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The Denver Air Toxics Assessment 

EXECUTIVE SUMMARY 

BACKGROUND 

The Clean Air Act Amendments of 1990 define two classes of pollutants: criteria pollutants and 
hazardous air pollutants (HAPs), also referred to as air toxics). Criteria pollutants include 
particulate matter less than 10 microns (PM10), carbon monoxide (CO), ozone (O3), lead (Pb), 
nitrogen dioxide (NO2), and sulfur dioxide (SO2). The criteria pollutants are regulated with 
standards that govern their ambient levels. An extensive amount of health and welfare 
information regarding criteria pollutants has been compiled and ambient monitoring networks 
have been in place for decades. 

In contrast, much less information is available on the health effects and ambient concentrations 
of air toxics. The 1990 Clean Air Act Amendments list 188 air toxics; they come from both 
natural (biogenic) and man-made (anthropogenic) sources. An example of a natural source is a 
forest fire. The majority of toxic pollutants, however, come from man-made sources such as 
commercial and industrial facilities and motor vehicle emissions that release chemical 
compounds into the atmosphere. The U.S. Environmental Protection Agency (hereafter referred 
to as USEPA or EPA) has classified many of these air toxics as known, probable or possible 
human cancer causing compounds, and many are associated with other chronic adverse health 
effects such as reproductive effects, developmental defects and neurological effects (EPA, 
1994a). 

In the fall of 1999, the Environmental Protection Division (EPD) for the Denver Department of 
Environmental Health (DDEH) began conducting an urban air toxics assessment for the six-
county Denver metropolitan area consisting of Adams, Arapahoe, Boulder, Denver, Douglas, and 
Jefferson counties. The assessment was designed to include: 

• emission inventory data for stationary, mobile, and area sources; 

• air dispersion modeling; and 

• ambient air toxics monitoring data 

DDEH's need to conduct an air toxics assessment is due to 1990 amendments to Denver’s zoning 
provisions of the Denver Revised Municipal Code. The changes apply to new or expanding 
industrial facilities and established criteria under which city agencies must complete reviews. 
Specifically, all proposed conditional uses shall be reviewed on the basis of potential 
environmental problems and/or detrimental effects including: 

• air pollution caused by a stationary source; 

• the presence of toxic or hazardous materials and/or wastes; and 

• undue concentration of uses that create the environmental problems and external 
effects listed in the ordinance. 

To adequately address these issues, DDEH had to establish baseline concentrations in the Denver 
area. Air toxics monitors in Denver are scarce and are not usually located near facilities emitting 
hazardous air pollutants. However, through the use of air dispersion models, the impact of a 
source's emissions on certain receptors can be estimated. 

i 



     

 

 

                 
               

              
             
          

 
             

             
                

                
                

              
     

 
  

 
    

 
           

                 

     

             
 

          

       

       

   
 

           
               

                 
                

            
                 

   
 

               
             

              
                 

              
       

The Denver Air Toxics Assessment 

In urban areas, similar air toxics are emitted from numerous sources, so in order to fully estimate 
the impact from a new or expanding facility's emissions, the cumulative impacts from all sources 
must first be determined. By understanding the cumulative impacts, estimates of the risks 
associated with the existing concentrations can be inferred; any additional risk(s) from the 
emissions at new or expanding facilities can then be evaluated. 

Only relative comparisons between the DDEH air toxics assessment and the USEPA’s 1996 
National Air Toxics Assessment are recommended (NATA; EPA, 2002b). The NATA predicted 
air toxics concentrations at the census tract level in the 48 contiguous states, which were then 
aggregated to the county level. The NATA methodology differed in many ways from the DDEH 
assessment and the DDEH assessment utilized a large volume of local data not available for the 
NATA. In addition, several errors identified in the National Toxics Inventory (NTI) were 
corrected in the DDEH assessment. 

MODELING METHODOLOGY 

Air Dispersion Model Selection 

Dispersion models predict ambient (outdoor) concentrations based on information collected by 
the user and supplied in the model input file. Data used in the dispersion model include: 

• location of pollution source(s); 

• physical data describing each pollution source (e.g. stack height, stack gas temperature, 
etc.); 

• emission rate of each pollutant (e.g. tons per year); 

• spatial and temporal variation of emissions; 

• chemical properties of the pollutant(s); and 

• meteorological data. 

The currently recommended dispersion model for estimating urban-wide concentrations of toxic 
air pollutants is the Industrial Source Complex Short Term model (ISC3ST) model. The ISC3ST 
model is a steady-state Gaussian plume model that can be used to assess pollutant impacts from a 
wide variety of sources. Gaussian plume modeling is a widely used technique for estimating the 
impacts of non-reactive pollutants because of its good performance against field measurements, 
and because it is computationally efficient relative to other types of models, such as grid and puff 
models. 

The ISC3ST model is recommended when source-to-receptor distances are less than 50 km. The 
version of ISC3ST (02035) used in this assessment included enhancements for air toxics 
applications. AERMOD, the next generation model expected to succeed ISC3, was also utilized 
for comparison purposes and will be utilized in future updates to the air toxics assessment. In 
2002, air toxics enhancements to AERMOD were not complete so ISC3ST was utilized to 
generate the results presented in this report. 

ii 



     

 

  

  

 
                

                  
               
                 

         
 

                
              

                 
             

            
 

 
                
            

               
              

            
               
               

              
       

 
              

                  
             

                 
             

                
         

 

    

 
               

               
             

            
              

   
 

            
             

           

The Denver Air Toxics Assessment 

Emissions Inventory 

The essential variables in any air dispersion model are the type of pollutants and the quantities 
emitted into the air. Often, precise quantities of what is emitted are not known. Emission factors 
are used to build emission inventories for different categories of sources, such as cars, trucks, 
and industrial facilities. The quality of emission factors varies widely and is usually tied to how 
much testing has been done to develop those factors. 

The bulk of the emissions inventory data used in the DDEH air toxics assessment comes from 
the USEPA 2002 National Toxics Inventory (NTI). The NTI contained emissions estimates for 
point, area, and mobile sources at the county level. The DDEH assessment did not utilize point 
source emissions from the NTI because the Colorado Department of Public Health and 
Environment (CDPHE) maintains a separate air toxics emissions inventory for point sources 
statewide. 

In some cases, errors were discovered in the NTI that required correction. These errors pertained 
to mobile source emissions, namely on-road mobile source benzene and off-road diesel 
particulate matter (they were too high). DDEH ran the MOBILE6.2 emissions model to correct 
the benzene error, incorporating local data where available. DDEH also utilized other research 
conducted nationally to develop fuel-based emissions inventories, which serve as a comparison 
to the NTI and MOBILE6.2 estimates. In several cases the fuel-based emissions closely match 
the MOBILE6.2 emissions; this leads to increased confidence in the emissions estimates. This is 
significant because what goes into the model, good or bad, ultimately determines how the 
modeled and measured concentrations compare. 

While accurate county level emissions are important, how and when the emissions are distributed 
in space and time is also an important factor in the air dispersion model. DDEH used a 
geographic information system (GIS) to develop spatial surrogates at the census block group 
level. Temporal emission factors by season, day of week, and hour of day were developed using 
a variety of sources. Assuming emissions that are constant throughout the year/month/day 
usually leads to over prediction by the dispersion model because too much is emitted at night 
when conditions for dispersion are least favorable. 

