of animation files of the concentration fields for further analysis for specific periods that 
the FLMs identify that are of interest. 

The likely overprediction of nitrates In winter can be addressed by using a monthly variation of background 
'ammonia concentrations. The default value of 1.0 ppb for arid lands as referenced in the IWAOM Phase 2 
document is valid at 20 deg C, but the same document cites a strong dependence with ambient temperature, 
with variations of a factor of 3-4. This same dependence is seen at the CASTNET monitor at Bondville, Illinois 
(see page 5 at http://www.ladco.org/tech/monitoring/docs gifs/NH3proposal-revised3.pdf). In addition, a study 
of light-affecting particles In SW Wyoming indicated that nitrates were overpredlcted by a factor of 3 for a 
constant ammonia concentration of 1.0 ppb, and by a factor of2 for an ammonia concentration of 0.5 ppb (se~ 
Figure 2-1, also provided as slide 57 at 
http://www.air.dnr.state.ga.us/alroermltlpsd/dockets/longleaf/facilitvdocs!050711 CALPUFF eVal.pd!). Since 
there are no large sources of ammonia due to agriCUltural activities near the Class I areas being analyzed, It is 
appropriate to introduce a monthly varying ammonia background concentration to the CALPUFF modeling. 
The following values are proposed (and have been agreed to by the National Park Service): 
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Figure 2-1 PredIction of N03 as a function of ammonia background concentration in SW Wyoming 

N03 wi Constant 0.5, 1~0 ppb NH3 and 
time-varying NH3 -Bridger IMPROVE 
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• January- March: 0.2 ppb (average temperat.ure - 20-40 deg F) 

• April-May: 0.5 ppb (average temperature 40-50 deg F) 

• Juna-September: 1.0 ppb (average temparature 60-70 deg F) 

• October - November: 0.5 ppb (average temperature 40-50 deg F) 

• December: 0.2 ppb (averaga temperature - 30 deg F). 

EVen the relative low wintertime estimate of 0.2 ppb could be too high for the coldest days that appaar to 
trigger.the most nitrate formation in the model, so additional sensitivity modeling may be presented for cold­
weather months. 

8. Since the FLAG method did not show low impacts for the proposed facility, a much more refined analysis 
must be undertaken to resolve the predicted project Impacts. 

Discussion: The FLAG method has several conservative features, most notably the inability to handle cases of 
peak visibility impact predictions when the natural visibility is limited due to nighttime conditions or obscuration 
due to preCipitation and fog. Th.erefore~ we conducted alternative analyses, which can show lower fac111ty 
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impacts. This was done for the May 2004 submittal. In this revised analysis, we will conduct a simpler 
alternative analysis along the lines of the BART approach. If such an approach shows low impacts (98% day 
with less than 0.5 declview change), then we do not believe that a refined analysis is needed. The manner In 
which a refined analysis could be conducted Is not defined, and has no precedent that the applicant is aware 
of. 

9. The protocol we have discussed to date has really only dealt with the Desert Rock Impacts in Isolation . 
. The issue of methods for a cumulative impact assessment is not covered, We expect that a cumulative 

assessment will still be done. 

Discussion: We assume that this comment addresses the need for a cumulative impact assessment for 
regional haze. If so, it is first helpful to review two possible results from the modeling analysis for the proposed 
facility alone that determine ~hether a cumulative regional haze modeling analysis is needed. 

One possible result is that the proposed project's impacts are shown not to cause a perceptible impact on 
regional haze in a Class I area. Although the application of a strtct FLAG procedure once again may show 
impacts over a 5% extinction change from natural background, an alternative analysis may indicate no 
perceptible impact. Since FLAG arguably has many conservative assumptions, we will also look at the 
alternative analysis for concluding whether the proposed project's emissions are likely to cause a perceptible 
visibility impact. We will also provide a substantial amount of information to the National Park Service for their 
revIew as well. Ifthe project show~ an extinction change below 5% of natural background conditions, then a 
cumulative regiomil haze analysis is not needed. . 

Even if the proposed project could potentially have a perceptible visibility impact, It Is clear from the language 
In a comment provided by the National Park Service that sulfate is a major constituent of regional haze In the 
Four Comers area. (Other .components of lesser Importance are NOx .and PM10 emissions.) The proposed 
facility will emit a maximum bf about 3,300 tons per year of SOi~md NOx• and about 1,100 TPY of PM1o. As 
we noted In our presentation at the May 3, 2005 meeting in Fort Collins, the recently announced reductions of 
emissions from the nearby ·San Juan Generating Station are as follows by the year 2010, relative to emissions 
in 1999: 

• so, annual emissions reduced by nearly 7,000 TPY (vs. about 3,300 TPY Desert Rock) 

• NO, annual emissions reduced by about 7,000 TPY (vs. about 3,300 TPY Desert Rock) 

• PM" annual emissions reduced by nearly 2,500 TPY (vs. about 1,100 TPY Desert Rock) 

In addition, recent changes In emissions at the nearby Four Corners Power Plant are also important to account 
for in the cumulative impact evaluation. These changes appear to be voluntary S02 emission reductions 
throughout 2004 due to Increased scrubbing efficiency, ahd can be seen from data posted on the EPA's Acid 
Rain Database. Annual SO, emissions appear to be dropping from about 35,000 TPY to about 15,000 TPY, a 
reduction of some 20,000 TPY. 

It is clear from tbe above tallies of emission reductions in the Four Corners area that a cumulative analysis, 
which should properly account for recent voluntary emissIon reductions, would clearly show that the reductions 

. are many times the increases from the proposed project, especially for 802. Therefore, a cumulative regional 
haze analysis is clearly not necessary, because the cumulative impact will be an improvement even with the 
projecfs emissions included. 

10. We wantlo be clear that the modeling protocol as currently presented will not satisfy two of our primary 
concerns. FIrst, there is still no consideration of aqueous phase ca:nverslon of sulfates. Secondly, the 
meteorological fields proposed for u~e are still unlikely to capture some of the important flow phenomena 
that lead to Impacts In the Class I areas in the region. We are attempting to generate more accurate wind 
fields for some specific time periods, and will make them available to you as soon as they are available. 
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We anticipate looking at these results as well as refining previous work done at the NPS when making our 
recommendations. We will need caples of all of the CALPUFF input and output files to complete our 
evaluations. 

Discussion: As we have discussed extensively since the May 3 meeting, we attempted to engage the services 
of Joe Scire and Earth Tech to Include enhancements to CALPUFF to address the eencerns of the National 
Park Service. These attempts were unsuccessful. One reason for this is that the model developer does not 
feel that sufficient Information about certain important compounds involved In S02 to sulfate transfonmation, 
such as hydrogen peroxide concentrations, is available to allow an enhanced algorithm to be praclical. 
Basically, the unknowns associated with a more advanced algorithm make It unworkable at this time. 
Alternative modeling approaches might be SCICHEM for a Lagrangian model such as CALPUFF and Eulerian 
models such as CMAQ and CAMx; they may suffer from the same poor knowledge of certain critical 
compounds. None of these models have been used in a single-source PSD penmitting application that we 
know of. 

While advanced Eulerian models such as CAMx or CMAQ may better address the aqueous phase chemistry 
Issue, the model dispersion Is poorly characterized near the source and is dependent upon the grid size, as 
noted In the National Park Service's comments about REMSAD modeling that were provided prior to the May 
3 meeting. EVen if a 4-km grid size were to be developed for CAMx, the model running time might be as long 
as 2 weeks per simUlation month, or about 50% of real time. Such a model run would be too resource­
intensive for modeling a single source, In addition, a demonstration that the concentration predictions from 
CAMx and CMAQ are better than those of CALPUFF, which is required for use of an alternative model. is not 
available to our knowledge. 

Therefore, we are proceeding WITh CALPUFF, but providing information on eencentration patterns with 
animation files so that possible int~ractions of the piume with clouds can be further reviewed by the National 
Park Service, We will also provide concentration files so that, if warranted for a pariicular-period, the National 
Park Service can add the S02 concentrations (multiplied by 1.5) to the SO,-concentrations to simulate 
complete transformation to sulfate, 

In terms of the adequacy of the meteorological data, WB are using 3 years of the best available MM5 data, . 
including the· 12-km 2002 WRAP database. We are accommodating periods of 4-km MM5 as provided by the 
National Park SelVlce that cover the periods identified as being of particular interest. 
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3.0 Procedures for final modeling of proposed project 

3,1 Stack emission data 

The facility layout has been revised since the May 2004 permit application, with the main stack location shifted 
within the plant boundaries. The new main stack location, within a meter, will be 719,690 UTM East and 
4,041,760 UTM North, Zone 12, NAD 83, Exhaust characteristics of the stack have not changed, The stack 
emissions and the dependence of the exhaust parameters on ambient temperature are listed in Section 6.2,2 
of the May 2004 PSD Permit Application document. . 

For purpose of regional haze modeling, the PM" emissions are further speciated as speclfied by Sithe Global: 

• Half olthe emissions are assumed to be filterable, and half condensable (0,010 Ib/MMBtu for each 
portion), 

• The particle size distributions are based on the EPA's Compilation of Air Pollutant Emission Factors, 
Publication AP,42, Tables 1,1-5 (for a baghouse.control technology) and 1.1-6, The size ranges 
considered are based on AP-42 Table 1.1-6, which provides size ranges for filterable PM. Table 1.1-5 
of AP-42 Indicates that condensabte PM can be assumed to be <: 1.0 micron in diameter. Therefore, 
the non-sulfate condensable emissions will be assigned to the smallest size category. Sulfate 
emissions are mocleled separately as primary 804., 

• Of the total filterable PM" emissions, 96,3% of "fine" particulate emissions are considered "salls", and 
3,7% elemental carbon (following guidance in AP-42 Table 1,1-5); 'all cif the "coarse" particles are 
assumed as "soils", The elemental carbon is provided a size distribution throughout the fine particle 
categories in the proportion assigned to the four size categories in the sUb-2.5 microh range. The 
condensable PM emissions will be considered to be composed of H2S04 and secondary organic 
aerosols, all in the smallest size category, 

The Class I analysis modeling will consider only the main stack only at 100 percent load, A SCREEN3 
analysis, provided In Appendix 0 of the modeling protocol submitted in May 2004 indicates that the lowest 
normal operating load case (40% of capacity) can possibly lead to the highest near-field concentration 
predictions, Therefore, for the Class II analysis, the main stack at both 40 and 100 percent (maximum and 
minimum) load for both one and two units operating will be modeled (stack parameters for these cases have 
not changed from the May 2004 submittal), Emissions from the auxiliary boiler, the diesel generator and fire 
water pump, and the material-handling souroes will also Included in the Class II compliance analysis, 

3.2 PSD Class II modeling procedures 

A local modeling domain that extends approximately 125 km in the east-west direction and 190 km in the. 
north-south direction from the proposed facility location is proposed for this near-field Class II CALPUFF 
modeling analysis (and the Class I analysis for Mesa Verde), as shown In Figure 3-1. The grid spacing for this 
analysis is 500 m. 

For the Class II modeling within 00 km, planl€imlSSions from the main stack as well as low-level combustion 
and fugitive sources will be included, The plant impacts will be compared with Significant Impact Levels to 
determine the need for cumulative modeling. Based upon previous results, cumulative modeling is likely to be 
r!3quired for 802 and PM10. In a cumulative modeling assessment, the project sourcesr along wIth secondary 
sources (such as the BHP mine emissions) and other nearby sources will be modeled with CALPUFF to 
demonstrate compliance with PSD Class II increments and the NAAQS. 
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For the Class I modeling (and for distant sensitive Class II areas that were previously modeled), CALPUFF will 
be used as described In Section 2 for the main stack emissions as described in Section 3.1. The project is 
likely to have a modeled significant impact for SO" but not for PM" and NO,. Therefore, we have had 
extensive discussions with EPA Region 9 regarding the sources and emission rates for the cumulative 
analysis for SO,. More details regarding this Inventory are provided in Appendix A. 

The regional haze modeling will be conducted using the FLAG approach (with an RHMAX = 95% and EPA 
f(RH) cUlves), and alternative analyses will consider the following features: 

• Using the BART approach with Method 6 and reporting the 98% day (81h highest for each year, and 
22" highest over 3 years) to determine whether the project has an Impact over 0.5 deciviews (about 
5% change in extjnctio~) 

• Use of a finer grid resolution for areas such as Mesa Verde, for which a grid spacing as small as 0.5 
km may be run, as described above. The purpose of this exercise would be to better define the terrain 
features within the modeling domain, especially at the nearest Class I area. 

• Use of an alternative dispersion option (similar to the AERMOD treatment) may be considered for the 
project emission Impact because this method is consistent with EPA's recent updates for short-range 
model, for which ISCST3 has been'replaced by AERMOD. 

Flies showing the isopleths of gridded concentration data will be provided for review by the FLMs. If feasible, 
liquid water content fields associated with the MM5 data will also be displayed. 

The CALPUFF modeling will be conducted for all aspects of the analysis (PSD increment consumption, 
regional haze, arid acldic,depositlon) for the period 2001-2003. The National Park Service has provided 4-km 
and 12-km MM5 data for the following periods (Involving complete days of data): 

• 2001: January 3 - January 29 

• 2003: January 1 - January 16 

• 2004: Apr,iI 20 - May 1. 

These periods will be ru·n only for the assessment of regional haze impacts because they were provided to us 
due to specific concerns for that Air Quality Related Value (AQRV), Results for these periods will be directly 
compared to the same periods with the full year MM5 data for 2001 and 2003. 

For tliese selected periods, 4-km MM5 data is not available at all PSD Class I areas within 300 km of the 
proposed project site. However the 12-km MM5 data does cover all of the Class I areas within 300 km of the 
project site. Therefore, the selected periods mentioned above will be run with 4-km MM5 data for: 

• Canyonlands 

• Capitol Reef 

• Grand Canyon 

• MesaVerde 

• Weminuche. 

Portions of these Class I areas that are either very close to the edge or outside of the 4-km MM5 data set or 
are greater than 300 km from the proposed source will not be assessed with this grid. The 4-km MM5 runs will 
be conducted with a 3-km CALMET grid resolution (except for Mesa Verde) and the domain depleted In 
Figure 3-1. 
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The remaining Class I areas will be assessed using the 12-km MM5 for the same periods of interest. Those 
areas are as follows; 

• Arches 

• Black Canyon of the Gunnison 

• Bandelier 

• Great Sand Dunes 

• La Garita 

• Pecos 

• Petrified Forest 

• San Pedro Park 

• West Elk 

• Wheeler Peak 

The 12-km MM5 runs will be conducted with 4-km CALMET grid resolution and the original domain designecj 
for this project as depicted in Figure 3-1. 

The following technical options and settings have been agreed upon by EPA Region IX, the NPS, and ENSR. 

• The monthly background ammonia values listed In Section 2 will be used. 

• Puff splitting will not be activated. Sensitivity runs with this option produced small changes in the 
modeling results, but wlth large effects upon model runtime. 

• MDISP = 3 (P-G dispersion coefficients) will be used for the CALPUFF modeling. In some sensitive 
areas such as regional haze Impacts of the proposed project Dr S02 increment consumption analyses, 
an altematlve modeling assessment using MDISP=2 and MPDF=1 may be provided. 

• For certain CALMET settings, the following guidance applies: 

- 4-kril MM5 (for certain Class I Areas from periods In 2001, 2003, and 2004j: 
- TERRAD = 10km 

R1 = 2 km 
R2=20km 
RMAX1 = 6 km 
RMAX2 = 30 km 

12-km MM5 (all of 2002 and for certain Class I Areas from periods in 2001, 2003, and 2004): 
- TERRAD = 10 km 

R1 = 6 km 
R2=20km 
RMAX1=12km 
RMAX2 = 30 km 
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- 20-km Rue (all of 2003): 
- TERRAD = 10 km 

Rl = 10 km 
R2=20km 
RMAXI = 20 km 
RMAX2=30 km 

36-km MM5 (all of 2001): 
- TERRAD = 10 km 

Rl =18 km 
R2=20km 
RMAXI = 30 km 
RMAX2 = 100 km 

ENSR I AECOM 

ENSR has already provided meteorological evaluations of the MM5 data used in the May 2004 submittal. Of 
these MM5 data sets, the 2001 and 2002 data sets are being replaced by publicly available data used in 
several regional modeling exercises. Reports describing the meteorological evaluations for the 2001 and 2002 
MM5 databases are available (McNally, 2003 and ENVIRON and ue Riverside, 2004). Independent 
evaluations of the 4-km MM5 databases supplied directly from the National Park Service will not be conducted. 

The National Park Service may conduct theIr own analysis of possible periods for which significant aqueous 
phase chemistry transformation of S02 to sulfates should be predicted to occur. 
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Appendix A: Cumulative S02 PSD inventory 

Key issues with regard to the appropriate entries in the cumulative S02 PSD increment inventory for this 
project are: 

1. What is the appropriate emission rate that reflects "maximum actual" emissions, especially if facility-wide 
emissions could reflect periods with some units lower than peak production or even off-line? 

Discussion: EPA Region 9 talked to other EPA regions on this question. There seems to be agreement that 
one should use the maximum actual hourly rate, though some regions felt there was some justification for 
using, e.g., 90th percentile as indicative of "normal" source operation, as opposed to the 100th percentile, 
which would include anomalous spikes, as It does for at least some of the Four Corners Power Plant (Fepp) 
units. In Region 8's own modeling for North Dakota S02 increment, 90th percentile was used because it is very 
unlikely that all sources would simultaneously operate at their maximum; and further, the sum of the 90th 
percentiles was close to the maximum emissions that actually occurred. In this case, the sources are not as 
clustered as they are for the North Dakota situation, so a percentiie value closer to 100% would be 
conservative. Due to the fact that the 100th percentile case does Include hours that involve upset conditions, 
and because the shortest regulatory averaging time is 3 hours for S02' a 99 th percentile selection based upon 
hourly valu~s for emittjng unit should be quite conservative. For more conservatIsm, the 99th percentile is 
taken only from the nonzero emission hours for each EGU unit for years 2003 and 2004, and averaged to 
provide the emission value for Input to Ihe model. 

2. For the Four Comers Power Plant and the San Juan Generating Station, what are the appropriate 
baseline emissions that reflect the same "maximum actual" treatment as current emissions? 

Discussion: There were Federal Register notices in 1981 that addressed appropriate emission limits for the 
FCPP and San Juan Generating Station (SJGS) unlls. Language from 46 FR 30653-30654, June 10, 1981 
states: "The revised emission limits provide for an average of 60 percent control for Four Corners unIts 1, 2 
and 3 and no control on units 4 and 5 by the end of 1982, and an average of 72 percent control for the entire 
Four Comers plant (5 units total) by Ihe end of 1984." "Plant-wide average SO, emissions will be 0.47 
IblMMBtu forThe Four Corners plant and 0.65 IblMMBtu for the San Juan plant after 1984." 

In summary, for FCPP, the 1981 SO,limit requirement for 1984 is 0.47Ib/MMBtu for FCPP; 72% control. For 
SJGS, the 1981 limit requirement for 1984 is 0.65 IbIMMBtu.· These values are long-term averages. To obtain 
maximum short-term peaks for the baseline period, a ratio of peak to mean will be established for each 
relevant unit at FCPP and SJGS for 2003 and 2004, and then applied to this mean baseline emissions giv8n 
above to represent the peak short-term baseline emissions for each unit. 