PREDICTED VERSUS OBSERVED CONCENTRATIONS 

Air dispersion model runs were completed for approximately 70 air toxics. Table ES-1 lists the 
median and 95th percentile predicted concentrations for 23 air toxics modeled in both the DDEH 
and USEPA assessments. In general, DDEH predicted concentrations are lower than NATA 
concentrations. Formaldehyde, acetaldehyde, and acrolein are higher in the DDEH assessment 
because the dispersion model used in the NATA does not appropriately account for secondary 
formation. 

Acetaldehyde and formaldehyde are produced and destroyed in the atmosphere primarily through 
photochemical reactions with sunlight and hydrocarbons. DDEH ran a separate model (OZIPR) 
to estimate the degree of secondary formation of these pollutants. 

iii 



     

 

 

             
             

  

 
 

             
                 

              
          

 
              

                
                 
               

                 
       

 
            

                 
              

                
                

               
  

       

                       

            

                 

              

           

                    

             

           

 

                 

                 

            

              

             

               

             

     

      

             

      

  
 

   

 

  

 

  

  

The Denver Air Toxics Assessment 

Table ES-1. Predicted concentrations for Denver County comparing DDEH results with EPA 
1996 NATA results. Median and 95th percentile concentrations (micrograms per cubic meter) 
are listed. 

Pollutant 

DDEH 1996 

Median 
3(ug/m ) 

EPA 1996 

NATA median 

DDEH/EPA 

Median 

Ratio 

DDEH 1996 

95% Conc. 
3(ug/m ) 

EPA 1996 

95%Conc. 
3(ug/m ) 

Acetaldehyde 1.90 1.06 1.79 2.10 1.22 

Acrolein 0.24 0.13 1.87 0.27 0.15 

Arsenic Compounds 0.00008 0.00012 0.66 0.00012 0.00023 

Benzene 1.84 2.54 0.72 2.86 3.34 

Beryllium Compounds 0.00001 0.00002 0.52 0.00003 0.00003 

1,3-Butadiene 0.17 0.17 0.97 0.32 0.28 

Cadmium Compounds 0.00002 0.00010 0.19 0.00005 0.00026 

Carbon Tetrachloride 0.88 0.88 1.00 0.88 0.88 

Chloroform 0.08 0.10 0.88 0.09 0.13 

Chromium Compounds 0.0003 0.0023 0.12 0.00044 0.00528 

1,3-Dichloropropene 0.09 0.10 0.81 0.17 0.18 

Diesel PM 0.91 1.82 0.50 1.71 3.67 

Ethylene Oxide 0.002 0.008 0.25 0.01300 0.02190 

Formaldehyde 4.76 1.35 3.53 5.20 1.72 

Lead Compounds 0.0009 0.0041 0.22 0.0019 0.0092 

Manganese Compounds 0.0027 0.0021 1.32 0.0048 0.0033 

Mercury Compounds 0.0015 0.0018 0.85 0.0015 0.0022 

Methylene Chloride 0.31 0.54 0.58 0.47 0.90 

Nickel Compounds 0.001 0.0019 0.51 0.0019 0.0043 

Perchloroethylene 0.26 0.48 0.54 0.43 0.92 

Polycyclic Organic Matter (16-PAH) 0.03 0.09 0.27 0.05 0.15 

Polycyclic Organic Matter (7-PAH) 0.0002 0.0050 0.03 0.00026 0.00780 

Trichloroethylene 0.18 0.16 1.12 0.17 0.25 

Modeled or predicted concentrations produce an estimate of what the ambient conditions are 
based on the emissions inputs. Whether or not that estimate is correct can be verified using 
measured or observed concentrations. In theory, air dispersion models are performing well when 
modeled and predicted concentrations are within a factor of two. 

Ideally, an area would have several air toxics monitors to adequately evaluate the dispersion 
model results. Denver did have several air toxics long-term monitoring sites in 1996, but none 
were located in the urban core where concentrations were predicted to be the highest. To address 
this, the model was evaluated using carbon monoxide (CO) due to its dense monitoring network 
in the urban core. CO is a good surrogate for mobile sources; mobile sources contribute the 
majority of emissions for several air toxics. 

Figure ES-1 shows the predicted and observed concentrations for carbon monoxide. Model-to-
monitor ratios range from nearly one (1.0) in the southern domain to 0.4 in downtown Denver. 
A model-to-monitor ratio less than one indicates that the model is under predicting ambient 
concentrations. For reasons detailed in chapter five, this was an expected result. Overall, the 
model appears to be doing a very good job of predicting the ambient concentrations. Perhaps 
more importantly, the model appears to predict the correct spatial variation in concentrations. 

iv 



The Denver Air Toxics Assessment 

Figure ES-1. Predicted and observed 1996 annual average carbon monoxide concentrations 
(parts per million volume). Polygon represents the Denver County boundary and line theme 
represents major highways. 

Bold outline indicates 
Denver County 
boundary 

Concentrations in parts per 
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Model-to-monitor ratios for benzene, a known human carcinogen, are shown is Table ES-2. The 
monitor locations were on the perimeter of the Rocky Mountain Arsenal in association with 
CERCLA remediation activities that were being conducted at the site. This site buffers urban 
and rural land uses. From Table ES-2, model-to-monitor benzene ratios range from 0.52 – 1.1 
micrograms per cubic meter. In other words, all model-to-monitor ratios are within a factor of 
two, with a model bias to generally under predict. 
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The Denver Air Toxics Assessment 

Table ES-2. Model-to-monitor comparisons of 1996 annual average benzene concentrations. 

Monitor ID 

Modeled Concentration 
3

(micrograms/m ) 

Monitored Concentration 
3

(micrograms/m ) Model-to-Monitor Ratio 

CMFS 

AQ1 

AQ2 

AQ3 

AQ4 

AQ5 

MBHS 

1.42 

1.21 

0.99 

0.8 

1.1 

1.2 

1.7 

2.72 

1.9 

1.68 

0.89 

1 

1.34 

n/a 

0.52 

0.64 

0.59 

0.90 

1.10 

0.90 

n/a 

Highlights for additional air toxics are as follows: 

• Diesel particulate matter, as compared to chemical mass balance (CMB) model derived 
concentrations from the 1996 Northern Front Range Air Quality Study (NFRAQS), 
ranges from a 23 percent over prediction near the southern boundary to an under 
prediction by almost a factor of 3 near the northern boundary. The correct spatial 
distribution is depicted by the model. 

• Including secondary and regional background concentrations, formaldehyde was over 
predicted by 20 percent and acetaldehyde was under predicted by 14 percent, well within 
the “factor of two” criteria. 

• Perchloroethylene annual average model-to-monitor ratios are within a factor of two at 
the Rocky Mountain Arsenal monitors. However, predicted “hot-spot” concentrations 
mainly near dry cleaning facilities cannot be evaluated as monitors were not sited to 
detect these occurrences. 

• For most metals, the model tends to under predict to a greater degree, from a factor of 3 -
30. Much of this discrepancy can be ascribed to greater uncertainty in the emission 
factors used to develop the emissions inventories for various sources. Also, re-
suspension of historical emissions currently in surface soils is not contained in the 
emissions inventory or the dispersion model. 

Overall, the emissions estimates for carbon monoxide, benzene, and diesel particulate matter 
have medium to high confidence, based on alternate analyses and comparisons. The model-to-
monitor ratios consistently range from 1.2 to 0.4 meaning the model is usually performing within 
the desired “factor-of-two” comparison, but the bias is for under prediction in the urban core. 
The model also predicts the appropriate spatial variation of air toxics concentrations. Being that 
these are predominantly mobile source pollutants, the results indicate that the appropriate spatial 
surrogates were utilized. 

INHALATION RISK ESTIMATES 

Air toxics are associated with a wide variety of adverse health effects that include cancer, 
neurological, cardiovascular, liver, kidney, and respiratory effects as well as effects on the 
immune and reproductive systems. Severity varies with the amount and duration of exposure, 
the toxicity of the chemical, and the sensitivities of different people and/or age groups. 
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The Denver Air Toxics Assessment 

To evaluate a chemical’s potential to cause cancer or other adverse health effects, USEPA and 
other government agencies examine the adverse effects a particular chemical causes (hazard 
identification), determine the exposure to the population (exposure assessment; modeling or 
monitoring), and evaluate the specific exposures at which these effects might occur (dose-
response assessment). The evaluations are based on studies of humans, animals, and/or 
microorganisms, usually published in peer-reviewed scientific journals. 

A complete exposure assessment of air toxics emissions includes not only an analysis of 
exposure via the inhalation pathway, but also via non-inhalation pathways of indirect exposure 
such as ingestion and dermal contact. Volatile organics compounds (VOCs) emitted into the air 
tend to remain in the air and, therefore, it is logical to evaluate risks for VOCs only from the 
inhalation pathway. All estimated risks in this assessment are calculated for the inhalation 
pathway only. 

Cancer Risk Estimates 

The USEPA typically expresses the dose-response relationship for cancer in terms of a “unit risk 
estimate” (URE). The URE is an upper-bound estimate of an individual's likelihood of 
contracting cancer over a lifetime of exposure to one microgram of the pollutant per cubic meter 

(µg/m3) of air. Risks from exposures to concentrations other than one microgram per cubic 
meter are assumed to be linear, meaning half the concentration produces half the estimated risk 
and so on. UREs are expressed in terms of probability. The process of unit risk estimation 
involves several important sources of uncertainty. Considering the assumptions used in 
developing UREs, USEPA considers all UREs to be upper-bound estimates. 

For example, EPA may determine the URE of a particular toxic air pollutant to be one in ten 
thousand per microgram per cubic meter. This means that a person who inhales an average 

concentration of 1 µg/m3 for 70 years would have (as an upper bound) a one chance in ten 
thousand (also expressed as 10-4) of contracting cancer as a result of the exposure. These risks 
are considered excess lifetime cancer risks, i.e., the risks are in addition to those from any other 
sources of exposure. The chance of an individual’s developing cancer from all other causes has 
been estimated to be as high as one in three. 

The health risk assessment presented here assumes that ambient concentrations remain constant 
over the course of a lifetime (70 years). Concentrations for most pollutants have decreased 
substantially from past levels and are expected to continue to decrease as new emission control 
systems, especially those for mobile sources, take effect. 

The risk estimates presented in this report also assume that people are exposed to ambient 
(outdoor) concentrations at all times. However, people often spend as much as 80-90 percent of 
their time indoors (Wiley et al., 1991). Indoor air concentrations have been studied on a much 
less extensive basis than ambient concentrations, though numerous recent studies have indicated 
higher concentrations of air toxics in indoor environments. 

In general, excess cancer risks are assumed to be insignificant if the threshold of one-in-a-million 
is not exceeded. Some regulatory entities assume that one-in-a-hundred-thousand is an 
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The Denver Air Toxics Assessment 

insignificant excess cancer risk level. The USEPA’s generally acceptable risk range is from one-
in-a-million to one-in-ten-thousand (10-6 to 10-4). Language in the Denver Revised Municipal 
Code [DRMC, section 4-22 (3)] specifies one-in-a-million (10-6) as a potential action level for air 
toxics emissions. 

Assessing exposures and estimating excess cancer risks are critical to understanding where to 
best focus resources in reducing exposures to air toxics. DDEH is much more interested in risk 
reduction than in assumption-laden estimates of absolute risk levels. DDEH grouped air toxics 
with estimated excess lifetime cancer risks exceeding the one-in-a-million risk threshold into 
three priority categories: 

1. High – estimated excess cancer risks equal or exceed one hundred-in-a-million (one-in-
ten thousand or � 10-4); 

2. Medium – estimated excess cancer risks are less than one hundred-in-a-million but 
greater than or equal to ten-in-a-million (10-4 to 10-5); 

3. Low – estimated excess cancer risks are less than ten-in-a-million but greater than or 
equal to one-in-a-million (10-5 to 10-6). 

The priority categories also take into account whether or not an air toxic is a known or probable 
human carcinogen. An air toxic listed as a known human carcinogen was assigned the next 
highest priority after the initial priority was estimated; this applies to benzene and hexavalent 
chromium. A low priority does not equate to low concern, it only helps DDEH to prioritize 
which pollutants should be targeted to get maximum reductions in exposure and risks. 

Table ES-3 lists the air toxics that exceed a one-in-a-million excess risk of cancer threshold 
based on predicted concentrations. Diesel PM and benzene are classified as “high” priority air 
toxics. Therefore, options available to reduce diesel PM and benzene emissions should be 
evaluated first. Examples at the local government level might include anti-idling programs or 
encouraging the use of alternative fuels that result in benzene or diesel PM reductions. For 
carbon tetrachloride, ethylene dichloride, and chloroform, predicted concentrations are attributed 
primarily to background concentrations. Background concentrations for most chemicals were 
obtained from sampling studies in remote areas of the United States, performed over a decade 
ago. It is likely beyond a local government’s ability to achieve reductions in global or regional 
background concentrations, hence the “low” priority ranking. 

For air toxics with predicted concentrations that are lower than monitored concentrations, 
inhalation risks based on model predictions may be under estimated. Recall that model-to-
monitor ratios at most sites were almost always less than one, meaning the model under predicts 
ambient concentrations and hence under predicts risks. This highlights the importance of 
monitoring for ambient air toxics. However, monitoring is expensive and can usually only be 
performed at a few locations in an urban area. The limited aerial extent of the monitoring 
network illustrates why dispersion models play an important role in assessing ambient air toxics. 
Understanding the relationships between modeled and monitored concentrations may allow 
agencies to reliably estimate exposures and risks across a much broader domain. 
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The Denver Air Toxics Assessment 

Table ES-3. Priority ranking of air toxics with estimated excess cancer risks greater than one-in-a-million based on predicted 
concentrations (micrograms per m3). Risk based concentrations are concentrations that may result in a one-in-a-million 
additional chance of contracting cancer if exposed to for a lifetime (70 years). 

Pollutant 

USEPA 

Carcinogen 

Classifcation 

USEPA 

Weight of 

Evidence 

Predicted 

Median 

Concentration 
3

(�g/m ) 

Predicted 95th 

Percentile 

Concentration 
3

(�g/m ) 

Risk Based 
3

Concentration 
3

(�g/m ) 

Priority Ranking for Reducing Exposures 

Based on Predicted Concentrations 

Median 95th Percentile 

Benzene known A 1.6 2.4 0.13 high high 
2

Chromium Compounds known A 2.7E-04 4.3E-04 8.3E-05 medium medium 
5

Acetaldehyde probable B2 2.5 2.8 0.45 low low 

1,3-Butadiene probable B2 0.13 0.23 0.03 low low 
1

Carbon Tetrachloride probable B2 0.88 0.88 0.07 
6

low
6

low
1

Chloroform probable B2 0.085 0.088 0.04 low low 
4

Diesel PM probable n/a 0.9 1.7 0.0033 high high 
1

Ethylene Dichloride probable B2 0.061 0.061 0.038 low low 
4

Ethylene Oxide probable n/a 0.002 0.013 0.011 low low 
5

Formaldehyde probable B1 3.8 4.2 0.08 medium medium 
4

Perchloroethylene probable n/a 0.26 0.44 0.17 low low 

1 
Estimated background concentrations constitute nearly all of the total concentration, including modeled emissions, and are subject to uncertainty. 