The resulting 802 PSD increment inventory is provided in Table A-i. The modeling archive will include 
spreadsheets that support the values provided In the table. 
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Table A·1 502 P5D increment Inventory 

2003·2004 Stack Lat Long Base 99%tile Height Facility Name (deg) (deg) EI.(m) Em:~s~)ns 
g/s 

(m) 

PSD Increment Consuming Sources 

Desert Rock 36.50 -108.55 1645.8 102.810 279.50 
Cholla Unit 2 34.93 -110.30 1529.0 89.089 167.64 
Springerville GS 34.32 -109.17 2128.0 1064.432 152.40 
Abitibi Consolidated 34.50 -110.33 1844.0 43.650 65.23 
AE Staley MFG 37.58 -106.09 2322.6 2.451 5.18 
Nixon Unit 1 38.63 -104.71 1676.4 220.322 140.21 

Kinder Morgan 37.47 -108.79 2017.8 1.008 6.10 

Cameo Station (current) 39.15 -108.32 1463.0 82.566 45.72 
Nucla Station 38.24 -108.51 1694.7 69.466 65.53 
Holcim-Florence 38.38 -105.02 1536.2 109.000 110.00 
Holcim-Florence 38.38 -105.02 . 1536.2 44.900 110.00 
Hunter Unit 2 39.17 -111,03 1723.6 103.210 182.88 
Hunter Unit 3 39.17 ·111.03 1723.6 92.767 182.88 
Lisbon Flare 38.16 -109.28 1828.8 1.155 12.20 
Lisbon In~inerator 38.16 -109.27 1828.8 38.800 64.98 
Consolidated .Constr, 36.71 -108.24 1638.3 ~.299 12.80 
San Juan G;S Unit 3 36.80 -108.44 1614.9 264.835 121.92 
San Juan GS Unit 4 36.80 -108.44 1614.9 ·299.264 121.92 
Bloomfield Refinery 36.70 -107.97 1673.3 5.383 24.38 
Peabody Mustang 35.66 -107.91 2112.3 43.474 147.28 
Tri-State Escalante 35.41 -108.08 2103.8 47.110 138.07 

PSD Increment Expanding Sources* 

Cameo Station (baseline) 39.15 -108.32 1463.0 -79.254 12.65 
San Juan Unit 1 36.80 -108.44 1614.9 -373.839 121.92 
San Juan Unit 2 36.80 -108.44 1614.9 -348.371 121.92. 
Four Corners Unit 1 36.69 -108.48 1615.0 ·79.627 76.20 
Four Comers Unit 2 36.69 -108.48 1615.0 -67.202 76.20 
Four Comers Unit 3 36.69 -108.48 1615.0 -62.855 76.20 
Four Comers Unit 4 36.69 -108.48 1615.0 -162.148 115.82 
Four Corners Unit 5 36.69 -108.48 1615.0 -109.897 115.82 
'"'Baseline peak emissIons listed 
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Stack 
Temp 

(K) 

323.15 

348.71 
339.00 
380.37 
1273.00 
422.59 
644.26 
3.99.81 
408.15 

376.00 
356.00 
329.26 
322.04 
613.15 
736.76 
427.59 
322.04 
322.04 
127.3.15 
343.09 
324.26 

416.5 
317.59 
317.59 
327.59 
327.59 
327.59 
333.15 
333.15. 

Exit Stack 
Velocity Diameter 

(m/s) 

24.99 
34.14 
21.30 
18.35 
20.80 
19.62 
2.54 
7.77 

23.34 
14.52 
13.99 
17.82 . 

16.63 
83.58 
7.35 
19.60 
15.85 
15.85 
20.12 
18.29 
15.24 

2.29 
18.29 
18.29 
18.29 
18.29 
31.63 
23.89 
18.29 

(m) 

11.21 
4.48 
6.10 
3.66 
0.10 
5.33 
0.61 

2.67 
3.66 
6.00 
1.70 
7.32 
7.32 
0.46 
1.83 

1.036 
8.534 
8.534 
0.305 
5.505 
6.096 

45.72 
6.096 
6.096 
5.36 
5.36 
4.36 
8.69 
8.69 
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c_ AK. Anchorage 

(907) 561-5700 .1 
Ll AK. Fairbanks 

(907) 452-5700 

n AL. Birmingham 
(205) 980-0054 

AL. Florence 

[I 
(256) 767-1210 

CA. Alameda 
(510) 748-6700 

0 
CA. Camarillo 
(805) 388-3775 

CA. Orange 

f1 ,-

(714) 973-9740 

CA. Sacramento 
(916) 362-7100 

[] ) 

CO. FI. Collins 
(970) 493-8878 

FI. Collins Tox Lab 

r! 
'- -

(970) 416-0916 

CT. Stamford 

[ j 
(203) 323-6620 

CT. Willington 
(860) 429-5323 

:J 
FL. SI. Petersburg 
(727) 577-5430 

FL. Tallahassee 

U 
(850) 385-5006 

GA, Norcross 
(770) 381-1836 

Ll IL, Chicago 
(630) 836-1700 

IL. Collinsville 

J . (618) 344-1545 

LA, Baton Rouge 
(225) 298-1206 

MA. Air Laboratory 
,(978) 772-2345 

MA. Sagamore Beach 
(508) 888-3900 

MA. Westford 
(978) 589-3000 

MA. Woods Hole 
(508) 457-7900 

MD. Columbia 
(410) 884-9280 

ME. Portland 
(207) 773-9501 

MI. Detroit 
(269) 385-4245 

MN. Minneapolis 
(952) 924-0117 

NC. Charlotte 
(704) 529-1755 

NC. Raleigh 
(919) 872-6600 

NH. Gilford 
(603) 524-8866 

NJ. Piscataway 
(732) 981-0200 

NY. Albany 
(518) 453-6444 

NY. Rochester 
(585) 381-2210 

NY, Syracuse 
(315) 432-0506 

NY. Syracuse Air Lab 
(315) 434-9834 

OH. Cincinnati 
(513) 772-7800 

PA. Langhorne 
(215) 757-4900 

PA, Pittsburgh 
(412)261-2910 

RI. Providence 
(401) 274-5685 

A Trusted Environmental, Health and Safety Partner 

ENSR I AECOfVI 

SC. COlumbia 
(803) 216-0003 

TX. Dallas 
(972) 509-2250 

TX. Houston 
(713) 520-9900 

VA. Chesapeake 
(757) 312-0063 

WA, Redmond 
(425) 881-7700 

WI. Milwaukee 
(262) 523-2040 

Headquarters 
MA, Westford 
(978) 589-3000 . 

Worldwide Locations 

Azerbaijan 
Belgium 
Bolivia 
Brazil 
Canada 
China 
France 
Germany 
Ireland 
Italy 
Japan 
Malaysia 
Philippines 
Thailand 
Turkey 
United Kingdom 
Venezuela 
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CALkfETICALPUFF BART Protocol for Class I Federal Area Individual Source Attribution 
Visibility Impainnent Modeling Analysis 

1. Introduction 
Federal law requires Best Available Retrofit Technology (BART) for auy BART-eligible 
source tbat "emits auy air pollutaut which may reasonably be auticipated to cause or contribute 
to any impairment of visibility" in auy maudatory Class I federal area. Pursuant to federal 
regulations, states have tbe option of exempting a BART -eligible source from tbe BART 
requirements based on dispersion modeling demonstrating that tbe source cannot reasonably be 
auticipated to cause or contribute to visibility impainnen.t in a Class I area. 

Federal regulations implementing the BART requirement afford states some latitude in the 
criteria in detennining whetber a BART-eligible source is subject to BART. The Division has 
proposed state regulations establishing criteria aud procedures for detennining which Colorado 
sources will be subject to the BART requirement. The Division's proposal is scheduled for a 
December 15, 2005 hearing before the Air Quality Control Commission. In advance of the 
hearing, and in preparation for the submittal of a state implementation plan for regional haze, 
tbe Division will perfonn air quality modeling witb tbe CALPUFF modeling system to assess 
which BART -eligible sources in Colorado are likely to be subject to BART based on tbe 
proposed state regulation. 

According to 40 CFR Part 51, Appendix Y (BART guideline), a BART-eligible source is 
considered to "contribute" to visibility impairment in a Class I area iftbe modeled 98tb 
percentile chauge in deciviews is equal to or greater tbau tbe "contribution threshold." Any 
BART-eligible source detennined to cause or contribute to visibility impairment in auy Class I 
area is subject to BART. The Division has proposed a state regulation establishing a 
"contribution threshold" of 0.5 ·deciviews. 

The Division will apply CALPUFF with at least three years of meteorological data to 
determine iftbe 98tb percentile 24-hour chauge in visibility (delta-deciview) from a BART­
eligible source is equal to or greater tbau a contribution threshold of 0.5 deciviews at any Class 
r area. The initial phase oftbe BART modeling process is referred to as tbe "subject-to-BART" 
aualysis. The modeling includes S02, NOx,.aud direct PMIO emissions from all BART­
eligible units at a given facility. 

The Division will use this protocol for tbe imtial subject-to-BART modeling. However, 
additional modeling perfonned by tbe Division or source operator may supersede tbe results. 
Subsequent modeling should use modeling techniques consistent witb tbe recommendations in 
this protocol aud the BART guideline. The Division may approve deviations from tbis protocol 
for a specific source ifthe chauges are acceptable to U.S. EPA aud improve model 
performauce while retaining consistency witb tbe BART guideline. Ail modeling will be 
subject to Division review aud approval. 

The contribution threshold aud other criteria used for this modeling demonstration have not 
been fmalized alfd may change in tbe frna]. rule adopted by the Commission. Therefore, tbe 
results of modeling perfonned witb this protocol are not a frnal agency action. Any source that 
the Division determines is subject to BART will receive a separate notice oftbe agency's final 

Colorado Department of Public Health & Environment/ Air Pollution Control Division / Technical Services Program 
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determination. Such separate notice will occur after the Commission acts on the proposed 
regulations establishing criteria and procedures for determining which sources will be subject 
to the BART requirement 

Relevant language from the BART guideline is included, below, to show the modeling 
reco=endations in context Other sections of this protocol explain how the Division proposes 
to implement the reco=endations. The BART guidelines set ont 40 CFR Part 51, Appendix 
Y, provide in part: 

IlL HOW TO IDENTIFY SOURCES "SUBJECT TO BART" 
Once you have compiled your list of BART-eligible sources, you need to determine whether 
(1) to make BART determinations for all of them or (2) to consider exempting some of them 
from BART because they may not reasonably be anticipated to cause or contribute to any 
visibility impairment in a Class I area. if you decide to make BART determinations for all 
the ,BART-eligible sources on your list, you should work with your regional planning 
organization (RPO) to show that, collectively, they cause or contribute to visibility 
impairment in at least one Class I area. You should then make individual BART 
determinations by applying the fn;e statutory factors discussed in Section IV below. 

On the other hand, you also mgy choose to perform an initial examination to determine 
whether a particular BART-eligible source or group of sources causes or contributes to 
visibility impairment in nearby Class I areas. if your analysis, or information 'submitted by 
the source, shows that an individuaisource or group of sources (or certain pollutants from 
those sources) is not reasonably anticipated to cause or contribute to any visibility 
impairment in a Class I area, then you do not need to make BART determinations for that 
source or group of sources (or for certain pollutants from those sources). In such a case, 
the source is not "subject to BART" and you do not need to apply the five statutory faCtors 
to make a BART determination. This section of the Guideline discusses several approaches 
that you can use to exempt sources from the BART determination process. 

A. What Steps Do I Follow to Determine Whether A Source or Group of Sources Cause 
or Contribute to Visibility Impairment for Purposes of BART? 
1. How Do I Establish a Threshold? 
One of the first steps in determining whether sources cause or contribute to visibility 
impairmentfor purposes of BART is to establish a threshold (measured in deciviews) 
against which to measure the visibility impact of one or more sources. A single source that 
is responsible for a 1.0 deciview change or more should be considered to "cause" visibility 
impairment; a source that causes less than a 1. 0 deciview change may still contribute to 
visibility impairment and thus be subject to BART. 

Because of varying circumstances affecting different Class I areas, the appropriate 
thresholdfor determining whether a source "contributes to any visibility impairment" for 
the purposes of BART may reasonably differ across States. As a general matter, any 
threshold that you use for determining whether a source "contributes" to visibility 
impairment should not be higher than 0.5 deciviews, 
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In setting a thresholdfor "contribution," you should consider the number of emissions 
sources affecting the Class I areas at issue and the magnitude of the individual sources' 
impacts. 5 In general, a larger number of sources causing impacts in a Class I area may 
warrant a lower contribution threshold. States remain free to use a threshold lower than 
0.5 deciviews if they conclude that the location of a large number of BART eligible sources 
within the State and in proximity to a Class I area justifY this approach.6 

2. What Pollutants Do I Need to Consider? 
Yo!, must look at S02, NOx, and direct particulate matter (PM) emissions in determining 
whether sources cause or contribute to visibility impairment, including both P MI 0 and 
PM2.5. Consistent with the approach for identifYing your BART-eligible sources, you do 
not need to consider less than de minimis emissions of these poUutantsfrom a source. 

As explained in section II, you must use your best judgement to determine whether VOC or 
ammonia emissions are likely to have an impact on visibility in' an area. In addition, 
although as explained in Section II, you may use PM10 an indicator for particulate matter 
in determining whether a source is BART eligible, in determining whether a source 
contributes to visibility impairment, you should distinguish between the fine and coarse 
particle components of direct particulate emissions. Although both fine and coarse 
particulate matter contribute to visibility impairment, the long-range transport offine 
particles is of particular concern in the formation of regional haze, Air quality modeling 
results used in the BART determ'ination will provide a more accurate prediction of a 
source's impact on visibility if the inputs into the model account for the relative particle 
size of any directly emitted particulate matter (i.e. PMlovs. PM.s). 

3. What Kind of Modeling Should I Use to Determine Which Sources and Pollutants 
Need Not Be Subject to BART? 
This section presents several options for determining that certain sources need not be 
subject to BART. These options rely on different modeling and/or emissions analysis 
approaches. They are providedfor your guidance. You may also use other reasonable 
approaches for analyzing the visibility impacts of an individual source or group of sources. 

Option 1: Individual Source Attribution Approach (Dispersion Modeling) 
You can use dispersion modeling to determine thai an individual source cannot reasonably 
be anticipated to cause or contribute to visibility impairment in a Class I area and thus is 
not subject to BART. Under this option, you can analyze an individual source's impact on 
visibility as a result of its emissions of Sal, NOxand direct PM emissions. Dispersion 
modeling cannot currently be used to estimate the predicted impacts on visibility from an 
individual source's emissions of VOC or ammonia, You may use a more qualitative 

S We expect that regional planning organizations will have modeling irifonnation that identifies sources affecting 
visibility in individual class I areas, 

6 Note that the contribution threshold should be used to determine whether an individual source is reasonably 
anticipated to contribute to visibility impairment. You should not aggregate the visibility effects of multiple sources 
and compare their collective effects against your contribution threshold because this would inappropriately create a 
"contribute to conh'ibution" test. 
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assessment to determine on a case-by-case basis which sources ofVOC or ammonia 
emissions may be likely to impair visibility and should therefore be subject to BART 
review, as explained in section IIA.3. above. 

You can use CALPUFF7 or other appropriate model to predict the visibility impacts from a 
single source at a Class I area. CALPUFF is the best regulatory modeling application 
currently available for predicting a single source's contribution to visibility impairment 
and is currently the only EPA-approved model for use in estimating single source pollutant 
concentrations resultingfrom the long range transport of primary pollutants. 8 It can also 
be used for some other purposes, such as the visibility assessments addressed in today's 
rule, to accountfor the chemical transformation of S02 and NOx. 

There are several steps for making an individual source atiribution using a dispersion 
model: 
1. Develop a modeling protocol. 
Some critical items to include in the protocol are the meteorological and terrain data that 
will be used, as well as the source-specific information (stack height, temperature, exit 
velocity, elevation, and emission rates of applicable pollutants) and receptor data from 
appropriate Class I areas. We recommendfollowing EPA's Interagency Workgroup on Air 
Quality Modeling (1WAQM) Phase 2 Summary Report and Recommendations for Modeling 
Long Range Transport Impacts9 for parameter settings and meteorological data inputs. 
You may use other settings from those in IWAQM. but you should identiJY these settings 
and explain your selection of these settings. 

One important element of the protocol is in establishing the receptors that will be used in 
the model. The receptors that you use should be located in the nearest Class I area with 

. sufficient density to identifY the likely visibility effects of the source. For other Class I areas 
in relatively close proximity to a BART-eligible source, you may model afew strategic 
receptors to determine whether effects at those areas may be greater than at the nearest 
Class I area. For example, you might chose to locate receptors at these areas at the closest 
point to the source, at the highest and lowest elevation in the Class I area, at the 
IMPROVE monitor, and at the approximate expected plume release height. If the highest 
modeled effects are observed tit the nearest Class I area, you may choose not to analyze the 
other Class I areas any further as additional analyses might be unwarranted. 

You should bear in mind that some receptors within the relevant Class I area may be less 
than 50 km fram the source while other receptors within that same Class I area may be 

1 The model code and its documentation are available at no cost/or downloadfrom 
http://www.epa.gov/scram001IU22.htm#Caipuff. 

B The chtideline on Air Quality Models, 40 CFRpart 51, appendix W, addresses the regulatory application o/air . 
quality models for assessing criteria pollutants under the eAA, and describes further the procedures for using the 
CALPUFF model, as well as for obtaining approval for the use of other, nonguideline models. 

9 Interagency Workgroup onAir Quality Modeling {JWAQ.N.O Phase 2 Summary Report and Recommendationsfor 
Modeling Long Range Transport Impacts, U.S. Environmental Protection Agency, EPA-4541R-98-019, December 
1998. 

'-' 
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greater than 50 krn from the same source. As indicated by the Guideline on A ir Quality 
Models, 40 CFRpart 51, appendix W, this situation may callfor the use of two different 
modeling approaches for the same Class I area and source, depending upon the State's 
chosen methodfor modeling sources less than 50 krn. In situations where you are assessing 
visibility impacts for source-receptor distances less than 50 krn, you should use expert 
modelingjudgment in determining visibility impacts, giving consideration to both 
CALPUFF and other appropriate methods. 

In developing your modeling protocol, you may want to consult with EPA and your 
regional planning organization (RPO). Up-front consultation will ensure that key technical 
issues are addressed before you conduct your modeling. . . 

2. [Run model in accordance] with the accepted protocol and.compare the predicted 
visibility impacts with your threshold for "contribution. " . 

You should calculate daily visibility values for each receptor as the change in deciviews 
compared against natural visibility conditions. You can use EPA's "Guidance for 
Estimating Natural Visibility Conditions Under the Regional Haze Rule, "'EPA-454/B-03-
005 (September 2003) in making this calculation. To determine whether a source may 
reasonably be anticipated to cause or contribute to visibility impairment at Class I area, 
you then compare the impacts predicted by the model against the threshold that you have 
selected. 

The emissions estimates used in the models are intended to rejZectsteady-state operating 
conditions during periods of high capacity uti/izatipn. We do not generally recommend that 
emissions reflecting periods of start-up, shutdown, and malfunction be used, as such 
emission rates could produce higher than normal effects than would be typical of most 
facilities. We recommend that States use the 24 hour average· actual emission rate from the 
highest emitting day of the meteorological period modeled, unless this rate rriflects periods 
start-up, shutdown, or malfunction. In addition, the monthly average relattve humidity is 
used, rather than the daily average humidity - an approach that effectively lowers the peak 
values in daily model averages. . 

For these reasons, if you use the modeling approach we recommend, you should compare 
your "contribution" threshold against the 98th percentile of values . .if the 98/hpercentile 
value from your modeling is less than your contribution threshold, then you may conclude 
that the source does not contribute to visibility impairment and is not subject to BART. 
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1.1. Visibility Calculations 
The general theory for performing visibility calculations with the CALPUFF modeling 
system is described in several documents, including: 

• "Interagency Workgroup on Air Quality Modeling (IW AQM) Phase 2 Summary 
Report and Reco=endatioris for Modeling Long Range Transport Impacts" 
(IWAQM,1998) 

• "Federal Land Man·ager's Air Quality Related Values Workgroup (FLAG): Phase I 
Report" (FLAG, 2000) 

• "A User's Guide for the CALPUFF Dispersion Model" (Scire, 2000) 

In general, visibility is characterized either by visual range (the greatest distance that a 
large object can be seen) or by theJight extinction coefficient, which is a measure of the 
light attenuation per unit distance due to scattering and absorption by gases and particles. 