2 
USEPA and CalEPA risk based concentrations (RBCs) are for hexavalent chromium. USEPA generally assumed 34 % of total chromium is 

in the hexavalent form. CalEPA estimates 15 % of total chromium is hexavalent (OEHHA, 1999). DDEH assumed the less conservative 

assumption of 15 % ; therefore total chromium concentrations were multiplied by 0.15 to estimate risks. If the USEPA value of 0.34 were selected, 

estimated risks would be approximately double those shown in the table. 
3 

The risk based concentration is calculated by dividing 1 x 10-6 (one-in-a-million chance) by the inhalation unit risk estimate (URE). 
4 

USEPA has not established a unit risk estimate for these pollutants; the values shown are from California EPA. 
5 

80% and 86% of predicted forrmaldehyde and acetaldehyde concentrations, respectively, are estimated to be formed from secondary 

photochemical production (see chapter 5 for details). 
6 

Carbon Tetrachloride exceeds a ten-in-a-million risk threshold but is assumed to be mostly from global background concentrations. 
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The Denver Air Toxics Assessment 

Chronic, Non-Carcinogenic Risk Estimates 

Long-term exposure to air toxics may also cause adverse, non-cancer health effects. The USEPA 
typically expresses the dose-response relationship for effects other than cancer in terms of an 
inhalation “reference concentration” (RfC). Exposures below the RfC are not expected to cause 
adverse non-cancer health effects over a lifetime of exposure, even in sensitive subpopulations 
such as the aged, infirm, or young children. 

To express non-cancer hazards, the USEPA uses the RfC as part of a calculation called the 
“hazard quotient” (HQ), simply the ratio between measured or modeled inhalation exposure and 
the RfC. A HQ less than one indicates that the estimated exposure is lower than the RfC and that 
no adverse health effects would be expected. Conversely, a HQ greater than one indicates the 
inhalation exposure is higher than the RfC. Because many RfCs incorporate protective 
assumptions in the face of uncertain data, a HQ greater than one does not necessarily suggest a 
likelihood of adverse effects. A HQ greater than one can be best described as indicating that a 
potential may exist for adverse health effects. 

Of the modeled air toxics concentrations, acrolein (HQ = 12.1) and formaldehyde (HQ = 1.3) 
have HQs greater than 1. The same is true for formaldehyde when evaluating measured 
concentrations (HQ = 1.2). However, acrolein was not monitored (it is difficult to do so) and the 
majority of the predicted concentration consists of estimated secondary photochemical 
formation. For this reason, extreme caution should be applied when interpreting the hazard 
quotient for acrolein. 

Acute, Non-Carcinogenic Risk Estimates 

In reality, exposure over an averaging period of one day or one year does not occur at a 
continuous level. Emissions and air dispersion can fluctuate considerably throughout the day. 
Therefore, toxicity values are required that reflect short term exposures. Acute reference 
concentrations (RfCs) or exposure levels (RELs) indicate concentrations that are not likely to 
cause adverse effects in sensitive human subgroups exposed to that concentration on an 
intermittent or infrequent basis. Adverse health effects from acute exposures are often 
reversible. 

Ambient concentrations of pollutants rarely approach the acute RfCs but, on occasion, process 
upsets or spills at an industrial facility can lead to high short-term concentrations in the vicinity 
of the release. 

After reviewing the current literature on acute RfCs and RELs, only acrolein was identified as 
potentially exceeding an acute toxicity value. The California EPA established an acute REL of 

0.19 µg/m3 for acrolein, based on eye irritation in healthy human volunteers as the critical 
endpoint of concern (OEHHA, 1999c). The USEPA has not established an acute RfC for 
acrolein. 

DDEH used modeling to predict one-hour average concentrations of acrolein using a subset of 
150 contiguous block groups in Denver that were used in the model sensitivity analyses. These 
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The Denver Air Toxics Assessment 

model runs took into account only area and mobile source emissions of acrolein. Point sources 
are expected to minimally contribute to the total, as they emitted only 0.03 tons of acrolein per 
year in Denver County. The ten highest one-hour average modeled concentrations of acrolein 

were all 0.5 µg/m3 or greater; this exceeds the California EPA acute REL by a factor of over 2.5. 
The predicted exceedance may be even greater because the modeled one-hour average 
concentrations do not include any secondary contribution. The potential for acrolein to produce a 
HQ greater than 1 for both chronic and acute exposures underscores the need for improved 
methods to monitor for ambient levels of acrolein. 

RECOMMENDATIONS 

Additional Monitoring and Modeling 

Prior to 2000, limited long-term air toxics monitoring data was available in the urban core of 
metropolitan Denver. Most of the long-term data was associated with CERCLA remediation 
activities at the Rocky Mountain Arsenal and Rocky Flats. While this data was useful, it was not 
altogether sufficient for evaluating dispersion model predictions in the urban core where the 
predicted concentrations are highest. 

The Colorado Department of Public Health and Environment (CDPHE) was able to secure 
federal grant monies for air toxics monitoring at one site in downtown Denver during 2000-2001 
and at 3 sites during 2002-2003. This data yielded some surprising results and will prove useful 
for additional model validation in future updates to the baseline assessment. 

The usefulness of previous air toxics monitoring data underscores the need for at least one 
permanent air toxics monitor in metropolitan Denver, funded as part of the urban air toxics 
monitoring program (UATMP). The data generated from said monitor(s) would be useful in 
tracking trends and upcoming mobile source air toxics reductions from new emissions standards 
and lower sulfur fuels. 

In 2004, DDEH received a USEPA community based air toxics monitoring grant to conduct 24-
hour average as well as short term average (4-hour and 1-hour) air toxics monitoring at six sites 
in Denver beginning in 2005. This data will shed light on the spatial and temporal variation of 
air toxics concentrations throughout Denver. It will also allow for a more thorough evaluation of 
the dispersion model results. 

The 1996 baseline assessment should be updated periodically, preferably every three years, to 
coincide with updates to the National Emissions Inventory (NEI). Future updates will 
incorporate the latest available data (i.e. census data, vehicle miles traveled, land use, etc.) and 
the modeling methodology will be revised as needed. 

The modeling assessment predicted concentrations in and around Denver County but could be 
expanded to include predictions for all of metropolitan Denver. Further model validation is 
necessary before this is recommended and will occur through the community based air toxics 
monitoring to be conducted in 2005-2006. 
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The Denver Air Toxics Assessment 

Reducing Exposures to Air Toxics 

Air pollution in Denver is both a local and regional scale issue. Understanding the sources that 
contribute to air toxic exposures is only the first step; the ultimate goal is reducing exposure to 
air toxics. While this is expected to occur as federal and state requirements are phased in over 
the next five to ten years, innovation and education and outreach at the state and local 
government level can produce more immediate reductions in air toxics exposures. 

Much of the education and outreach could be targeted at behavioral changes (i.e. driving habits, 
consumer product usage, wood burning), which have traditionally been difficult to implement. A 
more effective message may be required to achieve these goals. A regional coalition of federal, 
state, and local agencies would enhance these efforts. 

National and local scale assessments typically focus on ambient (outdoor) air quality. However, 
most people spend 80-90 percent of their time indoors. Numerous studies in microenvironments 
indicate pollutant concentrations can equal or exceed outdoor concentrations. Education and 
outreach for indoor air quality should be a priority. 

Air pollution programs have traditionally operated independent from one another. For example, 
programs such as criteria pollutants/air toxics have often been treated separately as have 
ozone/air toxics and ozone/regional haze. These programs have common sources of emissions 
and common mechanisms for pollutant formation, but how changes in one program affect 
another are not thoroughly considered. 

Air pollution programs at all levels of government should take a more holistic approach to 
addressing air quality issues. For example, air toxics and ozone programs could be effectively 
integrated, especially in ozone non-attainment areas that focus on volatile organic compound 
(VOC) reductions, of which many are air toxics. Not only would this broaden the understanding 
of how these programs relate, but would also improve the ability to communicate why reductions 
of these pollutants are important. The same could be said for cross-media programs (air, water, 
soil), as too often there are disconnects between the different facets of environmental programs. 
Cross-media programs are especially suitable for local government implementation. 
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The Denver Air Toxics Assessment 

INTRODUCTION 

1.1 BACKGROUND 

The Clean Air Act Amendments of 1990 define two classes of pollutants: criteria pollutants and 
Hazardous Air Pollutants (HAPs), also referred to as air toxics. Criteria pollutants include 
particulate matter less than 10 microns (PM10), carbon monoxide (CO), ozone (O3), lead (Pb), 
nitrogen dioxide (NO2), and sulfur dioxide (SO2). The criteria pollutants are regulated with 
standards that govern their ambient levels. An extensive amount of health and welfare 
information regarding criteria pollutants has been compiled and ambient monitoring networks 
have been in place for decades. 

In contrast, much less information is available on the health effects and ambient concentrations 
of air toxics. The Clean Air Act lists 188 air toxics and they come from both natural (biogenic) 
and man-made (anthropogenic) sources. An example of a natural source is radon gas originating 
from the earth’s crust. The majority of toxic pollutants, however, come from man-made sources 
such as commercial and industrial facilities and motor vehicle emissions that release chemical 
compounds into the atmosphere. The U.S. Environmental Protection Agency (hereafter referred 
to as EPA) has classified many of these air toxics as known, probable or possible human 
carcinogens, and many are associated with other chronic adverse health effects such as 
reproductive effects, developmental defects and neurological effects (EPA, 1994a). 

In the fall of 1999, the Environmental Protection Division (EPD) for the Denver Department of 
Environmental Health (DDEH) began conducting an urban air toxics assessment for the six-
county Denver metropolitan area consisting of Adams, Arapahoe, Boulder, Denver, Douglas, and 
Jefferson counties. The assessment was designed to include: 

• emission inventory data for stationary, mobile, and area sources; 

• air dispersion modeling; and 

• ambient air toxics monitoring data. 

DDEH's need to conduct an air toxics assessment is due to 1990 amendments to the zoning 
provisions of the Denver Revised Municipal Code. The changes apply to new or expanding 
industrial facilities and established criteria under which city agencies must complete reviews. 
Specifically, all proposed conditional uses shall be reviewed on the basis of potential 
environmental problems and/or detrimental effects including: 

• air pollution caused by a stationary source; 

• the presence of toxic or hazardous materials and/or wastes; and 

• undue concentration of uses that create the environmental problems and external 
effects listed in the ordinance. 

To adequately address these issues, DDEH had to establish baseline concentrations in the Denver 
area. Air toxics monitors in Denver are scarce and are not usually located near facilities emitting 
hazardous air pollutants. However, through the use of air dispersion models, the impact of a 
source's emissions on certain receptors can be estimated.. A receptor is any location where 
ambient concentration estimates are predicted. 
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The Denver Air Toxics Assessment 

In urban areas, similar air toxics are emitted from numerous sources, so in order to fully estimate 
the impact from a new or expanding facility's emissions, the cumulative impacts from all sources 
must first be determined. By understanding the cumulative impacts, estimates of the risks 
associated with the existing concentrations can be inferred; any additional risk(s) from the 
emissions at new or expanding facilities can then be evaluated. 

1.2 PREVIOUS MODELING STUDIES 

Since modeling is often a necessary component of risk assessments, modeling guidance was 
needed that would identify the model(s) best suited for this task, the types of data required for an 
assessment of this scale, and where to find the data. An EPA document titled "Air Dispersion 

Modeling of Toxic Pollutants in Urban Areas - Guidance, Methodology and Example 

Applications" (EPA, 1999a) provided much of this information because to date, not many 
projects of this scale have been completed. Contained in this guidance document are two 
modeling case studies for Phoenix, Arizona and Houston, Texas. An additional document titled 
Example Application of Modeling Toxic Pollutants in Urban Areas became available in the 
summer of 2002 (EPA, 2002a). 

Prior to DDEH beginning the Denver air toxics assessment, the EPA had already completed a 
national scale assessment titled the Cumulative Exposure Project (CEP) (SAI, 1999). The CEP 
estimated annual average ambient concentrations of 148 air toxics for over 60,000 census tracts 
in the continental United States, Puerto Rico, and the Virgin Islands for the year 1990. In 
addition, beginning in late 1999, the EPA began a similar modeling assessment titled the 
National-Scale Air Toxics Assessment (NATA; EPA 2002b). The NATA estimated annual 
average concentrations for 33 air toxics identified as priority pollutants in EPA's Integrated 
Urban Air Toxics Strategy, plus diesel particulate matter. The predicted concentrations were for 
the year 1996 and were based on the use of detailed emission inventory estimates for 1996. It is 
the EPA’s goal to update the NATA every three years. Much of the data for Colorado was 
incorporated into the DDEH air toxics assessment for Metro Denver, although emission 
estimates were updated, revised, or even omitted using more refined local data and/or 
knowledge. 

The NATA uses the model predicted annual average concentrations to characterize the potential 
public health risks for both cancer and non-cancer effects. This is accomplished by comparing 
the modeled concentrations with existing health benchmark concentrations that were derived 
from existing toxicological data. If the predicted concentrations meet or exceed the health 
benchmark concentrations, this may indicate a potential health hazard. 

It is important to note that air dispersion models predict outdoor concentrations at specific 
locations. If a person could remain at a location for the specified time period (e.g. one year), the 
predicted concentration would equal his/her "apparent" exposure. However, most people do not 
spend the majority of their time outdoors; 80 percent or more of our time is spent indoors (i.e. 
home, work, school, car) (Wiley et al., 1991). Indoor and outdoor field sampling studies have 
shown high rates of penetration of outdoor air toxics into indoor environments, more so for 
gaseous HAPs than for particulate HAPs (Lewis and Zweidinger, 1992; Rodes et al., 1998). 
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The Denver Air Toxics Assessment 

Another study conducted by the California South Coast Air Quality Management District 
(SCAQMD) titled the Multiple Air Toxics Exposure Study (MATES-II; SCAQMD, 2000), 
attempted to quantify the current magnitude of population exposure risk from existing sources of 
selected air contaminants. This study consisted of intensive air toxics monitoring, regional air 
toxics emissions inventory enhancements, and air dispersion modeling. Over 4,500 air samples 
were collected for the period from April 1998 through June 1999. 