Visibility is impaired when light is scattered in and out of the line of sight and by light 
absorbed along the line of sigbt. The light extinction coefficient (box,) considers light 
extinction by scattering (bs",) and light extinction by absorption (b,b.): 

bext = bscat + babs 

The scattering components of extinction can be represented by tbese components: 
• light scattering due to air molecules ~ Rayleigh scattering ~ bmyJ",gh 
• . light scattering due to particles ~ bop 

The absorption components of extinction can be represented by these components: 
• light absorption due to gaseous absorption ~ b,g 
• light absorption due to particle absorption ~ b,p 

Particle scattering, bop, can be expressed by its components: 

where: 
• bs04 ~ scattering coefficient due to sulfates ~ 3 [(NR,)2S04]f(RH) 
• bN03 ~ scattering coefficient due to nitrates ~ 3 [NH"NOJ]f(RH) 
• boc ~ scattering coefficient due to organic aerosols ~ 4[OC] 
• bsolL ~ scattering coefficient due to fine particles ~ 1 [Soil] 
• bc"",~ scattering coefficient due to coarse particles ~ 0.6[Coarse Mass] 

Particle absorption from soot is defined as: 
• b,p ~ absorption due to elemental carbon (soot) ~ 10[EC] 

The concentration values (in brackets) are expressed in micrograms per cubic meter. The 
numeric coefficient at the beginning of each equation is the dry scattering or absorption 
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efficiency in meters-squared per gram. The f(RH) term is the relative humidity adjustment 
factor. 

The total atmospheric extinction can be expressed as: 

b ext = hS04 + bN03 + b oc + hSOIL + bcoarse + hap + hrayleigh 

In this equation, the sulfate (S04) and nitrate (N03) components are referred to as 
hygroscopic components because the extinction coefficient depends upon relative 
humidity. The other components are non-hygroscopic. 

The variation of the effect of relative humidity on the extinction coefficients for S04 and 
N03 can be determined in several ways. According to the BART guideline, monthly f(RH) 
values should be used . 

The CALPUFF modelmg techniques in this protocol will provide ground level 
concentrations of visibility impairing pollutants. The concentration estimates from 
CALPUFF are used with the previously shoWn equations to calculate the extinction 
coefficient. 

As described in the IW AQM Phase 2 Report, the change in visibility is compared against 
background conditions. The delta-deciview, .!l.dv, value is calculated from the source's 
contribution to extinction, bsource, and background extinction, bbackground, as follows: 
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2. Emission Estimates 
According to the BART guideline, "The emissions estimates used in the models are intended to 
reflect steady-state operating conditions during periods of high capacity utilization, We do not 
generally recommend that emissions reflecting periods of start-up, shutdown, and malfunction 
be used, as such emission rates could produce higher than normal effects than would be typical 
of most facilities, We recommend that Siates use the 24 hour aVerage actual emission rate from 
the highest emitting day of the meteorological period modeled, unless this rate reflects periods 
start-up, shutdown, or malfunction," 

Short-term emission rates (!>24-hours) should be modeled since visibility impacts are 
calculated for a 24-hour averaging period, S02, NOx, and PMI 0 (including condensible and 
filterable direct PMI01) should be modeled from all BART-eligible units at the facility, The 
Division will initially use allowable emission rates or federally enforceable emission limits, If 
24-hour emissions limits do not exist, limits of a different averaging period may be used. 
Specifically, if limits do not exist, maximum hourly emissions based on emission factOTs and 
design capacity may be used. 

If the source operator elects to develop emission rates for subject-to-BART modeling, case-by­
case procedures should be developed in consultation with the Division. In general, the 
following emission rates are acceptable: 

• Short-term (!>24-hours) allowable emission rates (e.g., emission rates calculated using 
the maximum rated capaCity of the source). 

• Federally enfor.ceable short-term limits (!>24-hours). 
• Peak 24-h6ur aetnal emission rates (or calculated emission rates) from the most recent 

3 to 5 years of operation that account for "high capacity utilization" during normal 
operating conditions and fuel/material flexibility allowed under the source's penni!. In 
sitnations where a unit is allowed to use mOTe than one fuel, the fuel resulting in the 
highest emission rates should be used for the modeling, evenifthat fuel has not been 
used in the last 3 to 5 years. 

If short-term rates are not available, emissions rates based on averaging periods longer than 24-
hours are acceptable only in cases where the modeling shows that the source has impacts equal 
to or greater than the contribution threshold. 

·1 Common speciated PM species for CALPUFF include fine particulate matter (PMF), coarse particulate matter 
(PMC). soot or elemental carbon CEq, organic aerosols (SOA), and sulfate (S04). H2S04• for example, is a PMIO 
species emitted from coal-fired units that is typically modeled as 304 in CALPUFF. 
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3. CALMET/CALPUFF Modeling 
Methodology 
For the sUbject-to-BART modeling, the Division will use the January 2005 
CALMET ICALPUFF parameter settings and input files generated by CH2M HILL for the 
Public Service Company Comanche Unit 3 PSD pennit application because it underwent 
extensive review by the Division and by Federal Land Managers as part ofthe PSD permitting 
process. The Division has modified the CALPUFF input files to include three additional Class 
I areas. It has also been modified as necessary to account for PMI 0 speciation. An additional 
post-processing step with POSTUTIL has been added to implement ammonia limiting. The 
CALPOST model setup is different from the setup for PSD permit modeling and should be 
consistent with the U.S. EPA's BART guideline. In addition, the Division has reviewed 
available data to determine appropriate annnonia background values for various parts of 
Colorado. The Division has performed sensitivity tests to understand the response of the model 
to changes in annnonia background concentration levels. Since the current regulatory version 
of CALPOST does not generate 98th percentile results, the Division has modified CALPOST to 
generate a file with a full distribution of daily delta-deciview values for each receptor. In 
addition, the Division developed a FORTRAN processor to generate 98th percentile results. 

The Division will use this protocol for the initial subject-to-BART modeling. However, the 
Division's initial modeling may be superseded by additional modeling performed by the 
Division or source operator. Subsequent modeling should use modeling techniques consistent 

. with the recommendations in this protocol and. the BART guideline. All modeling will be 
subject to Division review and approval. The Division may approve deviations from this 
protocol for a specific source ifthe changes are acceptable to U.S. EPA and improve model 
performance while retaining consistency with the BART guideline. For example, if the source 
operator wants to use 2-kilometer CALMET grid cells instead of 4-kilometer cells and wants to 
include additional meteorological observations in a way that improves the performance of the 
CALMET meteorological fields, the Division would probably approve the analysis. 

This protocol is intended to-provide sufficient technical documentation to support the 
application of CALPUFF at distances up to 300 kilometers. While CALPUFF will be used at 
source-to-receptor distances less than 50 kilometers for some receptors, there is a Class I area 
within the 50 to 300 km range from every BART-eligible source in Colorado. Impacts at Class 
I areas greater than 300 km may be used, but it should be recognized that the use of puff 
splitting in CALPUFF would provide more accurate results for Class I areas beyond 300km. 

According to "Interagency Workgroup on Air Quality Modeling (IWAQM) Phase 2 Summary 
Report and Recommendations for Modeling Long Range Transport Impacts" (IW AQM Phase 
2 Report): 

In the context of the Phase 2 recommendation, the focus of the visibility analysis is on haze. 
These techniques are applicable in the range of thirty to fifly kilometers and beyondfrom a 
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source. At source-receptor distances less than thirty to fifty Idlometers, the techniques for 
analyzing visual plumes (sometimes referred to as 'plume blight') should be applied. 

For the few cases where BART-eligible source-to-receptors distances are less than 50 
kilometers, both the topography and the meteorological fields are complex and the use of 
CALPUFF appears to be appropriate based on the possibility of recirculation, stagnation, and 
complex flows. The shortest source-to-receptor distance modeled will be about 25 kilometers, 
but it iovolves an elevation change of about 3000 ft. In addition, io each case, only a portion of 
the Class I area is less than 50 km from the source. lfthere were issues regarding the 50 km 
distance, PLUVUEII would be an appropriate model to consider for source-to-receptor 
distances less than SO kilometers, If a PLTNUEII is used, a protocol should be developed, 

3.1. CALMET/CALPUFF Model Selection 
The following model versions will be used: 

• CALPUFF: July 2004 beta version S.71Ia, level 040716 
• . CALMET: July 2004 beta version 5.S3a, level 040716. 

POSTUTIL: May 2003 version 1.31, level 030528 
• CALPOST: July 2003 version 5.SI, level 030709 

o Modified by Division for this analysis: 
CALPOST _ BART98 _ v3 ,EXE (version 5.51_ CO _ v3, level 030709) 
BART98_v3.EXE 

The use of CALPUFF is reco=ended io 40 CFR SI Appendix Y (BART guideline). The 
primary niche for CALPUfF is as a long-range transport model. It is a multi-layer, non-steady­
state puff dispersion model that can simulate the effects of time- and space-varyiog 
meteorological conditions on pollutant transport, chemical transformations, vertical wind 

. shear, and deposition (Scire, 2000). 

3.1.1. CALMET 
The MMSICALMET meteorological fields have been generated for 1996, 2001, and 2002. 
CALMET is based on the Diagnostic Wiod Model (Douglas, S. and R. Kessler, 1988). It 
has been significantly enhanced by Earth Tech, Inc (Scire, 2000), For this particular study, 
the model uses a Lambert Conformal Projection coordinate system to account for the 
Earth's curvature. . 

. CALMET uses a twoestep approach to calculate wind fields. In the first step, an initial­
gness wiod field is adjusted for slope flows and terraio blocking effects, for example, to 
produce a Step I wind field. In the second step, an objective analysis is performed to 
introduce observational data iota the Step I wiod field. 

In this application, the initial gness wind fields are based on 36-kilometer MMS2 
meteorological fields for 1996,2001, and 2002 (i.e" IPROG~14). The MM5 files were 
provided to the Division by CH2M HILL as part of the Public Service Company (PSCo) 
Comanche Unit 3 PSD permit application. Alpine Geophysics extracted the MM5 data ioto 

2 Fifth-Generation NCARlPenn State Mesoscale Model. 
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a CALMETMM5.DATformatfor 1996, 2001, and 2002. Both the 1996 and 2001 MM5 
data were generated by the U.S. EPA. The 2002 MM5 data was originally developed for 
the Visibility Improvement State and Tribal Association of the Southeast (VISTAS), While 
the VISTAS data was considered to be acceptable for the PSCo Comanche PSD permit and 
for this analysis based on data availability issues, the Western Regional Air Partuership 
(WRAP) 361an and 12 Ian 2002 data should be considered as a replacement for the 2002 
VISTAS data if additional CALPUFF modeling is performed beyond this initial effort. In 
addition, the Midwest Regional Planning Organization (MRPO) 36 km 2003 and 2004 
MM5 data should be considered as additional years of data. Finally, if other better 
resolution and more representative meteorological fields become available, they may be 
considered for any future modeling. However, before accepting data from other 
meteorological models, the Division may require submission of a meteorological model 
performance evaluation to demonstrate that the proposed meteorological fields perform 
better than the MMS fields proposed in this protocol. 

The BART guideline does not specify the exact number of years of mesoscale 
meteorological data for use in CALPUFF, but according to 40 CFR 51 Appendix W, at 
least three years of meteorological data should be used. Five years of meteorological data 
is preferable. At the time of this analysis, five years of agency-approved mesoscale 
meteorological data were not readily available at reasonable grid resolutions for Colorado. 
While the Divisio!lhas the national801an 1990 MM4 and 801an 1992 MM5 data sets, use 
of the coarse resolution 1990 and 1992 data sets would not improv~ the accuracy ofthe 
modeling results in Colorado. . 

3.1.1.1. CALMET Modeling Domain 
The modeling domain is shown in Figure 1. It is based on a Lambert Conformal 
Conic projection. As determined by CH2M HILL, the Standard Parallels within the 
domain are 1I6th and S/6th of the north-to-south extent instead of the 30-degree and 
60-degree lines that are listed as defaults in CALMET. This was done to minimize 
distortion. See Figure 7 for specific parameter settings. 

The domain includes all Class I areas in Colorado with the exception of Mesa Verde 
NP. Mesa Verde was excluded because it is more than 300 Ian from all ofthe BART­
eligible sources in Colorado and because the BART-eligible sources in Colorado 
would have higher impacts at other Class I areas. That is, preliminary modeling 
indicates that impacts at Mesa Verde will not be the controlling 98'h percentile values 
for this analysis. The domirin does not include Class I areas in any nearby states 
because the 98'h percentile impacts from Colorado's BART-eligible sources are 
expected to be highest at Class I areas in Colorado. This assumption is based on 
source-to-receptor distances and professional judgment regarding prevailing air 
pollutant transport regimes. The CALMET domain includes aimost the entire state of 
Colorado. It is about 480 Ian x 480 Ian in the longitudinal and meridonal directions, 
respectively, with 4-kilometer CALMET grid cells. 

Any modeling beyond this initial analysis should consider a larger domain that 
extends south of Albuquerque, New Mexico and west of the Canyonlands NP Class I 
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area in Utah so that all Class I areas within 300 kilometers of every BART-eligible 
source in Colorado are included in the domain. . 

If a source operator elects to perform additional subject-to-BART modeling beyond 
the Division's initial modeling using a different CALMET/CALPUFF setup, the 
Division may approve a smaller modeling domain on a case-by-case basis. For 
example, if the Division's initial modeling shows that a source has impacts above the 
contribution threshold at only two Class I federal areas, the Division may approve a 
smaller modeling domain if the reduction in size is necessary to implement 2 km 
CALMET grid spacing. 
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Figure 1. CALMET/CALPUFF modeling domain. 

3.1.1.2. CALMET Performance Evaluation 
The meteorological fields developed by the MMSICALMET modeling system were 
evaluated by CH2M HILL for Xcel Energy as part of the PSCo Comanche Unit 3 
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PSD permit. Specifically, "CH2M HILL examined vector plots of selected periods 
within the CALMET output for validation of the wind fields with the CalDESK 
(Environmodeling Ltda.) program (CH2M HILL, 2005)." The Division replicated the 
CALMET modeling and performed additional review of the meteorological fields 
with the Lakes Environmental CALPUFF View software package. In general, the 
meteorological fields were found to be reasonable given the 36km MM5 resolution, 
althougb model performance could be improved with better resolution 
MM5/CALMET fields and the inclusion of more observations in CALMET. 

If the meteorological fields described in this protocol are not used and new CALMET 
fields are generated, the meteorological fields should be evaluated by a 
meteorologist. . 

3.1.1.3. Terrain 
Gridded terrain elevations for the modeling domain are'derived from 3 arc-second 
digital elevation models (DEMs) produced by the United States Geological Survey 
(USGS). The files cover I-degree by I-degree blocks oflatitude and longitude. 
USGS 1:250,000 scale DEMs were used. The elevations are in meters relative to 
mean sea level and have a resolution of about 90 meters, shown in Fignre 2. 

Figure 2. CALMET Terrain . 
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3.1.1.4. Land Use 
The land use data is based on the Composite Theme Grid fonnat (CTG) using Level I 
USGS land use categories were "mapped into the 14 primary CALMET land·use 
categories (CH2M HILL, 2005)," shown in Figure 3. The land use categories are 
described in Figure 4. 

Figure 3. CALMET land use categories. 
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3.1.1.5. CALMET ZFACE and ZIMAX Settings 
Eleven vertical layers have been used with vertical cell face (ZFACE) heights at: 0, 
20,100,200,350,500,750,1000,2000,3000,4000, and 5000 meters. 

ZIMAX was set to 4500 meters based on analyses of soundings for summer ozone 
events. The analysis suggests mixing heights in Denver are often well above the 
CALMET default value of 3000 meters during the summer. For example, on some 
summer days, ozone levels are elevated all the way to 6000 meters MSL or beyond 
during some meteorological regimes, including some regimes associated with high 
ozone episodes. A sounding from the evening of July,'l 2002 (see Figure 5), which is 
a day the 8-hour ozone standard was exceeded at Rocky Mountain National Park, 
suggests the mixing height was probably around 6000 meters MSL. The mixing 
height estimate is based on the, relative uniformity of the water vapor mixing ratio 
below 6000 meters, the temperature profile, the inverted "V" in the sounding, and 
data from a NOAA ozonesonde from Bonlder that shows relatively constant ozone 
levels with height. Although low mixing heights can occur during the su=er, 
maximum summertime daytime mixing heights in'the Denver area often range from 
about 12,000 feet (3700 m) to 20,000 feet (6000 m) MSL. Since the CALMET 
ZIMAX setting is above ground level(AGL), not above mean sea level (MSL), the 
maximum su=er daytime mixing height range over the plains would be about 
15000 feet (4500 m) AGL. Thus, a ZlMAX setting of 4500 m is used. 

72469 DNR Denver 
100 

200 

300 

400 
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600 

700 
800 
900 
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SLAT 39",75 
SlON -104. 
SElV 1625. 
SHOW -9999 
LIFT 0.75 
lFTV 0.43 
SWET -9999 

. K1NX -9999 
ClOT ~9999 
llTOT -9999 
TOTL -9999 
CAPE 296.9 
CAP\.' 345.7 

~ CINS -6.65 
(:INV -'.SS 

111111111111~~li~ '--'nnr,~g~ mJ 

lFCT 45(J.1 ..r lFCV <l5B.4 ./ r BRCH 67.47 
...y I BRCV 101.6 

, ~ lell 263.9 
'- leLP .477.8 

MLTH 325.9 
MLMR 4.01 
THCK 5942. 
PWAT 13.16 

-40 -30 -20 -10 0 10 20 30 40 

OOZ 02 Jut 2002 University of Wyoming 

Figure 5. Example Denver summertime sounding. 
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3.1.1.6. CALMET BIAS Setting 
The BIAS settings for each vertical cell determine the relative weight given to the 
vertically extrapolated surface meteorological observations and upper air soundings. 
The initial guess field is computed with an inverse distance weighting of the surface 
and upper air data. It can lie modified by the layer·dependent bias factor (BIAS). The 
values for BIAS can range from -1.0 to 1.0. For example, if BIAS is set to +0.25, the 
weight of the surface wind observation is reduced by 25%. If BIAS is set to -0.25, 
the weight of the upper air wind observation is reduced by 25%. If BIAS is set to 
zero, there is no change in the weighting from the normal inverse distance squared 
weighting. As reco=ended by the NPS, the default values of 0.0 have been used for 
all 11 vertical layers in this analysis. 

3.1.1.7. CALMET RMIN2 and IXTERP Settings 
Vertical extrapolation of data from a surface station is skipped if the surface station is 
close to the upper air station. The variable RMIN2 sets the distance between an upper 
air station and.a surface station that must exceeded'in order for the extrapolation to 
take place. RMIN2 has been set to the default value of 4, as reco=ended by the 
NPS. The default value of-4 forIEXTRP is used. By setting IEXTRP to-4 Cas 
opposed to +4), layer 1 data at upper air stations is ignored. When IEXTRP~±4, the 
van Ulden and Holtslag wind extrapolation method is used. The method uses 
similarity theory and observed data to extend the influence of the surface wind speed 
and direction aloft. 

3.1.1.B. CALMET Settings: R1, R2, RMAX1, RMAX2, RMAX3 
An inverse-distance method is used to determine the influence of observations in the 
Step 1 wind field. Rl controls weighting of the surface layer and R2 controls 
weighting of the layers aloft. For example, Rl is the distance from an observational 
station at which the observation and fITst gness field are equally weighted. In 
addition, RMAXI, RMAX2, and RMAX3 determine the radius of influence over 
land in the surface layer, over land in layers aloft, and over water, respectively. That 
is, an observation is excluded if the distance from the observational site to a given 
grid point exceeds the maximum radius of influence. As reco1f1fUended by the NPS, 
RI and RMAXI have been set to 30 Ian so that the initial gness field does not 
overwhelm the surface observations. R2 is set to 50 Ian and RMAX2 is set to 100 
Ian. RMAX3 is not much of a factor in Colorado given the lack of large water 
bodies. RMAX3 is set to 500 Ian .. 