1.3 SELECTION OF A MODELING APPROACH TO ESTIMATE AMBIENT 

CONCENTRATIONS OF AIR TOXICS 

For both the CEP and the NATA, the EPA used an air dispersion model named Assessment 
System for Population Exposure Nationwide (ASPEN). The ASPEN model is based on EPA's 
Industrial Source Complex Long Term model (ISCLT2), which simulates the behavior of 
pollutants after they are emitted into the atmosphere. ASPEN uses toxic air pollutant emissions 
and meteorological data from National Weather Service stations to estimate air toxics 
concentrations nationwide. 

The ASPEN model estimates toxic air pollutant concentrations for every census tract in the 
continental United States, Puerto Rico and the Virgin Islands. Census tracts are land areas 
defined by the U.S. Bureau of the Census and typically contain about 4,000 residents each. 
Census tracts are usually smaller than two square miles in area in cities, but are much larger in 
rural areas. 

To enable the simulation of a large number of pollutants nationwide, a number of simplified 
approaches were incorporated into the model, such as: 

• simplified approaches used to simulate atmospheric deposition and chemical 
transformation; 

• terrain impacts were omitted; 

• daily emission patterns were held constant; 

• meteorological data were extrapolated from the nearest measurement site; and 

• area source emissions were modeled as if they occur in a number of discreet locations 
rather than using more complex area, volume or line source modeling algorithms that 
may better reflect the actual characteristics of the release. 

While the CEP and NATA were conducted on a national scale, the DDEH air toxics assessment 
was conducted on an urban to neighborhood scale. As such, more detailed data available that at 
the urban scale could be incorporated into the modeling. The additional data was provided by 
the Colorado Department of Heath and Environment (CDPHE), the Denver Regional Council of 
Governments (DRCOG), and the Colorado Department of Transportation (CDOT) and was 
processed using Geographic Information System (GIS) software (ESRI ArcView 3.2). 
Therefore, a model that could take advantage of the additional data was desired. 

The next step was to evaluate the case studies included in the EPA air toxics modeling guidance 
document for Phoenix, AZ and Houston, TX. For those studies, the latest version of the USEPA 
Industrial Source Complex model (ISC3ST) model was selected and five potential cancer 
causing air toxics were examined: benzene, 1,3-butadiene, formaldehyde, polycyclic organic 
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The Denver Air Toxics Assessment 

matter (POM), and hexavalent chromium (chromium VI). 

Key features of the ISC3ST dispersion model that makes it useful for urban air toxics 
applications include: 

• handles multiple point, area, and mobile sources; 

• contains considerable flexibility for specifying receptor locations and for grouping of 
source impacts; 

• algorithms to treat the effects of elevated and/or complex terrain; 

• treats the effects of deposition of gaseous and particulate emissions; 

• allows the option to vary emissions by season, day-of-week, and hour-of-day; and 

• allows the option to treat atmospheric transformations via reactive decay. 

Another approach considered for the EPA case studies involved the use of a photochemical 
model, such as the EPA Urban Airshed Model (UAM), which was used in the modeling portion 
of the MATES-II study. However, this approach had the following drawbacks: 

• four of the five pollutants listed in the case studies were not treated specifically within 
UAM in the simulation of photochemical reactions (the exception is formaldehyde); 

• UAM was designed for use during the summer months, hence the photolysis rates 
affecting some reactions leading to conversion of benzene, 1,3-butadiene, and POM in 
winter are not well characterized; 

• UAM could not account for the effects of particle deposition, which are needed to treat 
hexavalent chromium; and 

• there was little experience running UAM for an entire year (UAM normally is used for 
one to three day episodic periods). 

For benzene, 1,3-butadiene and POM, the use of the simpler ISC3ST model was justified since 
UAM did not contain photochemical reactions for these pollutants. For hexavalent chromium, 
UAM did not handle particulate deposition, while ISC3ST does include a particle deposition 
algorithm. While UAM did contain photochemical reactions for formaldehyde, due to the 
dissimilarity between the two models inputs and outputs, the time and effort required to use both 
the ISC3ST and the UAM was determined to be prohibitive. Also, considerable time and 
resources would have been required to obtain predicted annual concentrations from UAM. 
Therefore, except for determining episodic concentrations of formaldehyde and contributions of 
primary versus secondary formaldehyde, ISC3ST was the preferred model. 

In the summer of 2002, AERMOD, the next-generation dispersion model scheduled to replace 
ISC was released and included key enhancements that made model run-times more feasible for 
air toxics assessments. DDEH has performed model runs using this draft model and results will 
be presented in Chapter 7 as part of the sensitivity analyses. 

Since ISC3ST did not address the effects of secondary formation for pollutants such as 
formaldehyde, a screening level photochemical model (OZIPR; EPA, 1999b) was selected to 
estimate the magnitude of secondary formaldehyde concentrations. OZIPR can also be used to 
estimate secondary concentrations of acetaldehyde and acrolein. 
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The Denver Air Toxics Assessment 

1.4 EMISSION INVENTORY OVERVIEW 

After the appropriate dispersion model was identified, information pertaining to air toxics 
emissions were collected and reviewed. Several different databases were evaluated in this 
assessment. 

Initially, the 1996 National Toxics Inventory (NTI) was utilized for the area and mobile source 
inventories. The stationary source database was obtained from the CDPHE. It is important to 
note that not all emissions data is from 1996. The stationary source database contained emission 
estimates for the years 1995-1998 and certain area source categories contained emission 
estimates for years other than 1996. 

As this assessment evolved, errors or discrepancies for a few source categories were discovered. 
One such error was for on-road mobile source emissions of four mobile source pollutants 
including benzene. In fall 2001, a new version of the MOBILE emissions model, MOBILE6, 
became available for state and local agency preview. DDEH took advantage of this state-of-the-
science model to generate new on-road emission estimates. This process was repeated in the 
spring of 2002 with the draft release of MOBILE6.2, which could also generate air toxic 
emission factors. MOBILE6.2 emission estimates have been incorporated into the 1996 on-road 
inventory. 

Additional research has been conducted locally and nationwide that can produce mobile source 
emission estimates using a combination of fuel sales and remote sensing data or emission factors 
from existing emissions models. DDEH generated emission estimates using these alternate 
methods to serve as a check against values provided in the inventories. More detail on emission 
inventories is discussed in Chapter 3. 

1.5 BACKGROUND POLLUTANT CONCENTRATIONS 

Ambient pollutant concentrations are predominantly the result of local and regional emissions. 
However, many pollutants have long atmospheric residence times and can contribute to degraded 
air quality at great distances downwind. To better estimate outdoor concentrations of air toxics, 
it is necessary to account for background concentrations not represented by dispersion modeling 
of local emission inventories. 

This assessment used background concentrations determined by the EPA in both the CEP and 
NATA air toxics assessments (SAI, 1999). The background concentrations were determined 
from concentration values measured at "clean air locations", far removed from the impact of 
man-made emissions. In some instances, observed concentrations at “clean air sites” in 
Colorado are compared with estimated background concentrations for verification. 

1.6 SECONDARY POLLUTANT FORMATION 

Pollutants are found in the atmosphere as a result of primary (direct) emissions or the chemical 
transformation of organic compounds emitted into the atmosphere (secondary). Carbonyl 
compounds represent an important class of organic compounds found on the list of 188 air 
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The Denver Air Toxics Assessment 

toxics. As part of EPA’s urban air toxics modeling guidance, the OZIPR model (EPA, 1999b) 
was run for Denver and the estimated background concentrations for acetaldehyde, acrolein, and 
formaldehyde were generated. The secondary concentrations were then added to the modeled 
primary emissions in ISC3ST. 

1.7 COMPARING ISC3ST PREDICTED CONCENTRATIONS TO ASPEN 

PREDICTED CONCENTRATIONS FROM THE 1996 NATA 

Many of the pollutants modeled in the Denver air toxics assessment were also modeled for the 
1996 NATA. While it would seem logical to compare the predicted concentrations from 
ISC3ST to those generated by the ASPEN model, in several cases the emission inventories are 
different and a true “apples-to-apples” comparison is not possible. DDEH did make comparisons 
for a few pollutants which are summarized in this report with notes regarding important 
differences in the emissions totals. 

1.8 COMPARING PREDICTED CONCENTRATIONS TO OBSERVED VALUES 

To evaluate the performance of the ISC3ST model, comparison with observed values is 
necessary. Not only does this help to evaluate model performance, it can also provide insight 
into the accuracy of the emission inventories. The Metro Denver area has several monitoring 
stations that measure criteria pollutants regulated under the national ambient air quality standards 
(NAAQS). With the exception of lead (listed as both an air toxic and a criteria pollutant), Metro 
Denver did not have an air toxics monitor that was part of EPA's Urban Air Toxics Monitoring 
Program (UATMP) in 1996. 

The Rocky Mountain Arsenal, a CERCLA site that formerly produced nerve agents and 
pesticides and borders northeast Denver, maintains an extensive database of monitored 
concentrations for both gaseous and particulate air toxics. Many of the monitored pollutants are 
related to past activities at the Arsenal and include several organo-chlorine pesticides, arsenic, 
benzene, and other solvents. Monitoring data obtained by DDEH spans from 1996-1999. 

The Northern Front Range Air Quality Study (NFRAQS; Watson et al., 1998) managed by 
Colorado State University was funded through contributions from nearly 40 groups (private 
industry, academia, federal, state, and local agencies). The $4 million study was conducted in 
three phases: Phase 1-Winter of 1996, Phase 2-Summer of 1996, and Phase 3-Winter of 1997. 
One of the NFRAQS goals was to identify the sources of carbon particles found in Denver's 
"Brown Cloud", which on average account for 60 percent of the fine particle fraction. Fine 
particles, or PM2.5, are those particles whose aerodynamic diameters measure less than 2.5 
microns (millionths of a meter) and are emitted primarily by gasoline and diesel engines, with 
smaller contributions from power plants, wood burning, and natural sources, such as wildfires. 
Concentrations of organic and elemental carbon, as well as numerous trace metals and polycyclic 
aromatic hydrocarbons (PAHs) were collected in each phase of the study. Most relevant to this 
assessment are the estimates of diesel particulate concentrations from Chemical Mass Balance 
(CMB) modeling and measured elemental carbon concentrations. The winter 1996-1997 
monitoring (60 days) was the most comprehensive, and the conclusions related to source 
apportionment are based on this phase of the study. 
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The Denver Air Toxics Assessment 

CDPHE conducted speciated non-methane organic compound (SNMOC) sampling in the 
summer of 1996 and winter of 1997, which consisted of 3-hour average samples collected 
between 6-9am. The results of the SNMOC sampling are included in this report for 
observational purposes. 

1.9 EVALUATION OF POTENTIAL HUMAN HEALTH RISKS ASSOCIATED 

WITH PREDICTED AND OBSERVED AIR TOXICS CONCENTRATIONS 

Health risk assessment involves a comprehensive analysis of the dispersion of chemicals emitted 
into the atmosphere, the extent of human exposure via all relevant pathways (exposure 
assessment), the toxicology of those chemicals (dose-response assessment), and the estimation of 
cancer risk and non-cancer health impacts to the exposed community (risk characterization). 
Exposure pathways include inhalation, ingestion, dermal contact and a variety of others. This 
assessment only evaluates the inhalation exposure pathway. 

Preliminary inhalation risk estimates were calculated using published health benchmarks. The 
EPA has developed many of these benchmarks, which can be found in the Integrated Risk 
Information System (IRIS; EPA, 2002c). The California Air Resources Board (CARB) has an 
Air Toxics "Hot Spots" Program that is designed to provide information to state and local 
agencies and to the general public on the extent of airborne emissions from stationary sources 
and the potential public health impacts of those emissions. In order to understand those impacts, 
the development of health benchmarks is required. The California Office of Environmental 
Health Hazard Assessment (OEHHA) developed chronic (long-term) cancer and non-cancer 
benchmarks for 120 air toxics (OEHHA, 1999a,b). Some of these health benchmarks were 
adopted from EPA benchmarks, but many differ from EPA benchmarks. In most cases, DDEH 
will present risks associated with both EPA and OEHHA health benchmarks. These benchmarks 
are considered to be protective of the most sensitive population subgroups and are being used to 
identify the toxic pollutants of concern that will be further evaluated. 

It should be noted that the risks, as presented, are simple point risk estimates and are based only 
on comparing ambient (outdoor) pollutant concentrations to the published health benchmarks. A 
more comprehensive risk assessment can be performed but requires additional data such as 
exposure history, body weight, breathing rate, etc. This data often cannot be quantified but 
reasonable ranges can be applied. 

1.10 GUIDE TO THIS REPORT 

This chapter gives a background on previous air toxics assessments and highlights the criteria 
and methodology implemented in the Denver air toxics assessment. Chapter 2 details the 
methodology and assumptions utilized in the ISC3ST air dispersion model. Chapter 3 describes 
the emission inventories that were utilized. Chapter 4 presents the methodology used to spatially 
and temporally allocate emissions. Chapter 5 discusses the results and the model performance 
by comparing predicted and observed concentration values; sensitivity analyses are also 
presented. Chapter 6 presents the estimated risks using both predicted and observed 
concentrations. Finally, Chapter 7 summarizes the conclusions obtained from this assessment 
and presents recommendations for future efforts. 
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The Denver Air Toxics Assessment 

ISC3ST MODELING METHODOLOGY 

Dispersion models predict ambient (outdoor) concentrations based on information collected by 
the user and supplied in the model input file. Data used by the dispersion model includes: 

• location of pollution source(s); 

• physical data describing each pollution source (e.g. stack height, stack gas temperature, 
etc.); 

• emission rate of each pollutant (e.g. pounds per year); 

• how emissions vary with time; and 

• other chemical properties of the pollutant(s). 

The currently recommended plume dispersion model for estimating urban-wide concentrations of 
toxic air pollutants is the Industrial Source Complex Short Term model (ISC3ST) model. The 
ISC3ST model is a steady-state Gaussian plume model that can be used to assess pollutant 
impacts from a wide variety of sources. Gaussian plume modeling is a widely used technique for 
estimating the impacts of non-reactive pollutants because of its good performance against field 
measurements, and because it is computationally efficient relative to other types of models, such 
as grid and puff models. The ISC3ST model is recommended when source-to-receptor distances 
are less than 50 km. The version of ISC3ST (02035) used in this assessment included 
enhancements for air toxics applications. 

Sources of detailed guidance used for this air toxics assessment are listed below: 

For information on how to use the ISC3ST model, consult the ISC3 model user’s guide 
and addendums (EPA, 1995, 2000a). 

For information on how to preprocess the meteorological data for input in ISC3ST, 
consult the MPRM user’s guide and addendums (EPA, 1996, 1999c). 