3.1.1.9. CALMET Surface Stations 
Eleven surface stations shown in Figure 6 were used, including Alamosa CALS), 
Colorado Springs (CYS), Denver (DEN), Eagle (EGE), Limon (LIe), Pueblo (PUB), 
Trinidad (TAD), Cheyenne (CYS), Laramie (LAR), Rocky Mountain NP (ROM), 
and Gothic (GTH). Any future modeling analyses should consider additional surface 
stations . 
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SURFACE STATIONS 
Tin AD._"II=~=Z' Grid Coordinates 

NIID" 10 X Y HI.aHtu';" VIongitudll ZoM B'(;yht X Y 
(b) ''''' (De;) (Dl=g) (Oz-igin ~ (0,0» 

US 23061 -5(,7 -187.7 31.421 105.8S8 , .. , .1 48.061 12.333 
CYS 2(018 37.1 225.8 41.153 104.801 1.0 10.0 '1.HI> 115.698 
COS 9303? n.4 -33.2' 38.820 104.681 , .. U H.oeS 50,952 
DEN 3011 51.2 79,1 39.831 lO~.6S2 , .. ill,n H.549 19.020 
'OH 11111 -25,0 128.8 40.280 lO5.5U , .. 10.0 55.'91 91.438 
EGE 24.675 -H2.9 60.2 39.651 105.916 , .. 10.0 26,018 74,305 
GnI 22222 -150 .0 -16 ,8 38.956 106.981 , .. 10,0 24.239 55.053 
U, 25645 -35.1 H4.6 41.323 105.669 , .. 10.0 52.976 120 • .(12 
LIe 24665 131.8 1.0 39.1BO 103.72( 1.0 10.0 '34.699 61.195 
FOB 93059 65.4 -93.1 30.279 10(.502 , .. 10.0 70.106 3S.HO 
TOO 24645 81.4 -20S.2 37.267 10(,332 , .. 10.0 a2.0~~ 7.940 

Figure 6. Surface meteorological stations. 

3.1.1.10. CALMET Upper Air Stations 
Two upper air stations were included: Grand Junction and Denver. 

3.1.1.11. CALMET Precipitation Stations 
CH2M HILL obtained precipitation data from the National Climatic Data Center 
(NCDC). All available data in fixed-length, TD-3240 format were ordered for the 
modeling domain. CH2M ·HILL processed the data with the PXTRACT and 
PMERGE processors. Stations with incomplete or poor quality data for a given year 
were excluded. The number of stations used for each year is as follows (CH2M 
HILL,2005): 

• 1996 - 84 stations 
• 2001 - 82 stations 
• 2002 - 86 .lations 

3.1.1.12. CALMET Sample Input File 
Figure 7 summarizes some of the key CALMET parameters. 
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3.1.1.13. CALMEr Parameter Summary 
Figure 7 summarizes some of the key CALMET settings. 

Map projection Default: -UTH 
Latitude and Longitud& (decimal degrees) of projection origin 

Hatching parallel (5) of latitude (decillal degreQs) for projection 

(DATtm) 'Defeult: 1Jl'GS-G 
No. X grid calls (NX) No default 
No. Y grid cells (NY) No default 
Grid spacing (DGRIDKM) No default 
Reference grid coordinate ot SW corner of grid cell (1,1) 

No. of vertical layers (HZ) No default 
Cell face heights in arbitrary vertical grid (ZFACXINZtl): 

! PHAP - LCC ! 
aLATO c 39" .12N 
RLONO lOS.25W I 
XLATl 3?68N 
XLA1Z c 40.SiN 
DATUH NAS-C 
!lX' 1ZO I 
NY' 1'1 
D(;'RIDKH 4.! 
XORIGKH .. -246.984 
YORIGKH '" -237_000 ! 
NZ 11 

I ZFACi = O. ,20. ,100. ,ZOO ... 350. ,sao. I' 750. ,lOaD. ,.2000. ,3000. ,4000. ,SOOO. r 
NO 013SlIRVATION HODE mOOBS) Default: 0 ! N0013S '" 0, 

11 
8. 
o 

Number of surface station:!;; (NSSTA) No dlilfau.lt I NSSTA. 
Number of precipitation staei'ons (NPSTA) No default I NPSTA. 
[;riddid cloud fields: (ICLOUD) Default: 0 ICLOUD 
Kodel selection variable (IWFCOD) 
Compute Froude num.l:ler a-djustmellt effects 'l (IP'RADJ) 
Compute kinematic effects 1 (IKINE) 
Use O'Brien procedure1 
Compute slOPe flow etfects 1 (ISLOPX) 
Extrapolate surface wind obs to upper layers1 
Extrapolate surface winds even if calm.? (ICALM) 

Default: 1 
Default: 1 
Default: 0 
Default: 0 
Default: 1 
Default: -4 
Default: 0 

IWFCOD < 
! IFRADJ 1 

IRINE 0 
IOB:R .. 0 I 
ISLOPE 1 

\ IEXTRP -4 
IeALM· 0 

Layer-dependent biases. Default: N2+0 ~IAS =. 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0 
D~I.tl.yll,;.: 4. I lUiIllZ .. 4 I 

Use gridded prognostic wind field model output fields as input to the diagnostic 
~nd field mo~el (IPROG) Default: 0 

Kaxim.U1JI. radius of 
HaximU1Jl. radi~ of 

influence 
influence 

over land ~ the surface layer 
over land aloft (llHAX2) .. 

I IPROG 1.4 

Maximum.. radius of influilnce 
MinimUm. radius of influence 

over water 
used in the rind fiel.d interpo~ation 

Default: 0.1 

I 
(RHIN) 

P.HAXl .. 30. I 
lUlAX2 '" 100. I 
P.HAX3 500. 

Radius of influence of terrain features (TBRRAD) No default 
Relative weighting of the first guess field and observations in the 

No default 
Relative veighting of the first guess field and observations in the 

No default 
. ~inimUI6.·ovarlancl Jll;;i.xing height Default: 50. 

Haximum overland mixing height Default: 3000. 
Interpolation type (1 '" lilt i 2: .. l/R**2) Default: 1 
Radius of influence for temperature in~erpolation Default: 500. 

Figure 7. CALMET parameter summary. 

I RHIN '" 0.1 ! 
TBRRAD '" 40. 

SURFACE layer 
I Rl:= 30_ 

layers ALOFT 
I RZ ::: SO. 

ZIMIN '" SO. 
ZIMAX • 4500. 

IIl.AD '" 1 r 
TRADKH ::: 500. ! 
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3.1.2. CALPUFF 
The default technical options in CALPUFF should be used, unless specified otherwise in 
this protocol. If non-default options or values are used, the reason should be explained and 
justified in the modeling report. 

3.1.2.1. Receptor Network and Class I Federal Areas 
The modeling domain should contain all Class I federal areas in Colorado within 300 
kilometers of the BART-eligible source. Class I areas outside Colorado within 300 
kilometers 'should be included if an expanded domain is used. The setup 
reconnnended by the Division includes eleven Class I federal areas in Colorado: 

• Flat Tops Wilderness Area 
• Rawah Wilderness Area 
• Mt Zirkel Wilderness Area 
• Weminuche Wilderness Area 
• Rocky Mountain National Park 
• Maroon Bells-Snowmass Wilderness Area 
• La Garita Wilderness Area 
• Great Sand Dunes National Park 
• West Elk Wilderness Area 
• Eagles Nest Wilderness Area 
• Black Canyon of the Gunnison National Park 

The discrete receptors for eight oIthe Class I federal areas were generated by the 
National Park Service (NPS) for CH2M HILL using the NPS Convert Class I Areas 
(NCC) computer program. For the remaining three areas not included in the CH2M 
HILL modeling, receptors were generated by the Division with the NCC program. 
Receptor elevations provided by the NPS conversion program have been used. The 
receptors for each Class I area are shown in Figure 8 

, I 
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Figure 8. Class I. federal area receptors. 

All receptors should be included in a single CALPUFF simulation. To calculate the 
visibility impacts in CALPOST for each Class I area, the NCRECP parameter can 
be used. It specifies the receptor rauge to be processed in CALPOST. The raoge of 
receptors in the Division's recommended setnp is shown in Figure 9. 

Figure 9. Receptor numbers for specific Class I areas. 
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3.1.2.2. CALPUFF Meteorology 
Refer to the CALMET section of the report for details. 

3.1.2.3. CALPUFF Modeling Domain 
The CALPUFF modeling domain is identical to the CALMET modeling domain. 

3.1.2.4. CALPUFF Parameter Summary 
Figure 10 summarizes some of the key CALPUFF settings. 

Number of chemical species (NSPEC) 
Number of ~emical species emitted lYSE) 
(AVET) 

IPG-TIMB) 

Default: 5 
Default: ~ 

Default: GO.D 
Default: GO.O 

Vertical distribution used in the near field (HGAUSS) Default: 1 
Terrain adjustment ~ethod (HCTADJ) 
Subgrid-scale complex terrain flag (HCT~~) 
Near-field putts modeled as elongated 0 (HSLU~) 

Transitionel plume rise m.odeled? (HTll.ANS) 
Stack tip downwash? (HTIPj 

Default: :) 
Default: 0 
Default: 0 
Default: 1 
·Default: 1 

Vertical wind shear modeled ~ove 
Puff splitting allowed? (HSPLIT) 
Chemical met!hanism. flag (HCHIrn, 

stack top? (HSHEAR) ])e fault: 0 
"Default: O' 

Det"ault: 1 
Aqueous phasQ transformation flag (HAQCHBM) 
Wet removal m.ode~ed? (KWHT) 

Default: 0 
De-tault: 1 

Dry deposition modeled? (WRY) Default: ·1 
Method used to c:oll\cput.e dispersion c:oefticient.s (WISP) :Default! :3 
PG sigma-yrz adj. for roughness? 
Parti~l pl~~ penetration of elevated inversion? 
St.rength of temperature invers~on 
PDF used for dispersion unde·r convective condieions? 
Sub-~rid rIBL modUle used for shore line? 

Default: 0 
Detau:l:c: 1 
·Default: a 
De.fault: 0 
Default: 0 

N!:i'PEC '" 7 
NSB '" S! 
AVET '" 60. I 
PGTIHB 60. I 
HGAUSS· 1 J 

HCTADJ. ::J 
MeTSe; '" 0 
HSLUG;; 0 

HTPAN5 '" 1 
IHTIP .. 1. 
! H5HBAP.. CI 0 

HSPLIT '" 0 
HCHBM: '" 1. 
HAQCHJK = 
HWiT = 
WRY = 

.HDISP =: 

HllOUGH '" o 
MPAl1.TL = :l. 

HTIN? '" 0 
BPDF .. 
MSGTIBL 

o 
o 

o 
1 
1 
3 

BoundSl:"y conditions (concQntration) XIl.odeled? Default: 0 HBCON '" a I 
Configura f~r FOG Hodel output? t'efault: 0 HFOG '" 0 
Do options specifiQd to see if they conform. to regulatory valuez1 HR.H~" 1 

1 '" Techn:i.cal .opt.ions m.ust conform. to USEPA :Long ·Range ·Tx.ansport (L'RT) ~id.ance 

Figure 10. CALPUFF parameter summary. 

3.1.2.5. Chemical Mechanism 
The MESOPUFF II pseudo-fIrst-order chemical reaction mechanism (MCHEM=l) is 
used for the conversion of S02 to sulfate (804) and NOx to nitrate (N03). Refer to 
the CALPUFF User's Guide for a description of the mechanism (Scire, 2000). 

In the MESOPUFF II mechanism, the ammonia background concentration affects the 
equilibrium between nitric acid, ammonia, and ammonium nitrate. The equilibrium 
constant for the reaction is a non-linear Junction of temperature and relative humidity 
(Scire, 2000). Unlike sulfate, the calculated nitrate concentration is limited by the 
amount of available ammonia, which is preferentially scavenged by sulfate (Scire, 
2000). In particular, the amount of ammonia available for the nitric acid, ammonium 

. nitrate, and ammonia reactions is determined by subtracting sulfate from total 
ammonia. 
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While the chemical mechanism simulates both the gas phase and aqueous phase 
conversion of S02 to sulfate, the aqueous phase method, which is important when the 
plume interacts with clouds and fog, can significantly underestimate sulfate 
formation, In this report, as reco=ended by the IW AQM Phase 2 report, the 
"nighttime S0210ss rate (RNITE1)" is set to 0,2 percent per hour, The "nighttime 
NOx loss rate (RNITE2)" is set to 2,0 percent per hour and the "nighttime RNO, 
formation rate (RNITE3)" is set to 2,0 percent per hour, 

According to the 1996 "Mt Zirkel Wilderness Area Reasonable Attribution Study of 
Visibility Impairment Volume II: Results of Data Analysis and Modeling - Final 
Report," 

The CALP UFF chemical module is fonnulated around linear transformation rates for 
S02 to sulfate and NOx to total nitrate. There are two options for specifying these 
transformation rates: 

Option 1,' An internal calculation of rates based-on local values for several controlling 
variables (e.g., solar radiation, background Dzone, relative humidity, and plume NO;J 
as used in MESOPUFF-II The parametric transformation rate relationships employed 
were derived from box model calculations using the mechanism 0/ Atkinson et al. 
(1982), 

Option 2: A user-specified inputjile of diurnally varying but spatially uniform 
conversion rates. 

Morris et al. (1987) reviewed the MESOPUFF-II mechanism as part of the U.S. EPA 
Rocky Mountain Acid Deposition Model Assessment study, They found that it provided 
physically plausible responses to many o/the controlling environmental parameters. 
However, the mechanism had no temperature dependence, which is an important/actor 
in the Rocky Mountain region where there are wide variations -in temperature. 
Furthennore, the MESOPUFF-II transformation scheme was based on box model 
simulations for conditions more representative 0/ the Eastern U.S. than 0/ the Rocky 
Mountains. 

The largest dejiciency in the MESOPUFF'II chemical transformation algorithm is the 
lack of explicit treatment for in-cloud (aqueous-phase) enhanced oxidation of SO, to 
sulfate, The MESOPUFF-II chemical transformation algorithm includes a surrogate 
reaction rate to account/or aqueous-phase oxidation 0/S02 to sulfate as/allows: 

(B,2-1) 

Thus, at 100% relative humidify (RH), the MESOPUFF-II aqueous-phase surrogate 
S02 oxidation rate will be 3% per. hour. Measurements in generating station plumes 
suggest spatially- and temporally-integrated S02 oxidation rates due to oxidants in 
clouds to be 10 times this value. 

Another issue is the amount of a=onia available for nitrate chemistry, According to 
a paper by EarthTech (Escoffier-Czaja and Scire, 2002), 

'7n the CALPUFF model, total nitrate (TN03 = HN03 + N03) is partitioned into 
each species according to the equilibrium relationship between HN03 and N03, 
This equilibrium varies as a jUnction of time and space, in response to both the 
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ambient temperature and relative humidity. In addition, the formation of nitrate is 
subject to the availability ofNH3 to form ammonium nitrate (NH4N03), the 
assumedform of nitrate in the model. In CALPUFF, a continuous plume is 
simulated as a series ofpufft, or discrete plume elements. The total concentration 
at any point in the model is the sum of the contribution of all nearby pufftfrom 
each source. Because CALPUFF allows thefoll amount ofthespecified 
background concentration of ammonia to be available to each puff for forming 
nitrate, the same ammonia may be used multiple times informing nitrate, resulting 
in an overestimate of nitrate formation. In order to properly account for ammonia 
consumption, a program called POSTUTIL was introduced into the CALPUFF 
modeling system in 1999. POSTUTIL allows total nitrate to be repartitioned in a 
post-processing step to account for the total amount of sulfate scavenging ammonia 
from all sources (both project and background sources) and the total amount of 
TN03 competing for the remaining ammonia. In POSTUTIL, ammonia availability 
is computed based on receptor concentrations of total sulfate and TN03, not on a 
puff-by-puff basis. " 

Ammonia-limiting methods will be used repartitiouing nitric acid and nitrate on a 
receptor-by-receptor andhour-by-hour basis to account for over prediction due to 
overlapping puffs in CALPUFF. Specifically, the use of the MNIRATE=l option in 
POSTUTIL is acceptable. At this time, other ammonia-limiting methods, including 
iterative techniques that use observation'l data to resolve backward the 
thermodynamic equilibrium equation between N03IHNOJ for each hour to minimize 
available ammortia, are not acceptable. Generally, tor regulatory CALPUFF 
modeling in Colorado, techniques that assume the atmosphere is always ammonia 
poor are not acceptable, particularly in eastern Colorado. 
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, 3.1.2.6. Chemical Mechanism - Ammonia Sensitivity Tests 
To better understand the response of the modeling system to background ammonia 
when a single point source with significant emissions ofS02 and NOx is modeled, 
the Division performed sensitivity tests for a source in northeast Colorado and a 
source in northwest Colorado using the 2002 MM5/CALMET meteorology, In the 
test case, S02, NOx, and filterable PMIO emissions were modeled, The ammonia 
background value waS varied from 0 to 100 ppb, In the northeast Colorado test case, 
the S02 emission rate is about 3 times higher than the NOx emission rate, In the 
northwest Colorado test case, the modeled NOx emission rate is about 4.4 times 
higher than the S02 rate, 

In both cases, when the background ammonia concentration is zero, the model 
produces no nitrate, as expected; however, it produces sulfate, 

For the northeast Colorado sensitivity test (see Figure II), where the modeled S02 
emission rate is significantly higher than the NOx emission rate, the change in 
visibility (delta-deciview) is not very sensitive to the background ammonia 
concentration across the range from LO ppb to 100,0 ppb because ofthe high S02 
emission rates relative to NOx and the way sulfate is produced in the MESOPUFF II 
chemical mechanism, Visibility impacts drop significantly when the ammonia 
background is less than LO ppb, but even at 0,0 ppb of ammonia, sulfate impacts 
remain relative high, 

2,5 

~ ., 

Sensitivity of Oelta-Oec:lvlew to Ammonia Background 
for the 100 days with the highest delta-declvlew Impacts 

at Rocky MountaJn National Park 
. for a source located In northeast CoJor~do 

~~.:-~,.:.W1;;;;·th high 802 emissions relative to,.:.N,.:.O,.:.X ~~~ 

'> 

~ 1'~ ~\;-\+""itR~~-':':-G£P-~~-~"C'7Sl 
~ 

day 

Ammonia 
Background" 

..... , Q,Oppb 

-Q,1ppb 
-1 ppb 
-10ppb 
-100ppb 

Fignre 11. Sensitivity of CALPUFF visibility impacts (delta-deciview) to 
ammonia backgrounds from 0 ppb to 100 ppb from a source with high S02 
emissions relative to NOx. 
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For the northeast Colorado case, on days with the highest visibility impacts, the 
relative contribution of nitrate arid snIfate vary (see Figure 12 and Figure 13), but 
most ofthe modeled visibility impairment is due to sulfate, When comparing these 
figures, be aware the relative rank for some days is different For example, day 85 is 
the 2nd worst day for the 0,1 ppb ammonia case, but it's the 3rd worst day for the 100 
ppb case. On the day with the highest impact (day 84), the contribution from snIfate 
is 98.8% for the 0, I ppb ammonia case and 72,7% for the 100 ppb ammonia case, 
For the 8th high delta-deciview value, the contribution from sulfate is 86.3% for the 
0,1 ppb case and 67,9% for the 100 ppb case, 

GALPUFF Sensitivity Test: Contribution of Nitrate and Sulfate 
RockV Mountain NP wlBackground Ammonla= 0.1 ppb (mnltrate=1) 

(Worst 20 Days from a source- located in northQast Colorado 
with high 502 emissions relative to 

100 _~.,.-;;;::;,;::;;.:.,;.::;.;.;:;;,:::;,:;::.;;;;;::;;::.:,;.:~;:::.~~~ 

75 

~ 50 
!! 
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"- 25 

1.6 1.4 1.3 1.2 1.2 1.0 0,9 9.a 0,8 0.6 0,5 0.5 0.5 0.5 0.5 0.5 0.4 0.4 0.4 0.4 

Delta·Declvew 

Fignre 12. Contribution of sulfate and nitrate to the modeled change in 
deciviews, assuming a backgronnd ammonia of 0.1 ppb in CALPUFF. 

CALPUFF Sensitivity Test: Co.ntribution of Nitrate and Sulfate 
Rocky MountaIn NP w/8ackground Ammonla=100 ppb (mnltrate=1) 

(Wol1it20 oa~~ from a source located In northeast Colorado 

100 
with Ih $02 emissions NU~ 

1.I~k,m· .. .. ' •.. ' ! 

[ 
75 

~ 

""'b "m!1 ~ 50 & 

110 ~'S04 ~ 
& .. 

25 

0 
2.1 1.9 1.B 1,71.7 1.41.3 1.2 1.0 O.B 0.6 O.B O.B 0.7 0.7 0.7 0.7 O.S 0.5 0.5 

Delta-Declvew 

Figure 13. Contribution of sulfate and nitrate to the modeled change in 
deciviews, assuming a background ammonia of 100 ppb. 
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For the northwest Colorado sensitivity test (see Figure 14), where the modeled NOx 
emission rate is significantly higher than the S02 emission rate, the change in 
visibility (delta-deciview) is not sensitive to the background ammonia concentration 
across the range from 10 ppb to 100 ppb. While thereis a moderate drop in impacts 
when ammonia is dropped from 10 ppb to 1.0 ppb, the model is very sensitive to 
ammonia when the background ammonia level is less than 1.0 ppb. 

Sensltlvlty of Delta·Declvlew to Ammonia Background 
for the 100 days with the highest delta·decilliew Impacts 

~t MtZlrkel Wilderness Area 
for a source located In northwest Colorado 

7 .".,--s~~_"Wlth high NO. emissions relative to 802 

6 
~ 5 .$ 
·u 4 
II) 

"% 3 
i 2 
"C 
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o 
Cll Cll 

<0 

Ammonia 
Background 

... ·O.Oppb 
-O.1ppb 
-1 ppb 
-10ppb 
-. 100ppb 

Figure 14. Sensitivity of CALPUFF visibility impacts (delta-deciview) to 
ammonia backgronndsfrom 0 ppb to 100 ppb from a sonrce with high NOx 
emissions relative to S02. 
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For the northwest Colorado test case, according to CALPUFF as implemented here, 
impairment is primarily due to nitrate (see Figare 15 and Figure 16), but the 
contribution due to nitrate varies significantly depending on the assumed ammonia 
background level. For the 100 ppb background case, the nitrate contribution is 
greater than 90% for the top 20 days. However, for the 0.1 ppb case, the nitrate 
contribution varies from 43% to 81% for the top 20 days. 

CALPUFF Sensitivity Test: Contribution of Nitrate and Sulfate 
MtZlrkel WA wlBackground Ammonia =:I 0.1 ppb (mnitrate=1) 
(VLforst20 Davs from a source located In northwest Colorado 

100 
with hJllh NOx emissions relative to S02) . 

III';W;! 
75 lib III'; 

~ IIW·n!. 
1': 50 'II~ %_N03 " !! 
" . 0 % 804 
"- 25 I wm 1m ~: ':; ': , 

.. ~.: ;: , 
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DeitaaCeclvew 

Figure 15. Contribution of sulfate and nitrate to the modeled change in 
deciviews, assuming a background ammonia of 0.1 ppb in CALPUFF. 

CAL PUFF Sensitivity Test: Contribution of Nitrate and Sulfate 
Mt Zirkel WA VI/Background Ammonla= 100 ppb (mnltrate=1) 
(Worst20 Days from a source located in northwest Colorado 

100 
with high NOx emissions rela~ve to 802) ,. 

:~{ ;. ',- CJ f~ , 
75 ." ·t. 

~ 
-;. " 

, 
1': 50 ,"'Yo N03[ ~ -'O! , 

~ ~ 0% S04 . 
.~ ~ 0-

25 ~ .. "i. . , 
0 

6.6 6.0 5.6 5.2 5.2 5.2 5.2 5.1 5.0 4.6 4.7 4.4 4.::1 4.3 4.2 42 4.1 4.1 4.0 4.0 

Delta·Decivew 

Figure 16. Contribution of sulfate and nitrate to the modeled change in 
deciviews, assuming a background ammonia of 100 ppb in CALPUFF. 

Caution·should be used when extrapolating the results of these tests to other 
CALPUFF applications. 
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Since the MESOPUFF II chemical mechanism used in tills analysis depends on 
several parameters, including ozone and ammonia background concentrations, the 
methods for determining the background ozone and ammonia concentration fields are 
discussed in more detail in the next two sections . 

. 3.1.2.7. Ammonia Assumptions - Discussion 
In CALPUFF, as used in this application, the background ammonia concentration is 
temporally and spatially uniform. It is likely that some portions of the modeling 
domain are ammonia poor and some are ammonia rich. Thus, setting a domain-wide 
background is problematic. As discussed in the previous section, when modeling a 
single large source with high S02 emission rates relative to NOx, the assumed 
background ammonia concentration is not a critical parameter for determining 
visibility impacts: 

According to the IW AQM Phase 2 Report, 
Aforther complication is that theformation of particulate nitrate is dependent on 
the ambient concentration of ammonia, which preferentially reacts with sulfate. The 
ambient ammonia concentration is an input to the model. Accurate specification of 
this parameter is critical to the accurate estimation of particulate nitrate 
concentrations. Based on a review of available data, Langford et al. (1992) suggest 
that typical (within afactor of 2) background values of ammonia are: 10 ppb for 
grasslands, 0.5 ppb for forest, and 1 ppb for arid lands at 20 C. Langford et al. 
(1992) provide strong evidence that background levels of ammonia show strong 
dependence with ambient temperature (variations of afactor of 3 or 4) and a strong 
dependence on the soil pH However, given all the uncertainties in ammonia data, 
IWAQM recommends use of the background levels provided above, unless specific 
data are available for the modeling domain that would discredit the values cited. It 
should be noted, however, that in areas where there are high ambient levels of 
sulfate, values such as 10 ppb might overestimate the formation of particulate 
nitrate from a given source, for these polluted conditions. Furthermore, areas in the 
vicinity of strong point sources of ammonia, such as feedlots or other agricultural 
areas, may experience locally high levels of backgroun.d ammonia. 

The Northern Front Range is assumed to be ammonia rich. "Sulfate along the 
Northern Front Range is completely neutralized by available ammonium and is 
present in the form of ammonium sulfate .... The Northem Front Range is ammonia 
rich. There was sufficient ammonia, on most days during winter, to completely 
neutralize available nitric acid (NFRAQS, 1998)." 

For northeast Colorado, a background ammonia concentration of 30.4 ~g/m3 (about 
44 ppb) or less appears to be reasonable based on measurements for this modeling 
study. According to monitoring conducted for NFRAQS, 

• "With respect to gaseous measurements, only ammonia was acquired at all nine 
sites with the. denuder difference method at the Brighton and Welby sites and 
with the filter-pack method (i.e., impregnated cellulosejiber filters behind . 
Teflon-membranefilters) at the other sites. Average ammonia concentrations 
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were 30,4 ± 53,4 flglm3 at the core sites and 10.3 ±12.6 flglm3 at the satellite 
sites, The large standard deviation is mainly due to elevated ammonia 
concentrations found at the Evans site, Maximum 24-hour ammonia 
concentrations were 187.0 ± 5,4 flglm3 at Ihe Evans core site on 01117197 and 
66.7 ± 3,5 flglm3 at the Masters site on 01120197. Figure 6.3-5 shows that 
during the mid-January episode, 24-hour ammonia concentrations varied by 
orders of magnitude at the nine NFRAQS sites." 

• "For the 6- and 12-hour samples, Figure 6, 4-3[not included in this report] 
ammonia concentrations were rather consistent throughout the day, with 
apparent site -to-site and season-ta-season variation. Average ammonia 
concentrations at the Brighton site were double those at the Welby site during 
Winter 97. Summertime ammonia concentrations were -1 to 2 flglm3 higher 
than the wintertime at the Welby site, Since ammonia concentrations closely' 
reflect the vicinity of the sampling area, site-to-site variations were more 
pronounced than seasonal or diurnal variations, This is evidenced by the graph 
in Figure 6,4-4[not included in this report], which shows ammonia 
concentrations were factors of 10 to 20 higher at the Evans site than at most of 

. the other sites during Winter 97, Elevated concentrations exceeded 50 flglm3 on 
20% of the days at the Evans site. Twentyj'our hour ammonia concentrations at 
the Masters and Longmont sites were also factors of 5 to 10 higher than at the 
other sites. 1/ 

For other areas like northwest Colorado, an annual background ammonia concentration 
of about 1 ppb or less is probably morc reasonable, based on ammonia measurements 
from the Mt Zirkel Visibility Study, 

In the Aerosol Evolution Model (AEM) simulations done for the Mt Zirkel Study for 
a specific period, "base case background air concentrations for ammonia were assumed 
to be 0,5 pglm3 and 3 0 ppb,jor ozone, consistent with measured values at the Hayden 
VOR site." An annnonia concentration iJf O.5)lg/m' is about 0.7 ppb, 

In the CALPUFF modeling section of the Mt Zirkel Study report, 
"The CALPUFF default value for background ammonia concentrations of 10 ppb 
was also consideredfar too high as a representative area-average. Meas.urements 
from the Buffalo Pass and Gilpin Creek sites were used to adjust ammonia 
concentration to episode and site-mean values. II . 

Based on a review of CALUFF files used for the Mt Zirkel Study, for ihe August 
simulations, the assumed ammonia background (ECKNH3) was 1.6 ppb; for the 
October simulation, the assumed background was 0.5 ppb; and for the September 
simulation, the assumed background was.0.8 ppb, 

3.1.2.8. Ammonia Assumptions 
Based on information in the previous section, for sources located in northeast 
Colorado and along the South Platte River, a domain-wide ammonia background 
value of 44 ppb is used. For sources located in northwest Colorado, a background 
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ammonia concentration of 1.0 ppb is used. For sources located in southeastern 
Colorado and for source located along the Arkansas River, a background value of 10 
ppb is used. ' 

3.1.2.9. Ozone Assumptions 
,According to the IW AQM Phase 2 Report, 

CALPUFF provides two options for providing the ozone background data: (1) a 
single; typical background value appropriate for the modeling region, or (2) hourly 
ozone datafrom one or more ozone monitoring stations. The second and preferred 
option requires the creation of the OZONE.DAT file containing the necessary data. 
For the Demonstration Assessment, ihe domain Was large (700 krn by 1000 krn) 
such that the second option was necessary. The IWAQM does not anticipate such 
large domains as being the typical application. Rather, it is anticipated that the 
more typical application will involve domains of order 400 krn by 400 krn or 
smaller. But even for smaller domains, the ability to provide at least monthly 
background values of ozone is deemed desirable. The problem in developing time 
(and perhaps spatial) varying background ozone values is having access to 
representative background ozone data. Ozone data are available from EPA's 
Aerometric Information Retrieval System (AIRS); however, AIRS data must be used 
with caution. Many ozone sites are located in urban and suburban centers and are 
not representative of oxidant levels experienced by plumes undergoing long range 
transport. 

lulhis ,luuy, "CH2MHILL obiained hourly ozone diJtafrom thefollowingstations 
located within the modeling domain for some or all of the years 1996, 2001, and 
2002: 

: 0 Gothic (Gunnison County, Colorado) 
o Rocky Mountain National Park 

Additional, hourly datafor 1996, 2001, and 2002 were provided to CH2M HILL by 
the APCD for the following stations along the Front Range: 

o Greeley 
o Highlands Ranch 
o ,Colorado Springs 

Data recovery for the years 2001 and 2002 for the Greeley station was very low, and 
iherefore data from the nearby Fort Collins station were used instead Any data 
missing from the hourly records were replaced with a domain-wide default 
concentration of60 parts per billion (Ppb), as determined by the APCDINPS (CH2M 
HILL,2005)." 
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3.1.3. CALPOST Settings and Visibility Post-Processing 
The CALPUFF results will be post-processed with a modified version of CALPOST ' 
(version 5,51_ CO _ v3, level: 030709), POSTUTIL (version 1.31, level 030528), and 
BART98_v3, The CALPOST modifications were performed by the Division and do not 
affect any of the calculations in CALPOST for the deciview values used in this report; 
however, some simple calculations were done within CALPOST in order to output delta­
deciview values (instead of percent change values) for the individual species that contribute 
to the overall delta-deciview value, but these values are not used for the subject-to-BART 
modeling. Otherwise, the CALPOST code modification consists of a "write" statement and 
supporting code, It outputs all daily delta-deciview values for every receptor to a file called 
"deciview24.dat." The 98th percentile values are computed from "deciview24,dat" by a 
separate FORTRAN processor (BART98 _ v3) written by the Division specifically for this 
analysis. The Division's processors are available upon request. 

For the initial modeling analysis, all PMI 0 may be assumed to have a scattering efficiency 
of 1.0 since the contribution of direct PMl 0 emissions is expected to be relatively small 
compared to visibility impairment caused by S02 and NOx emissions. However, if 
modeled impacts are below the contribution threshold, condensible and filterable PMIO 
emissions should be quantified and speciated. Alternatively, a sensitivity test could be 
performed to determine if speciation would change the outcome of the sUbject-to-BART 
demonstration. For example, if all PMlO is modeled as PMF in CALPOST, the scattering 

. efficiency for PMF could be changed from 1.0 to 10,0 to simulate a worst-case speciation 
scenario. If this type oJ sensitivity test or another analysis suggests that PMIO speciation 
could change the outcome of the analysis, then speciation 'should be performed, If speciated 
PMlO emissions are modeled, the following species should be considered: fme particulates 
(PMF), coarse particulates (PMC), eleniental carboll (EC), organic carbon (SOA), and 
sulfate (S04). 

To calculate background light extinction, MVISBK should be set to 6. That is, monthly RH 
adjustment factors are applied directly to the background and modeled sulfate and nitrate . 
concentrations, as recommended by the BART guideline, The RHMAX parameter, which 
is the maximum relative hmnidity factor used in the particle growth equation for visibility 
processing, is not used when method 6 is selected. Similarly, the relative humidity 
adjustment factor (f(RH)) curves in CALPOST (e.g., IWAQM growth curve and the 1996 
IMPROVE curve) are not used when MVISBK is equal to 6. 

The natural background is based on the 20 percent best visibility days, as recommended by 
the BART guideline preamble: 

Finally, these BART guidelines use the natural visibility baseline for the 20 percent 
best visibility daysfor comparison to the "cause or contribute" applicability 
thresholds. We believe this estimated baseline is likely to be reasonably 
conservative and consistent with the goal of natural conditions (70 FR 39125). 

The method for estimating natural background is presented in section 3.1.3.1. Specifically, 
for hygroscopic components, BKS04 in CALPOST should be set to 0.0893 for all months. 
For non-hygroscopic components, BKSOIL should be set to 1,620 for all months. The 
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BKS04 and BKSOIL values have been computed specifically for the Colorado Class I 
areas in the modeling domain. 

The extinction due to Rayleigh scattering (i,e., the scattering ofIight by natural particles 
much smaller than the wavelength of the light) should be set to 10 Mm-! (BEXTRAY = 
10.0). 

3.1.3.1. Natural Conditions - Determining Hygroscopic And Non-
Hygroscopic Values For the Best 20% Visibility Days 

3: 1.3.1.1. Natural Background - Objective 
The spreadsheet shown in Figure 17 was created to deternriue the hygroscopic 

(3[BK804]) and uon-hygroscopic (equivalent to [BK80IL]) portions of natural 
background for the best 20% visibility days (Best Days) at all Class I areas in 
Colorado's BART modeling. These concentrations, [BK804] and [BK80IL], are 
used in CALP08T with monthly relative humidity adjustment factors (f(RH)) to 
determine monthly natural background visibility that would, on average, represent 
the average natural background visibility for the best 20% days in EPA's "Guidance 
for Estimating Natural Visibility Conditions Under the Regional Haze Program" 
(EPA, 2003). 

3.1.3.1.2. Natural Background - Discussion 
"Guidance for Estimating Natural Visibility Conditions Under the Regional Haze 
Program" (EPA, 2003), section 2.4, describes the calculation of the annual average 
background extinction (in IlMm) for a Class I area using the area's annual f(RH) 
and average natural concentrations based on the area's geographic location (east 
versus west). Annual average background extinction values (in IIMm) 'are 
converted to annual average Haze Index (HI) values (in deciview or dv), Then, the 
average HI value for the 20% best visibility days (Best Days (dv)) is estimated from 
10th percentile of the annual average HI value for a Class I area assuming nomial 
distribution. Thus, no average natural concentrations are provided for deternriuing 
extinction for the 20% best visibility days. 

For bacIcground extinction computation methods 2, 3, and 6 in CALP08T, 
background extinction is calculated with user-supplied monthly concentrations of 
804, N03, PM coarse, orgauic carbon, soil, and elemental carbon species_In ' 
practice, concentrations for only 2 species, 804 ([BK804]) and soil ([BKSOIL]), 
are supplied in the CALP08T input file to represent hygroscopic and non­
hygroscopic portions of background extinction, respectively. 

To determine background extinction for the BART analysis with CALP08T, 
average natural concentrations that represent average natural background visibility 
for the best 20% days need to be determined, 
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3.1.3.1.3. Natural Background - Method 
Following EPA's approach of using regional average natural concentrations and the 
concept of using simplified inputs in CALPOST, the same hygroscopic (3[BKS04] 
bos"O) and non-hygroscopic ([BKSOIL],,,,,o) values would be used in CALPOST for 
all Class I areas in.Colorado's·BART modeling. . 

The spreadsheet calculates an average background (dv) based on mon1hly 
background extinction (11Mm) for each Class I area in Colorado's BART modeling 
using the following equations: 

1. Monthly background extinction in IIMm (bextmooth) = 3[BKS04]b,,",,of(IUi) 
+ [BKSOILh""o + Rayleigh 

2. Anoual average background extinction in l!Mm (bex!,,=u,l .. ,) = (bextJoo + 
bextp,b + ... + bextD",,)/12 -

3. Calculated Best Days in dv = 101n(bext~ .. 1_m/1O) 

EPA guidance provides f(RR) values based on the centroid of the Class I area (see 
AppendixB -Monthly f(RH) Values) and a Best Days (dv) value for each of the 
Class I areas (see Appendix A - Natural Background Values). 

The hygroscopic (3 [BKS04]) and non-hygroscopic ([BKSOIL J) values determined 
yielded the lowest sum of the absolute differences between the published Best Days 
(dv) and calculated Best Days (dv) for all Class I areas in the analysis: 

II 

Minimize I l(Published BestDays)" - (calculated BestDays)" I 
n=1 

where: n = number of Class I areas in analysis 

The "hygro (3[BKS04J)" and "non-hygro ([BKSOILJ)" values of 0.268 and 1.620 
were calculated in MicrosoftExcel using the "solver add-in" tool for optimization 
and equation solving (Figure 17). As can be seen from the "difference" values in 
Figure 17, the annual 20% best visibility days background concentrations for each 
Class I area calculated with this method are within 0.01 deciviews or less of the 
annual 20% best visibility days background values recommended by EPA. For 
CALPOST, the hygroscopic component of extinction is divided by 3 (the extinction 
coefficient of sulfate and nitrate) and input as BKS04 (i.e., BKS04 = 0.268/3 = 

0.0893). The non-hygroscopic component is used directly (i.e., BKSOIL = 1.620). 
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Figure 17. Spreadsheet showing the "hygro (3[BKS04))" (0.268)and "non­
hygro ([BKSOIL])" (1.620) values calculated inMicrosoft Excel usiug the" 
"solver add-iu" tool for optimization and equation solving. 
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CALMETICAL?UFF BART Protocolfor Class I Federal Area Individual Source Attribution 
Visibility Impairment Modeling Analysis 

3.1.3.2. CALPOST and POSTUTIL Parameters 
Two post-processing examples are provided. In example #1, fme particulate 
emissious are speciated into PMF, PMC, EC, SOA, and S04 and explicitly included 
as species in CALPUFF. Emission rates for each species are included in CALPUFF .. 
Figure 18 summarizes some of the key CALPOST settings. The monthly f(Rli) 
values (REF AC), which are different for each Class I area, are from Appendix B -
Monthly f(RH) Values. . 

l:fodeled speci.es to be inoluded in computing the light extinction 
Include SULFATE? (LVS04) -- Default: T I LVS04 T 
Include NITRATE? (LVN03) - Default: :r I IVN03 T , 
Include ORGANIC CARBON? (LVOC) - Default: T I LVOC T . I 
Include COARSE PARTICLES? (LVPMC) -- Default: T I LVPMC • T I 
Include FINE PARTICLES? (LVPMF) -- Default: T I LVPMF T I 
Include ELEIIENTAL CARBON? (LVEC) -- Default: T I LVEC • T I 

Species name used for particulates in MODEL.DAT file 
COARSE (SPECPMC) -- Default: PMC SPECPMC • PMC 
FINE (SPECPMF) -- Default: PMF SPECPMF • PMF 

MODELED particulate speoies: 
PM COARSE (EEPMC) - Default: 0.6 , EEPllC · 0.6 
PM FINE (EEPMF) - Default: 1.0 ! EEPMF · 1.0 

BAq<GROUND particulate ·species: 
PM COARSE (EEPMCBK) -- Defaul-t: 0.6 ! EEPMCBK· 0.6 

Othe:r- species: 
AMMONIUM SULFATE (EES04) -- Default: 3.0 EES04 3.0 
AMMONIUM NITRATE (EEN03) -- Default: 3.0 EEN03 3.0 
ORGANIC CARBON (EEOC) -- Default: 4.0 EEOC 4.0 
SOIL (EESOIL)-- Default: 1.0 EESOU 1.0 
ELEMENTAL CARBON (EEECl - Default: 10. EEEC · 10.0 

Method used f o-r background light extinction 

(RMFAC) -- No default 

(BKS04) -- No defaul-t 

(BKN03) -- No default 

(BKPMC) -- No default 

(BKOC) -- No default 

(BKSOIL) - -No default 

(BKEC) -- No default 

(MVI5BK) -- Default: 2 

RHFAC 2.4,2.2.1.9,1.7, 
1.7.1.5.1.6.2.0 •. 
1.9,1.7,2.1.2.3 I 

l1VISBK 6 

BKS04 0.0893, 0.0893. 0.0893, 0.0893, 
0.0893. 0.0893. 0:0893. 0.0893, 
0.0893, 0.0893, 0.0893. 0.0893 I 

BKN03 0.0, 0.0, 0.0, 0.0, 
0.0, 0.0, 0.0, 0.0; 
0.0, 0.0. 0.0. 0.0 , 

BKPMC· 0.0, 0.0, 0.0, 0.0, 
0.0, 0.0, 0.0, 0.0, 
0 .. 0, 0,0. 0.0, 0.0 I 

BKOC • 0.0, 0.0, 0.0, 0.0. 
0.0, 0.0, 0.0, 0.0, 
0.0, '0.0. 0.0. 0 .. 0 ! 

BKSOIL· 1.620, 1.620, 1.620. 1.620. 
1.620, 1.620, 1.620, 1.620, 
1.620. 1.620, 1.620, 1.620 I 

BKEC • 0.0, 0.0, 0.0, 0.0. 
0.0, 0.0, 0.0, 0.0, 

I 
I 

I 

I 
I 
I , 

I 

Extinction due to Rayleigh 
0.0, 0.0. 0.0, 0.0 I 

scattering is added (l/Mm) 
(BEXTRAY) -- Default: 10.0 BEXTRA'l 10.0', 

Figure 18. CALPOST - key parameters (example #1·setup). 
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CALMETICALPUFF BART Protocol for Class I Federal Area Individual Source Attribution 
Visibility Impairment Modeling Analysts 

In example #1, P08TUTlL is used to compute the partition for the total 
concentration fields with MNITRA TB= 1 and the appropriate ammonia background 
concentration, The ammonia background concentration, BCKNH3, in P08TUTlL is 
the same as the background value presented in section 3.1.2.8. In POSTUlL, the 
input species include 802, 804, NOX, HN03, N03, SOA, PMF, PMC, and BC and 
the output species include 804, HN03, N03, 80A, PMF, PMC, and BC. Key 
POSTUTlL parameters are shown in Figure 19. 

Number of species to process from ChLPUFF runs 
(NSPECINP) -- No default NSPECINP • 9 

Number of species to write to output file 
(NSPECOUT) -- No default NSPECOUT • 7 

Number of species to compute from those modeled 
(must be no greater than NSPECOUT) 

. (N5PECCMP) -- No default NSPECCMP • 0 
Number of CALPUFF data files that will be scaled 

(must be no greater than NFILES) 
(NSCALED) Default: 0 I NSC_LED • 0 

Recclllpute. the HN03/N03 partiticn for concentrations? 
(MNITRATE) Default: 0 I MNHRATE • 1 

The following NSPECINP species will be processed: 

_SPECI 504 JEND! 
ASPECI S02. I IENDI 
1>5PECI NOx I !END! 
I>SPECI N03 I IENDI 
ASPECI HN03 I IENDI 
ASPECI PMF ·1 IENDI 
ASPECI • PMC I lEND! 
ASPECI EC I lEND! 
ASPECI SOA I IENDI 

The following -NSPECOUT species will be written: 

A5PECO S04 IENDI 
ASPECO N03 IENDI 
ASPECO BN03 IENDI 
ASPECO • PMF IENDI . 

ASPECO • PMC IENDI 
I>SPECO • EC IENDI 
ASPECO • SOA IENDI 

. Figure 19. POSTUTIL - key parameters for cases with nitrate partitioning and 
speciated PM10 concentrations (example #1 setup). 
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CALMETICALPUFF BART Protocol/or Class' I Federal Area Individual Source Attribution 
Visibility Impairment Modeling Analysis 

In example #2, PMIO is included as a species in CALPUFF aud ammonia limiting is 
perfonned with POSTUTIL. The example #2 CALPOST setup is the same as shown 
in example #1 (see Figure 18) except L VPMC=F, since there are is no coarse PM, 
and SPECPMF=SOIL because the PMIO emissions from CALPUFF are reallocated 
to the species SOIL aud EC in the first of two POSTUTIL runs. The first POSTUTIL 
setup for example #2 (see Figure 20) is intended to provide a post-processing 
opportunity to divide the PMIO concentrations into SOIL aud EC components; 
however, in the setup example shown in Figure 20, all of the PM10 is allocated to 
SOIL and none is allocated to EC. 

Number of specieS to process from CALPUFF runs 
(NSPECINP) -- No default 

Number of species to write to output file 
(NSPECQUT) -- No default 

Number of species to compute from those modeled 
(must be no greater than NSPECOUT) 

(NSPECCHP) -- No default 
Recompute -the HN03/N03 partition for concentrations? 

(11NITRHE) Default: 0 
The following NSPECINP species will be processed: 

I ASPECI 0 504 ·1 !END! 
I ASPECI N03 I IENDI 
! ASPECI HN03 I IENDI 

ASPECI • PH10 I IENDI 
ASPECI SOA I IENDI 

The following NSPECOUT species will 
I ASPECO 504 r 
I ASPECO N03 ! 

ASPECO HN03 I 
ASPECO EC ! 
ASPECO SOIL 
ASPECO SOA 

be written: 
IENDI 
lEND! 
IENDI 
!ENDI 
IENDI 
IENDI 

NSPECINP 5 

NSPECOUT 6 

NSPECCHP 2 

MNITRATE 0 0 

The following NSPECCMP species will be computed by scaling and summing 
one or more of the processed input species. Identify the name(s) of 
the computed species and provide the scaling factors for each of the 
NSPECINP input species (NSPECCMP groups of NSPECINP+i.lines each): 

! CSPECCMP 
I S04 
I N03 
I PM10 
I SOA 
IENDI 

! CSPECCMP 
S04 
N03 

PH10 
! SOli. 
IENDI 

EC I 
0.0 
0.0 
0.00 
0.0 

SOIL! 
0.0 
0.0 
1.0 
0.0 

Figure 20. POSTUTIL setup for simulations where PMIO is divided into SOIL 
and EC species (example #2 setup). 
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CALMETICALPUFF BART Protocol/or Class I Federal Area Individual Source Attribution 
Visibility Impairment Modeling Analysis 

In the second POSTUTIL setup for example #2, POSTUTIL is used to compute the 
partition for the total concentration fields with MNITRATB=1 and the appropriate 
ammonia background concentration. The ammonia background concentration, 
BCKNH3, in POSTUTIL is the same as the background value presented in section 
3.1.2.8. In this POSTUIL setup, the input species include S04, N03, HN03, BC, 
SOIL, and SOA and the output species include S04, N03, HN03, BC, SOIL, and 
SOA. Key POSTUTIL parameters are shown in Figure 19. 

Number of species to process from CALPUFF runs 
(NSPECINP) -~ No default NSPECINP • 6 

Numl:er of species to wri-te to output file 
, (NSPECOUT) -- No default NSPECOUT 6 

Number of species to compute f-rom those modeled 
(must be no greater than NSPECOUT) 

(NSPECCMP) -- No default I NSPECCMP • 0 
Recompute the RN03/N03 partition for concentrations? 
(MNITRATE) Default: 0 I MNITRATE • 1 

The following NSPECI-NP species will be processed: 

ASPECI • 
,ASPECI 
ASPECI 
ASPECI • 
ASPECI • 
ASPECI 

S04 
N03 
1IN03 
EC 
SOIL 
SOA 

IENDI 
IENDI 
!END! 
IENDI 
IENDI 
IENDI 

The followi.ng NSPECOUT species will be 'Written: 

ASPECO 
A5PECO 
ASPECO 
ASPECO • 
ASPECO • 
ASPECO 

504 
N03 
HR03 
EC 
SOIL 
SOA 

IENDI 
IENDI 
!END! 
IENDI 
IENDI 
IENDI 

Figure 21. POSTUTIL setup for simulations where ammonia limiting is 
performed nsing the output fIle generated from the POSTUTIL setup in Figure 
20 (example #2 setup). 
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CALMETICALPUFF BART Protocolfor Class I Federal Area Individual Source Attribution 
Visibility Impairment Modeling Analysis 

3.1.3.3. 98th Percentile Methods 
According the BART guideline: 
.. .you should compare your "contribution" threshold against the 98th percentile of 
values. If the 98th percentile value from your modeling is less than your contribution 
threshold, then you may conclude that the source does not contribute to visibility 
impairment and is not subject to BART. (70 FR 39162) 

The BART guideline does not contain a specific method for calculating the "98th 

percentile value" and CALPOST version 5.51 does not generate a 98'h percentile 
delta-deciview value. Consequently, the Division developed a FORTRAN program 
(BART98,.v3) to compute 98'h percentile results. The program implements several 
methods because, at the time the code was written, U.S. EPA had not yet specified 
an explicit method for determining the 98'h percentile value. . 

The U.S.EPA recommends using the 98'h percentile value from the distribution of 
values containing the highest modeled delta-deciview value for each day of the 
simulation from all modeled receptors at a given Class I area. The 98th percentile 
delta-deciview value should be determined in several ways: 

• The 8th highest value for each year modeled 
• The 3-year avetage of the annual8'h high values 
• The 22nd highest value for the 3-year modeling period 

The highest value from all of the above methods should be compared to the 
contribution threshold. The contribution threshold has an implied level of precision 
equal to the level of precision reported from CALPOST. Specificany, the 98th 

percentile results should be reported to three decimal places. 

The Division's processor BART98_v3 calculates the 98'h percentile value with the 
method recommended by US. EPA. The Division refers to the method as the "day­
specific method" or "method I." The first step in the method is to find the highest 
modeled delta-deciview value for each day of the simulation from all modeled 
receptors for the selected time period. While this set of delta-deciview values is 
generated by CALPOST in an unraDked format, the Division's processor 
BART98_ v3 outputs all daily delta-deciview values for each re·ceptor from 
CALPOST and fmds the highest impact for each day. Next, the processor ranks the 
daily delta-deciview maxima in descending order for the number of days processed 
in CALPOST. Then, the processor determines the 98th percentile value from the 
distribution of ranked modeled daily maximum values, irrespective of receptor 
location. For example, for a 365-day simulation, the 98'h percentile value would be 
the 8'h highest modeled delta-deciview value from the list of ranked delta-deciview 
values. That is, the top 7 days are ignored, even though the values being ignored 
may be at different receptors. Similarly, for a 3-year period, the 98'h percentile 
would be the 22nd highest modeled delta-deciview value. 
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CALMETlCALPUFF BART Protocol for Class I Federal Area Individual Source Attribution 

Visibility Impainnent Modeling Analysis 

The processor BART98 _ v3 also generates 98th percentile values using the "receptor­
specific method" or "method 2." This method, which calculates 98th percentile 
values on a receptor-by-receptor basis, is not used for the subject-to-BART 
modeling in Colorado. 

In order to make the processor more general and to handle missing data, the "8th 

high" (for one year) and "22od high" (for 3 years) values recommended by U.S. EPA 
are not hardwired into the processor; rather, the processor contains an algorithm that 
calculates the appropriate "nth high" value from the distribution of data. The 8th high 
and 22nd high values recommended by U.S. EPA are consistent with the values that 
would be generated from the equations in 40 CFR 50 Appendix N - "Interpretation 
of the National Ambient Air Quality Standards for PM2.5" - for determining 98th 

percentile values for PM2.5 moDitming. Thus, the Appendix N method is used in the 
processor. For the exact algorithm, see Appendix N, the BART98_ v3 source code, 
or the BART98_ v3 "readme" file. 
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CALMETICALPUFF BART Protocolfor Class I Federal Area Individual Source Attribution 
Visibility Impairment Modeling Analysis 

Results 
The CALPUFF modeling results will include eleven of the twelve Class I federal areas in 
Colorado. Mesa Verde was excluded because it is more than 300 km from all of the BART­
eligible sources in Colorado. In addition, the BART-eligible sources in Colorado would have 
higher impacts at other Class I areas. That is, impacts at Mesa Verde would not be the 
controlling 98th percentile values for this analysis. 

The results for source-to-receptor distances beyond 300 kilometers may be used, but they may 
overestimate impacts because puff splittiog has not been used. The model setup used here 
should provide reasonable estimates for source-to-receptor distances up to 300 kilometers. The 
modeling report should include a figure· such as Figure 22 that shows the 50km and 300 km 
radius circles around the BART-eligible source. 

300 km radiu 

Wyoming Neb; ka 

New Mexico· Oklahoma 
Whe-aler Pa 'Mloorness 

60km and 300km Circles 
[Insert source name here) 

Legend 

DTATES 

Du.s. Forest Service Class [Areas 

IN.allona! Park S8.Nlce Class I Areas 

Dcounties 

Projected Coordinate System: 
USA_ConUgucu5_Lamberf_Confomlal_Conlc 
ProJectIon: LlImberl..ConformaLConlc 
Falso_Eoellng: 0.0 

. Fals"fiorthlng:O.O 
CentraUder!dlan: ·106.26 
standu.rd_Pllnlllel_1: 31.68 
Standard_P anJlBt2: 40.67 
LaUtudo_ 0,-Ori9In: 39.12 
LlnearUnlt: Meter [1.0) 

GeOliraphlc Coordinate SY51em: 
I3CS_Ncrltl../lmllrlcliln_1SI'l3 
Datum: D_Norlh_Amffican.JS!!3 
Pt1me Meridlan:D 

N 

A -='"",.. .... ~~ ..... KiIDlT1eters o 25 50 100 150 200 

Figure 22. Example figure showiug Class I areas within 50 aud 300 kilometers of the 
BART-eligible source. 
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CALMETlCALPUFF BART Protocol/or Class I Federal Area Individual Source Attribution 
Visibility Impairment Modeling Analysis 

The results section of the report should include a table like Table I and a figure like Figure 23 
that show the 98'h percentile daily delta-deciview values for each Class I area in the modeling 
domain. 

The 98'h percentile delta-deciview value should be determined several ways: 
• The 8th highest value for each year modeled 
• The 3-year average of the annual 8th high values 
• The 22nd highest value for the 3-year modeling period 

The highest value from the three methods above should be compared to the contribution 
threshold. The contribution threshold has an implied level of precision equal to the level of 
precision reported from CALPOST. Specifically, the 98'h percentile results should be reported 
to three decimal places. 

Table·1. Example table showing maximum 98'h percentile value, 98'h percentile values 
calculated with several methods, and the number of days the impact is equal to or greater than 
0.5 deciviews for the entire period modeled. 

CALPUFF-Indlvidual Source Attribution Analysis Maximum 98th Percentile Value = 0.000 
BART~eligible source name: 

98th Percentile Deily Change in Visibility from BART·Eligible 
Source Compared Against Natural Background Conditions 

8th High Della-Declvlew Value 

! 22nd High Delta- Number of 
I Oeciview Value Days Impact 

3-year from 3-year >0.5dv (1996, 
Class I federal. area 1996 2001 2002 Average Modelina Period 2001,2002) 
FlalTons WA 
RawahWA 
Mt Zirkel WA I 
Wemlnuche WA 1 

RockV Mountain NP 
Maroon Bells~Snowniass WA 
La Garita WA 
Great Sand Dunes NP 
WestElkWA 
Eaales Nest WA I 
Black Canvon of the GUnnison NP I 
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CALJvfETlCALPUFF BART Protocol/or Class I Federal Area Individual Source Attribution 
Visibility Impairment Modeling Analysis . 

CAL PUFF 98th Percentile Delta·Deciview Values 
(Change In Visibility from Source Compared Against Natural Background Conditions) 

[enter source name] 

$ 

I , 
I 

E:l8th HIgh Value 
(199') 

ED 8th High Value 
(2001) 

(2002) 

~ 3~year average 8th 
hlghvaJue 

Figure 23. Example graph compariug 98 th perceutile daily change in visibility values (deJta­
deciviews). The highest value should be compared to the coutributiou threshold ofO,5 
deciviews. 
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AppendixB 
DefrmltNntul'al b""" dl', and lOu, mu190d

• Pc}'ccntilc 
dl' Vnlucs at. All Mnnclntory Fedel'al Class I AJ'C.1S 

Mandatory Federal ClagSc I Area 

Acadia Np· 

Agua Tibia Wilderness 

Alpine Lake Wild@rness 

Anaconda-PinUer Wilderness 

Arches/'JP 

Sadla.nds NP 

Bandelier NM 

Bering Sea 

Big Bend NP 

elack Canyon of the Gunnison NM 

BW Mllr5hull Wilderne$s 

Bosqullo del M,che 

BoundB'YWele~ Canoe AraB 

Brelon 

Bridger Wilderness 

Brigantine 

Bryce canyon NP 

Cablnel MoontalnsWifdemess 

Ceney Creek Wilderness 

Canyonlands NP 

Ca~Romain 

Capitol Rellf NP. 

CaribOU Wilderness 

Ca,lsbad Cav~ms NP 

ChassahQW~£kil 

Chlrlcahua NM 

ChlrlC9.hua Wilderness 

Collulla Wilderness 

Craler l<lke NP 

Craters oflhe Moon NM 

CUcamCXlQa Wilderness 

Denali Preserve NP 

Oe~1)lp!ictl Wilderness 

Diamond Peal!: Wiloorness 

[)dJy Sods Wilderness 

Dome Lend Wilderness 

Eagle Cap Wilderness 

State 

ME 

CA 
WA 

MT 
UT 
SO 

NM 

AK 
OX 

CO 

MT 
NM 

M" 
LA 

WI 

"J 
UT 
MT 
AA 

UT 
SC 
UT 
CA 

NM 
FL 

AZ 

AI. 

GA 

OR 

10 

CA 
AK 
CA 
OR 

VN 
CA 
OR 

Lat, 

44.35 

33.42 

. 47.55 

45.95 

38.73 

43,61 

35.79 

60.46 

2.9.33 

38.57 

47.6e 

33.79 

48.08 

29.87 

42.95 

39.49 

37.57 

48.18 

34.41 

3&.23 

Lon, 

_68.24 

-116.99 

·121.16 

-113,5 

-109.56 

-102.36 

·106,34 

-172.7.5 

·103,31 

-107.75 

-113,23 

-1011.65 

-91.43 

-88.8l 

-109.49 

-74.39 

-112:17 

_115.611 

·94.08 

-109.91 

32.99 -79,49 

38.m; -111.15 

~0.4a -121.21 

32.12 

28.69 

3?.01 

31.86 

34.93 

42.92 

43;39 

34.24 

53,31 

3B.9 

43.53· 

" 35.64 

45.22 

-1114.5; 

-B2.Sfi 

-109.34 

-109.28 

-84.57 

-122.1.3 

-113.54 

-117,59 

-151.1!;! 

-120.17 

-122.1 

-79.37 

-118.23 

-117.37 

"'" (Mm-1) 

21.40 

15.86 

16.99 

15.03 

15.58 

15.08 

15,62 

15.411 

15.68 

16.17 

'5.5~ 

2M!!. 

21.57 

15.71 

21.05 

15;58 

16,27 

21.14 

15.60 

21.22 

15_63 

16.05 

15.61 

21.46 

15.47 

15,45 

21.39 

16.74 

15.BO 

15.85 

16,27 

15.80 

16.64 

21.13 

15.70 

16.12 

Ann. Avg. 
Idv) 

7.61 

4.61 

5.30 

4,72 

4.43 

4.74. 

4.46 

4.37 

4.50 

4.80 

4.41 

7.37 

7,69 

4.52 

. 7.44 

4.43 

4,87 

7.49 

4.45 

7.52 

4.47 

'4.73 

4,46 

7.63 

4.35 

4,35 

7.60 

5.15 

4.57 

4.61 

4.85 

4.57 

5.21 

7.48 

4.51 

4.78 

Best Oays Worst Days 
IdV) It (ov) (oj 

3.77 

2.05' 

2.74 

2.16 

1.87 

2,18 

1,90 

1.81 

1.94 

2,24 

1.85 

3.53 

3.B5 

1.911 

3.60 

1.87 

2.31 

3.65 

1.1)9 

3,68 

1.91 

217 

1.9[J 

3,79 

UO 
1.79 

3,76 

2,59 

2.01 

2.05 

2.30 

2,01 

2.65 

3.64 

1$5 

2.22 

11.45 

7.17 

1.86 

7.28 

6.99 

7.30 

7.02 

6." 

7.05 

7." 
6.97 

11.21 

11,53 

7.00 

11.28 

'" 7,43 

11.33 

7.01 

lUG 

7.03 

7.29 

7.02 

11,47 

6.92 

S.1l1 

11,44 

7.71 

7.13 

7.17 

7-42 

7.13 

7.77 

11.32 

7.07 

7.34 

B-2 
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CALMETICALPUFF BART Protocol/or Class I Federal Area Individual Source Attribution 
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Appendix: B 
Default Natul'al b""f' aI', mul10u, mul 90th PcrccnHlc 
dl' Volu('.S I1.t.All MA:uclntOl'J:' Fe:clcml OI'lSS I/u'c-tls 

Mandalory Federal Class I Area 

Acadls NP 

AgUE!. TIbia Wilderness 

Alpine lake Wilderness 

AAae'ollda-Pinlier Wildeme~s 

Althos NP 

Badlands NP 

Bandelier NM 

BefingSea 

BIg Bend. NP 

Black Canyon oftha Gunnison NM 

BoO M~rshall Wilderness 

Bosque del Apache 

BoundaryWo\ers Canoe Area 

Breh;m 

Bridger Wilderness 

Brigantine 

Bryce Canyon NP 

CabInet Mcuntalns Wilderness 

qaneycreek Wilderness 

Canyon lends NP 

Cape Romain 

Capitol Reef NP 

CarIDoo Wlldernes_s 

Carlsb~d Ca~ms.NP 

ChassahOW~i:kll 

Chl~cahue NM 

Chlrleohue Wildllmess 

Cohulla Wilderness 

Crtller lake NP 

Crolers of the Moon NM 

Cucamonga Wi[derne~ 

D¢Ilalj PreseNe NP 

Desolallon INildemess 

Dlal1']O!'lI:1 Peilk Wildeme~5 

Doity SocIs Wilderness 

Ollme land Wilderness 

Eagle Cap Wilderness 

Slat, 

ME 

CA 
WA 

·MT 
UT 

SO 

NM 
AK 
1X 
co 
MT 
NM 
MN 
lA 

WI 

NJ 

VT 
MT 
AR 

UT 

SO 

UT 

CA 
NM 
FL 

Al 

/>Z 

GA 

OR 

10 

CA 

AK 
CA 

OR 

W<! 

CA 
OR 

Lat, 

44.35 

35,42 

47;55 

45.95 

38.73 

43.81 

35.79 

GOM 
29.33 

38.57 

47.88 

33.79 

48.06 

29.87 

Lon. 

_68.24-

-116.99 

-121.15 

·-113.5 

-109.58 

-1~2"36 

-106.34 

-172.75 

-10:3.31 

-107.75 

-113.23 

-100.85 

·91.43 

·S8.82 

42.99 -109.49 

39.49 -74.39 

37.57 -112.17 

48,18 -115.68 

34.41 

38" 
32.99 

38.06 

40.49 

-S4.DB 

-10S.91 

-79.49 

-111.15 

-121.21 

32.12 -104.5$ 

2M9 -82.66 

32.lll . -109.34 

31.88 

24.93 

42.S2 

43.39 

34.24 

63.31 

38.9 

43.53 

39 

35.B4 

45.22 

-100.26 

... ,57 

-122.13 

-113.54 

-117.59 

-151.19 

-1:20.17 

-122.1 

-79.37 

·118.23 

-117.37 

. bext 
(Mm·1) 

21.40 

15.66 

lii.99 

lS.03 

15.SB 

lB.DS 

15,62 

15.4R 

15.68 

16.17 

15.54 

:20.89 

21.57 

15;11 

21.05 

15.58 

16.27 

21.14 

15.60 

21,22 

15.63 

16.05 

15.61 

21.46 

15.47 

15.45 

21.39 

16.74-

15.80 

15.85 

16.27 

15.80 

16.84-

21.13 

15.10 

16.12 

Ann. AVg • 
(dy) 

7.61 

4.61 

5.30 

4.72 

4.4-3 

4.74-

4.46 

4.37 

4.50 

4.80 

4.41 
7.37 

7.69 

4.52 

7,44 

4.43 

4.S7 

7.49 

4.45 

7.52 

4.47 

4.73 

4.46 

7." 
'.36 

4.35 

7.60 

5.15 

4.57 

4.61 

4.86 

4.57 

5.21 

7,48 

4>' 
.4.78 

Best Days Worst Days 
[dvl (* {dv) 1'1 

3.77 

2.05 

2.74 

2.16 

I.B7 

2.18 

1.90 

"1.61 

1.94 

2.24 

1.85 

3.53 

3.85 

US 

3.80 

1.a7 

2;31 

3.85 

1.89 

3.G6 

1.91 

.2.17 

1.SIl 

3.79 

1.60 

1.79 

3.76 

2.59 

201 

2.05 

2.30 

2.01 

2.65 

3.64 

1.95 

2.22 

11.45 

7.17 

7.38 

7.28 

6.99 

7.30 

7.02 

6.93 

7,IlS 

7.38 

6.97 

11.2f 

11.53 

7.08 

11.-29 

6.118 

7.-43 

11.33 

7.01 

11.36 

7.03 

7.29 

7.1l2 

11.47 

8.92 

6.91 

1-1.44 

7.71 

7.13 

7.17 

7.42 

7.13 

1.77 

11.32 

7.07 

7.M 
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Appcndix:B 
Defrmlt Natural b",1" dll, flnll10ill ancl90ill Percentile 
d,' Values ntAll Mnndatol'yFC(lcrnl Class r Areas 

Ma-ndalory federal Class I Area 

Eages Nest Wildcmess 

Emigrant Wildemllss 

~vergrades NP 

Fitzpatrick Wilderness 

FlatTops W~derness 

Galluro Wilderness 

Gates orlhe Mountelns Wilderness 

Gellrhert MOrJnlain v\'ildllmllss 

GUa Wlldemess 

GlacierNP 

GI~eler Peak Wilderness 

Goal Rocks Wilderness 

Grono CSIIYon NP 

Grand Teton NP 

Great G\.IlfWlld~ess 

QrealSalld Dunes filM 

Greal Smoky MounlalnS NP 

. GUadalupe Mounlalns NP 

Haleskela NP 

HawaH VoIcanQes NP 

HellsCllOyon Wllderness 

He(l:ules·GlBdes Wilderness 

Hoover W~derness 

Is1l! Royale NP 

Jllme:5 River Faee Wilderness 

Jarbidge Wilderness 

John MulrWllderness 

Joshua Tree 14M 

Joyce-Kllmer·Sllckroc:k WKderness 

Koiser Wilderness 

Kalmiopsjs Wilderness 

Klllgs CBllyol1 NP 

La Garita Wilderness 

Lassen Volcanle NP 

Lava BedsNM 

Unville Gorge Wilderness 

Lastwood 

Stall 

co 
CA 
FL 

WY 
CO 

IV. 

MT 
OR 

N" 
MT 

WA 

WA 

AZ 

WY 

NH 

CO 

TN 
Tl( 

HI 

HI 

OR 

MO 
CA 

MI 

VA 
NV 

CA 
CA 

TN 
CA 
OR 

CA 
CO 

CA 
CA 
NC 
NO 

Lat. Lon. 

39.67 -106.29 

38.18 .-119.77 

25.35 -80.98 

43.24 '109.6 

39.95 ·107.3 

32.6. '-110.39 

46.66 -111.82 

42.51 -120.$ 

33.21 -laO.';7 

48.64 -113.84 

46.21 -121 

46.52 -121.47 

35".3 . ·112.79 

43.62 -110.71 

44.3 -71.26 

37.n -105.57 

35.6 ·63.52 

31.91 -104.05 

20.71 -15S.16 

19,41 -1!i1i.34 

45.54 - -11G.59 

36.68 '92.9 

38.11 -119.37 

48.01 

37.09 

41.77 

3$.97 

33.92 

35.44 

37.28 

42.26 

36.92 

37.95 

40.49 

41.76 

35.S8 

~8.59 

-86.63 

·79,44 

-115.35 

-116.6B 

-115.86 

-63.99 

-f1ll.17 

-123.92 

-118.61 

-1llS.S3 

-121,41 

-121.52 

·81,9 

-102.46 

b.~ 

(Mm-1J 

15.72 

15.81 

lO.n 

15.73 

15.7(1 

15.4(1 

15.93 

16.33 

15.51 

16A8 

18.86 

16.93 

15.51 

15.74 

21.10 

15.74 

21.39 

15.64 

16.02 

16.33 

16.09 

21.03 

15.76 

20.91 

20.96 

15.75 

15.80 

15.72 

21.40 

15.80 

16,74 

15.79 

15.69 

16.08 

16.37 

21.36 

16.11 

Anl1. Avg. 
(dv) 

4.52 

4.58 

701 

~.53 

~.51 

4.32 

4.66 

4.90 

4.39 

5.00 

5.2~ 

5." 
4.39 

4.53 

7.47 

4.54 

7.60 

4.47 

4.71 

4.91 

~.76 

7.43 

4.56 

7.38 

7.40 

4.54 

4.58 

4.52 

7.61 

4.57 

5.15 

4.57 

4.50 

4.75 

4.9J 

7.59 

4.i7 

Bast Days Worst Days 
Idyl 14 (d..,) l~ 

1.96 

"2 
3.47 

1.97 

1.95 

1.76 

2.10 

2.34 

-U."3 

244 

2,66 

2.70 

t.83 ,., 
3.63 

UB 
3.76 

1>, 

2.15 

2.35 

2.20 

3.59 

2.00 

3.54 

3.56 

1.96 

2.02 

1.96 

3.77 

-2.01 

209 

2.01 

1.94 

2.19 

2.37 

3.75 

2.21 

7.00 

7.H-

11.15 

7.09 

7.07 

6.8a 

7.22 

7.~6 

6.95 

7.56 

7.CO 

7.02 

6.95 

7.09 

11.31 

7.10 

11,44 

7.03 

7.27 

7,47 

7,32 

11.27 

7.12 

1~.22 

11.2~ 

7.10 

7.14 

7.06 

11.45 

7.13 

7.71 

7.13 

7.06 

7.31 . 

7.49 

11.43 

7.33 

B·3 

Colorado Department of Public Health & Environment! Air Pollution Control Division! Teclmical Services Program 
October 24, 2005 49 

AQD LRS BART 
000361 



n 
n 
n· ; , 

nl. , 
n 

fl 

'1 I • 
,J 

il 
L.J 

[J 

lJ 

, J 

L.J 

l 

CALMETlCALPUFF BART Protocol/or Class I Federal Area Individual Source Attribution 
Visibility Impairment Modeling Analysis 

Appendix B 
Defnult Nntul'nl br.u! dl', nnd lOu, mul 90th Percentile 
(/1' Vnlues nt All !\,Inndntol'Y Federal Class I ,A:l'CfIS 

Mandatory Federal Class I Aroa 

Lye Brook Wilderness 

MaflYTlolli Cave NP 

Ma/ble Mountain WIlderness 

Maroon eells-Snowmass Wlldemess 

Mazatzal Wltclerne$s 

Madlcfneleke 

MtiSIi Verde NP 

Minarets Wilderness 

Mngo 

Mission Mountains Wllderl).eru; 

Mokelumne Wilderness 

Moosehan 

Mount Mams Wilderness 

Mounl9ilttl)'Wildemess 

Mounl HoodWildemess 

Mounl JeHe!';',;on IMldemess 

Mount Rainier NP 

Mounl Washington Wildeme$s 

Mounl Zl,~ei Wilderness 

MountaIn lake$ Wilderness 

North Absaroka-Wilderness 

North Cascades NP 

Okefenokee 

OIymplcNP 

OIterCreck Wilderne$s 

Pasoyten Wildopness 

Pecos WilderneBs 

Petrified Foxesl I'lP 

Pine Mountvin Wlldeme$s 

PlnnaclesNM 

Point Reyes NS 

Prt:sldenlial Range-DIY River Wildemess 

Re.lnb_rNt Lake Wlldern-ess 

Rawah Wilderness 

Red Rock Lakes 

Redwood I'lP 

Rocky Mountain NP 

state 

vr 
KY 

CA 
CO 

R 

MY 

CO 

CA 
MO 

'MY 

CA 
ME 
WA 

.R 

OR 

OR 

WA 

OR 

CO 

OR 

WY 

WA 

GA 

WA 

WV 

WA 

NM 
AZ 

R 

CA 
CA 

NH 
'WI 

CO 

MT 
CA 

CO 

Lat, 

43.13 

37.2 

41.51 

39.1 

34.1:1 

48.49 

37,25 

37.74 

37 

47.48 

38,57 

Lon. 

-73,02-

·8G.15 

-123,21 

-107,02 

-111,55 

-10~,35 

-100,45 

-119,19 

-90,tS 

-113,87 

-120.06 

45,09 -G7.29 

-46.2 -121.49 

33.95 -109.54 

45.37 -121.73 

44.61 -121,84 

46.06 -12t72 

44.3 -121.88 

40.75 ~1OS.se. 

42.33 -122.11 

44.74 ·109.8 

48.83 -121.35 

30.82 -82.33 

47,77 

36.99 

48,89 

35,9 

34,99 

34,31 

36.46 

38,06 

44,2 

46-.42 

40.69 

44.64 

<11.<14 

40.35 

-123,74 

-79.65 

-120.44 

-105,62 

-109.79 

-111.8 

-121.19 

-122.9 

-71,34 

-91.31 

-105.95 

-111.78 

-124.03 

-105,7 

b.~ 
(Mm·1) 

20.99 

21.5B 

111.65 

15.70 

15.44 

16.07 

15.73 

15.76 

21.03 

16.21 

15.BCI 

21.22 

1S,Be 

15.51 

m.03 

16Jl1 

17.05 

17.oJ 

15.71 

16.-50 

15.74 

16.86 

21.41 

17.02 

21.14 

16.04 

15.65 

15.54 

15.47 

16.12 

11>.20 

21,15 

20.99 

15,72 

15,01 

16.90 

15,67 

Ann. AVg. 
Idy) 

7.41 

7.69 

5.10 

4.51 

4.35 

4.74 

4.53 

4.56 

7.'" 
4.83 

4." 
7.52 

5.22 

4.39 

5.21 

5.25 

5.34 
5,33 

4.52 

5.01 

4.53 

5.22 

7.61 

5.32 

7.'19 

5.21 

4.<\8 

4.41 

4.36 

4.78 

4.83 

7.49 

7.42 

4.52 

4.56 

525 

4.49 

But Cays; Worst O~ys 
Idvl Ii (dv) ~) 

3.57 

3,85 

2.54 

1.95 

1.79 

2.18 

1.97 

2.00 

3.59 

2.27 

2.02 

"3,68 

2.66 

'" 
2.65 

2.69 

2.76 

2.n 

1.96 

2.'15 

1.97 

2,66 

3.77 

2.76 

3.65 

2.65 

1.92 

1,85 

1.eO 

2.22 

2.27 

US 

3.58 

1.96 

2.02 

2.69 

1.93 

11,25 

11.53 

7.M 

7.07 

6.91 

7,30 

7.09 

7,12 

11.27 

7.39 

7.14 

11.36 

7.78 

6.5 

7.77 

1.81 

7,90 

7:89 

. 7.08 

7.57 

7.00 

7.76 

11,45 

7.811 

11,33 

7.71 

7,04 

6.97 

6,92 

7.34 

7,39 

11.33 

11,21i 

7.08 

7.14 

7,81 

7.05 
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CALMETICALPUFF BART Protocol/or Class I Federal Area Individual Source Attribution 
Visibility Impairment Modeling Analysis 

AppcndixB 
Default Natul'ol bt:flO nl', find lOu, and 90u, Percentile 
dl' "abIes nt.All Mandatol')' FC(lcral Closs I Al'c:lS 

'<1andalory Federal Class I Area 

Roosevelt Caf'l\pcbeUo International Pari< 

Saguaro NM 

Sail Cleek 

San GabrIel WilderneSs 

San Gorgonlo Wilderness 

SlIfl JacInto WIlderness 

San Pedro Parks Wilderness 

San RafaelWiJdemess 

SaWloo11J W1loemess 

Scupegoal Wilderness 

Se!way-8i\terrou! Wildernes5 

Selley 

Sequoia NP 

Sh~nandoah NP 

Shtnirw Rock Wilderness 
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Theodore Roosevelt NP 

lhooSQlllllllke; VVildemess 
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Tuxednl 
-UlBend 

Upper Buffalo Wilderness 

Venlanll Wilderness 

Virgil 15IlIIId5 NP (h) 

Voyageurs NP 

Wasllakie Wilderness 

Wemillucl!e Wilderness 

West Elk Wilderness 

statl, 

ME 

AZ 

NM 
CA 
CA 
CA 

NM 
CA 
10 

MT 

10 

MI 

CA 
VA 
NC 
AZ 

AK 
Al­

CA 
FL 

OR 

R. 

NC 
AZ 

Wf 

ND 

CA 
OR 

AK 
MT 

AR 

CA 
VI 

MN 
Wf 

CO 
CO 

lat, 

44.65 

32.17 

33.6 

34.27 

34.12 

33.15 

36.11 

24.76 

43.99 

47.16 

46,12 

46.25 

36.51 

38.47 

35.36 

:13.85 

54.91 

34.32 

41.31 

30.11 

44.29 

33.5 

"35.39 

lon. 

.66.94 
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·117.94 

·11"6,84 

·116.64 

·1116.81 
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·112.74 

·114.8S 

·8IU)9 

-113.56 

·7B.49 

·112.65 

-110.9 

-159.28 

·67.4~ 

·1211.2 

·84.15 

-116.74 

-111.27 

-76.39 

35:01 -112.09 

44.04 ·110,17 

48.96 ·103.46 

40.7 -121,58 

44.04 .121.91 

60,14 . ·152.61 

47.54 ·1117.89 

36.17 -92.41 

36.21 -121.6 

18.35 -64.74 

4SA7 

44.1 

37.61 

38.75 

.. ,. 
-10951 

-107.25 

·107.21 

b.n 
[Mm-1J 

21.22 

15.35 

15.56 

15.8S 

15.74 

15.7B 

15.63 

16.03 

15.B2 

16.05 

16.09 

21,23 

15.79 

20.98 

21.411 

15,46 

17.21 

21.28 

16.09 

.21.54-

16.37 

15.411 

.20.91 

15.53 

15.74 
16.01l 

16.10 

17.01 

16,56 

15.87 

21,04 

W.09 

20.64 

15.73 

15.66 

15.71 

Ann. Avg. 
(dv) 

7.52 

4.26 

4.43 

4.61 

4.54 

4.56 

4.47 

4.72 

4.59 

4.73 

4.76 

7.5' 
4.57 

7.41 

7.S1 

4.36 

5043 

7.55 

4.76 

7.'" 
4." 
4.32 

7.38 

4.411 

4.53 
4.75 

4.76 

5.31 

5.06 

4.62 

7.44 

of.7f,) 

7.25 

4.53 

4.50 

4.51 

Bast Days Worst Days 
[d~) (" (gv) ['I 

3.68 

1.n 
1,87 

2.05 

1.96 

2,01} 

1:91 

2,16 

2:113 

2.17 

2.20 

3,69 

2.01 

3.57 

3.77 

HlO 
2.37 

3.71 

2.20 

3.lr3 
2,37 

1.76 

3.54 

1.1.14 

1.97 

2.19 

2.20 

2.75 

2.50 

2.06 

3.60 

2.20 

3.41 

1.97 

1.94 

1.9> 

11.36 

6.84 

6.99 

7.17 

7.10 

7.12 

7.03 

!.26 

7.15 

7.2£1 

", 
11.37 

7.13 

11.25 

11.45 

6." 
7.99 

11.39 

7:32 

'11,51 

7049 

6.8S. 

11.22 

,.'" 
7.09 

7.31 

7.32 

7:67 

7.62 

7.18 

11.26 

7.32 

11.09 

7.09 

7.06 

7.117 
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CALMETICALPUFF BART Protocol/or Class I Federal Area Individual Source Attribution 
Visibility Impairment Modeling Analysis 

AppendhB 
DefaultNarurnl b~ dl', nmllOll1 and 9011

' Percentile 
d., Villucs at. All MnudatOl'Y FcMl'ru Clnss I Al'C,lS 

Mandalory Federal Class I Aroa state Lat. Lon. b.~ Ann. AVg. Best Day, Worst Days 
(Mm.1J (dv) (dv) (t Idvll'l 

Wl\t!elllr Peak Wilderness NM ·~.57 -105.4 15.70 4:51 1,95 7.07 

White MC:lUn\ain Wilril:llness NM 3MB ·105,85 15.56 4.42 f.36 6.9B 

Wicllltll Mountains OK 34.75 -98.65 20.60 ,,, 3.39 11,07 

Wind Clive NP SO 43.56 -10M7 16.97 4.e8 2,12 7.24 

Wolf Islond GA 31.33 -81.3 21.33 7.58 3.74 11.42 

Yellows-loo"" NP <NY 44.63- -il0.51 15,77 4.56 2,00 7,12 

Yolla Belly MlcIcI!e Eel Wilderness- CA 40,09 -122.96 16.25 4.85 2.29 7.'11 

Yosemite NP CA 37.B5 -11\).54 15.81 4.58 2.02 7.14 

ZIO!lNP ur 31.32 ·113.04 15.55 4.42 1.86 6.98 

(n) Values for Ih~ best find worsl da}'s are <lstimated from a slalis'lical approach d~sCTlbtlCl in Section 2.6 of Ihis document. 
(b) f(RH) value!; for VirginIsland.s National PUl'k were not calculated because oflhe limited RH dala available. N; SUCll no 
elllimales [or Nalural Visibility Conditions are pruslmttld al this lime. . 
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Appendix B - Monthly f(RH) Values 
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Class I Area 
Badlarids 

Wind Cave 

- -

Scenario 
NO,-I 
lNo, - 4 

NO -5 

IScenario . 
INO, -1 

lNo, -4 
lNo -5 

(\ '. /J 

Table I 

Facility Basin Baseline Visibility Modeling Results 
Variable Ammonia Back2l'ound and Nitrate Reoartitioning: 

2001 2002 2003 
No. of No, of No. of 

98th Days 98th Days 98th Days 
Percentile Exceeding Percentile Exceeding Percentile Exceeding 
Value(dv) 0.5 dv Value (dv) 0.5 dv Value (dv) 0.5 dv 

0.917 28 Ll56 20 0.923 26 
0.951 25 1.546 27 l.1l7 21 

Table 2 

Facility Basin BART Control Visibility Modeling Results 

Variable Ammonia Background arid Nitrate Repartitioning 

For Badlands 
.... Average. 

2001 2002 2003 Imoact 
No. of No, of No, of 

98th Days 98m Days . 98m Days 
Percentile Exceeding Percentile Exceeding Percentile Exceeding 
Value (dv) 0.5 dv Value (dv) 0.5 dv Value Idv) .0.5 dv (dv) 

Ll99 33 1.360 22 1.049 30 . 1.203 
1.013 29 0.999 20 0.967 24 0.993 
0.868 23 0.894 17 0.824 21 0.862 

Table 3 
Facility Basin BART Control Visibility Modeling Results 

Variable Ainmonia Background and Nitrate Repartitioning 

For Wind Cave 
Average 

2001 2002 2003 Imoact 
No, of No, of No. of 

98th Days 98m Days 98
m Days 

Percentile Exceeding Percentile Exceeding Percentile Exceeding 
Valueldv) 0.5 dv Value (dv' 0.5.dv Value (dv) 0.5 dv (dv) 

Ll55 32 ).715 29 1.373 26 1.414 
0.936 24 L194 23 0.997 19 1.042 

0.788 19 1.036 22 0.857 IS 0.894 . 

Maximum. 
Imoact 

(dv) 

1.360 
1.013 

0.894 

Maximum 
Imoac! 

(dv) 

1.715 

L194 

L036 
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Scenario 
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Unit 1 Basin Baseline Visibility Modeling Results 

Table 5 

Unit 1 Basin BART Control Visibility Modeling Results 
Variable Ammonia Bac~ground and Nitrate Repartitioning 

For Badlands 

2001 2002 2003 
No. of No. of No. of 

98th Days- 98th 
Days 98· Days 

Percentile Exceeding Percentile Exceeding Percentile Exceeding 
Val~e (dv) 0.5 dv Value (dv) 0.5 dv Value (dv) 0.5 dv 

0.395 4 0.423 6 D.411 4 
0.321 3 0.314 2 0.316 2 
0.279 3 0.286 1 0.272 2 

Table 6 
Unit 1 Basin BART Control Visibility Modeling Results 

Variable Ammonia Background and Nitrate Repartitioning 

For Wind Cave 

2001 2002 2003 
No. of No. of No. of 

98· Days 98· Days 98· Days 
Percentile "Exceeding Percentile Exceeding Percentile Exceeding 
Value (dv) 0.5 dv Value (dv) 0.5 dv Value (dv' 0.5 dv 

0.394 3 0.531 9 0.493 7 
0.303 3 0.396 6 0.354 4 
0.255 2 0.337 3 0.292 3 

- -Average-
Impact 

(dv) 
0.410 
0.317 
0.279 

Average 
Impact 

(dv) 

0.473 
0.351 
0.295 

-Maximum- -
Impact 

(dv) 

0.395 
0.321 
0.279 

Maximum 
Impact 

(dv) 
0.531 
0.396 
0.337 
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Table 
Unit 2 Basin Baseline Visibility Modeling Results 

Table 8 
Unit 2 Basin BART Control Visibility Modeling Results 

Variable Ammonia Background and Nitrate Repartitioning 

For Badlands 

. 2001 2002 2003 
No. of No. of No, of 

98th Days 98th Days 98· Days 
Percentile Exceeding Percentile Exceeding Percentile Exceeding 
Value (dv) 0,5 dv Valuddv) . 0.5 dv Value (dv) 0,5 dv 

0.392 4 00418 6 .00410 4 
0.318 3 0.313 2 0.316 2 
0,279 3 0.285 1 0.270 2 

Table 9 
Unit 2 Basin BART Control Visibility Modeling Results 

Variable Ammonia Eackw;ound and Nitrate Repartitioning 

-For Wind Cave 

2001 2002 2003 
No. of No. of No, of 

98ili Days 98" Days 98" Days 
Percentile Exceeding Percentile Exceeding Percentile Exceeding 
Value (dv) 0.5 dv Value (dv) 0.5 dv Value (dv) 0.5 dv 

0.394 3 0.531 9 00491 7 
0.303 3 0.399 6 0.354 4 
0.254 2 0,337 3 0.291 3 

Average 
TUIP'''! 

(dv) 
00407 
0.316 
0,278 

Average 
Impac! 

(dv) 

00472 
0.352 
0.294 

Maximum 
-Im,,'c!-- . 

(dv) 

00418 
0.318 
0.285 

Maximum. 
Impact 

(dv) 

0.531' 
0.399 
0.337 
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IClas, I Area 

JlWindCave 

NO, -I 
NO,-4 
NO -5 

Scenario 
NO, -I 
NO,-4 
NO -5 

Table IO 
1lnit 3 Basin Baseline Visibility Modeling Results 

I ,no N;n 

2( 01 2002 ~I )3 
No. of No. of No. of 

98th Days 98th Days 98th Days 
Percentile Exceeding Percentile Exceeding Percentile Exceeding 
Value (dv) _0,5 dv Value (dv) 0.5 dv Value (dv) 0.5 dv 

0.431 4 0.474 7 0.428 4 
0.42, 4 0.631 10 0.500 8 

Table 11 
Unit 3 Basin BART Control Visibility Modeling Results 

Variable Ammonia Background and Nitrate Repartitioning 

For Badlands 

2001 1002 2003- -
No. of No. of No. of 

98
th Days 98th Days 98· Days 

Percentile Exceeding Percentile Exceeding Percentile Exceeding 
Value (dv) 0.5 dv Value (dv) 0.5 dv Value (dv1 0.5 dv 

00405 4 0.429 7 0.406 3 
0.337 3 0.343 2 0.315 2 
0.295 3 0.313 1 0.263 2 

Table 12 
Unit 3 Basin BART Control Visibility Modeling Re~ults 

Variable Ammonia Background and Nitrate Repartitioning 

For Wind Cave 

2001 2002 2003 
No. of No. of No, of 

98th Days 98ili Days . 98· Days 
Percentile Exceeding Percentile Exceeding Percentile Exceeding 
Value (ov) 0.5 dv Value (dv) 0.5 dv Value (dv) 0.5 dv 

0.383 3 0.570 9 0.464 7 
0.307 3 0.401 6 0.334 4 
0.257 2 0.355 4 0.304 3 

Average 
. -Impact 

(dv) 
0.413 
0.332' 
0.290 

Average 
Impact 

(dv) 
0.472 
0.347 
0.305 

Maximum 
. 'Impact~ 

(dv) 
0.429 
0.343 
0.313 

Maximum 
Impact 

(dv) 
0.570 
00401 
0.355 
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Scenario 
. [NO, - 1 

[NO, - 4 

[NO, - 5 

Scenario 
NO,-1 

NO,-4 

NO,-5 

. Table I 
Baseline Visibility Modeling Results 

Table 2 
BART Control Visibility Modeling Results 

Constant Ammonia Background and No Nitrate Repartitioning 
. For Badlands 

- . .-0- . --- " . ... , .- ._- .. _- . - Average 
2001 2002 2003 Impact 

No. of No, of No, of 
98th Days 98· Days 98· Days 

Percentile Exceeding Percentile Exceeding Percentile Exceeding 
Value Cdv 0.5 dv Value Cdv) 0,5 dv Value Cdv) 0.5 dv Cdv) 

1.834 46 1.770 30 1.403 34 1.669 
1.263 34 1.134 24 1.042 28 1.146 

1.101 27 0,955 21 0.882 25 0.979 

Table 3 
BART Control Visibility Modeling Results 

Constant Animonia B.ackground and No Nitrate Repartitioning 
For Wind Cave 

Average 
2001 2002 2003 Impact 

No. of No. of No. of 
98· . Days 98· , Days 98th Days 

Percentile Exe.eeding Percentile Exceeding Percentile Exceeding 
Value rdv) 0,5 dv Value rdv) 0.5 dv Value Cdv) 0.5 dv rdv) 

1.628 41 2.166 33 1.540 34 1.778 

!.l41 32 1.571 25 1.022 26 1.245 

0.947 24 1.199 22 0.896 18 1.014 

-Maximum --

Impact 

Cdv) 
1.834 
1.263 

1.101 

Maximum 
Impact 

rdv) 
2.166 

1.571 

1.199 
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Table 4 
Unit I Basin Baseline Visibility Modeling Results 

Constant Ammonia Background and N" Nitrate Repartitioning 
2001 2002 2003 

No. of No. of No. of 
98th Days 98th Days 98th Days 

Percentile Exceeding Percentile Exceeding Percentile Exceeding 
Class I Area Value (dv) 05 dv Value (dv) 05 dv Value (dv) 05 dv 
Badlands 0.732 17 0.700 17 0542 17 
Wind Cave 0.643 14 0.841 14 0599 14 

Table 5 
Unit I Basin BART Control Visibility Modeling Results 

Constant Ammonia Background and No Nitrate Repartitioning 
For Badlands 

" ., " " " " Average 
2001 2002 2003 Imoact 

. No. of No. of No. of 
98th Days 98th 

D~ys 98th Days 
Percentile Exceeding Percentile ~xceeding Percentile Exceeding 

Scenario Value (dv) 05 dv Value (dv) 0.5 dv Value (dv) 05 dv (dv) 
NO,,, 1 0.662 15 0.619 11 0.496 7 0.643 
NO,c4 0.455 5 0.387 4 0.366 3 0.451 

~O,.5. 0.378 3 0.320 I 0.307 3 0.381 . 

Table 6 
Unit 1 Basin BART Control Visibility Modeling Results 

Constant Ammonia Background and No Nitrate Repartitioning 
For Wind Cave 

Average 
2001 2002 2003 Imnact 

No. of NO.of- NO.of 
98· Days 981h Days 981h Days 

Percentile Exceeding Percentile E?,ceeding Percentile Exceeding 
~cenario Value Idv) 05 dv. Value (dv) 05 dv Value (dv) 05 dv (dv) 
NO, ·1 0574 12 0.761 16 0532 9 0.622 

NOx·4 0.392 5 0540 8 0.374 6 0.435 

NOx ·5 0.322 4 OA02 4 0.303 5 0.342 

Maximum 
Imoact 

(dv) 
0.662 
0.455 

0.384 

Maximum 
Impact 

Idv) 
0.761 

0540 

0.402 
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Table.? 
Unit 2 Basin Baseline Visibility Modeling Results 

Constant Ammonia Background and No Nitrate Repartitioning 
2001 2002 2003 

No. of No. of No. of 
98th Days 98th Days 98th Days 

~ercentile -Exceeding Percentile Exceeding Percentile Exceeding 
Class I Area Value (dv) 0.5 dv Valuejdv1 0.5 dv Valu.(dv1 0.5 dv 
Badlands 0.725 17 0.699 16 0.546 9 
Wind Cave 0.642 14 0.842 17 0.594 10 

Table 8 
Unit 2 Basin BART Control Visibility Modeling Results 

Constant A=onia Background and No Nitrate Repartitioning 
For Badlamis' 

_. 
:Average 

2001 2002 2003 Impact 
No. of No, of No. of 

98th Days 98th Days 98" Days 
Percentile Exceeding Percentile Exceeding Percentile Exceeding 

Scenario Value (dv) 0.5 dv Value (dv) 0.5 dv Value (dv) 0.5 dv (dv) 
NOx - I 0.658 IS 0.615 11 0.498 7 0.590 
NOx -4 0.451 5 0.384 4 0.367 3 0.401 
NOx - 5 0.384 3 0.319 1 0.310 3 0.338 

Table 9 
Unit '1 Basin BART Control Visibility Modeling Results 

Constant A=onia Background and No Nitrate Repartitioning 
For Wind Cave 

Average 
2001 2002 2003 Jmpact 

No. of No. of No. of 
98th . Days 98th Days 98" Days 

Percentile Exceeding Percentile Exceeding Percentile Exceeding 
Scenario Value (dv) 0.5 dv Value (dv' 0.5 dv Value (dv) 0.5 dv (dv) 
NO,-1 0.573 12 0.762 16 0.530 9 0.622 
NO, -4 0.390 5 0.541 8 0.374 5 0.435 
NOx-5 0.320 4 0.399 4 0.302 5 0.340 

>V11oomuro 
Impact 

(dv) 
0.658 
0.451 
0.384 

Maximum 
Impact 

(dv) 
0.762 
0.541 
0.399 
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Table 10 
Unit 3 Basin Baseline Visibility Modeling Results 

Constant Ammonia and No Nitrate 

98th 98th 

Table 11 
Unit 3 Basin BART Control Visibility Modeling Results 

Constant Anunonia Background and No Nitrate Repartitioning 
For Badlands 

... .... .. .. .. Average 
2001 2002 2003 Impact 

No. of No. of . No. of 
98 ili Days 98· Days 98ili Days 

Percentile Exceeding Percentile Exceeding Percentile Exce~4ing 
Value (dvl 0.5 dv Value (dv' 0.5dv Value (dvl 0.5 dv (dvl 

0.609 14 0.643 13 0.502 8 0.585 
0.446 5 0.406 7 0.366 3 0.406 
0.381 4 0.348 2 0.297 3 0.342 

Table 12 
Unit 3 Basin BART Control Visibility Modeling Results· 

Constant Anunonia Background and No Nitrate Repartitioning 
For Wind Cave 

Average 
2001 2002 2003 Imnact 

No. of No. of No. of 
98 ili Days 98ili Days 98· Days 

Percentile Exceeding Percentile Exceeding Percentile Exceeding 
Value (dv) 0.5 dv Value (dv' 0.5 dv Value (dvl 0.5 dv (dvl 

0.572 11 0.803 17 0.561 8 0.645 
0.403 5 0.575 8 0.369 7 0.449 
0.336 4 0.446 4 0.323 4 0.368 

Maxlillum 
Impact 

(dvl 
0.643 
0.446 
0.381 

Maximum 
Im"act 

(dv) 
0.803 
0.575 
0.446 
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