Information on the Integrated Urban Air Toxics Strategy developed under the authority of 
Section 112(k) and 112(c) of the Clean Air Act can be obtained from EPA’s web site at: 
http://www.epa.gov/ttn/atw/urban/urbanpg.html 

2.1 ISC3ST MODEL OPTIONS 

The regulatory default mode should not be selected here because it will override the toxics 
option if it is present, as well as any other enhancements dependent on the toxics option. The 
specific model options used in DDEH’s air toxics assessment are listed in Table A-1 of 
Appendix A. An example of an ISC3ST model input file for benzene in Denver County is also 
included at the end of Appendix A. 

The most important feature of the toxics enhancements in ISC3ST relates to the use of the 
Sampled Chronological Input Model (SCIM) to significantly reduce model run times. The use of 
the SCIM option allows the user to specify which hour(s) of meteorological data will be 
sampled. For this assessment, the meteorological data was sampled once every 25 hours. Using 
a five-year meteorological data set (43,824 hours), each hour of the day is sampled 73 times. 
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The Denver Air Toxics Assessment 

Therefore, diurnal variations in weather patterns are characterized in the model results. Without 
using the SCIM option, model runs for each gaseous air toxic emitted in Metro Denver would 
have taken approximately 200 hours. Using the SCIM option each model run took nine hours 
(CPU speed = 1 GHz). The SCIM option can only be used when predicting annual average 
concentrations and should be utilized only in the recommended five-year model simulations. 

Studies have shown that the uncertainty in modeled results introduced by use of the SCIM option 
is generally lower for area sources than for point sources. Sensitivity analyses involving the 
SCIM option are presented in Chapter 5. For more information on the use of the SCIM option, 
see the addendum of the ISC3 user's guide (EPA, 2000a). 

Air toxics react in the atmosphere to varying degrees; therefore the half-life option was 
employed in this assessment. Most air toxics modeled in this assessment have published half-life 
values (Atkinson, 1989; EPA 1999a), and for those that do not, a value associated with a 
chemical having similar properties was assigned. Particulate air toxics such as chromium, 
manganese, and diesel particulate matter were not modeled using the half-life option. Half-life 
values of air toxics modeled in this assessment are listed in Table A-2 of Appendix A. 

The modeling option to consider the influence of elevated and complex terrain was selected. 
Elevations in the six county metro area range from roughly 1360 meters to 4400 meters. The 
maximum elevation difference within the receptor domain defined in the dispersion model is 225 
meters. 

For most sources, emissions vary throughout the day. Emission factors that vary by season, day-
of-week, and hour-of-day were utilized in the model. Even without detailed information, 
reasonable assumptions can be made regarding emission factors. More information pertaining to 
emission factors is discussed in Chapter 4. 

2.2 AVERAGING PERIOD 

An annual averaging period was selected for this assessment to estimate chronic (long-term) 
exposures. The SCIM option only allows the use of an annual averaging period. 

2.3 PHYSICAL/CHEMICAL PARAMETERS 

ISC3ST is capable of estimating wet and dry deposition rates of both gases and particles. 
While calculating the deposition, the model also calculates the depletion of the deposited fraction 
from the plume, resulting in a less conservative estimate of air concentrations. Neglecting wet 
deposition, which requires additional meteorological data related to precipitation, results in a 
more conservative estimate of air concentrations. In this analysis, both the dry and wet 
deposition and plume depletion algorithms were selected. Chemical-specific scavenging 
coefficients were required to make these estimates. 
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The Denver Air Toxics Assessment 

In order to apply the gas dry deposition algorithm, several parameters must be specified: 

• molecular diffusivity (Diff) in air (cm2/sec) was obtained from the EPA urban air toxics 
modeling guidance (EPA, 1999a) and from the EPA Region 9 Preliminary Reduction Goals 
(PRGs) (EPA, 2000b); 

• the solubility enhancement factor (Alphas) is used when applying the deposition algorithm 
over wet surfaces such as moisture on vegetation due to precipitation. Since a value for this 
aqueous phase dissociation was not available for the pollutants in this assessment, a value of 
1.0 for SO2 was used as suggested in the air toxics modeling guidance; 

• the reactivity parameter (Reac) is the scaling factor for "stickiness" of the pollutant and is 
pollutant specific. In the absence of observed data for this assessment, it was set to 10 (a 
moderate value as suggested by EPA, 1999a); 

• the mesophyll resistance (Rsubm) can be set to zero for soluble compounds (e.g. 
formaldehyde, maximum water solubility = 550000 mg/L), while non-soluble compounds 
(e.g. naphthalene, maximum water solubility = 30 mg/L) are set to a high value (i.e. 100). 
Most of these values were estimated from solubility data obtained from the EPA Region 9 
Preliminary Reduction Goals (PRGs) and the CHEMFATE database (SRC, 2002); and 

• the Henry's Law coefficient (Henry) is used when applying the deposition algorithm over 
wet surfaces. It is a measure of the vapor/water partioning of a compound. Most of these 
values were obtained from the EPA Region 9 Preliminary Reduction Goals (PRGs) and the 
CHEMFATE database (SRC, 2002). 

The physical/chemical parameters for the five pollutants used in the EPA case studies (EPA, 
1999a) were also used in this assessment. 

Parameters needed for wet deposition of gases relate mainly to the size of the gas molecules. For 
lack of better data, it was assumed that all gas molecules were approximately 0.4 microns in 
diameter. For liquid precipitation, this equates to a scavenging rate of 5E-05 (s-mm/hr)-1 . It is 
assumed that scavenging rates for frozen precipitation are 1/3 that of liquid precipitation, or 
1.7E-05 (s-mm/hr)-1 . The scavenging rates were obtained from Volume II of the ISC3ST user 
guide (EPA, 1995). 

The physical/chemical parameters used in this assessment are contained in Table A-2 of 
Appendix A. 

2.4 RECEPTORS 

ISC3ST calculates concentrations at user-defined receptor locations. Receptors are usually 
placed in “ambient air” off of facility property. In addition to receptor locations, elevations of 
the receptors may also be required. Census data and urban land use information can be used to 
identify receptor locations where individuals live, work, attend school, and spend time in 
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The Denver Air Toxics Assessment 

recreation. 956 receptors were identified for this assessment and consist of census block group 
centroids in and around Denver County. Figure 2-1 shows the model receptor domain. 

Figure 2-1. ISC3ST dispersion model receptors. Concentrations are predicted at each receptor. 
Bold outline highlights Denver County boundary. 

2.5 TERRAIN 

Terrain elevations at each source and receptor are required as input to ISC3ST. Digitized terrain 
data, or digital elevation models (DEMs) are available from U.S. the Geological Survey (USGS). 
Source (stack) elevation is usually provided in the point source inventory. In some urban areas, 
terrain can be assumed to be flat and source and receptor elevations set to zero (or any other 
height). When the urban area is in or near complex terrain such as Denver, terrain effects 
become important. First, plumes impacting elevated terrain result in higher air concentrations at 
those locations. Second, wind channeling due to complex terrain can have numerous effects on 
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The Denver Air Toxics Assessment 

pollutant transport and dispersion. The ISC3ST model only addresses wind channeling if these 
effects are captured by the available meteorological data. If the urban area contains complex 
terrain features that are expected to significantly affect the modeled concentrations, a dispersion 
model that better handles such situations should be selected from those listed in Appendix W of 
the Guideline on Air Quality Models (40CFR51; EPA, 2001). 

CALPUFF is a dispersion model that can be used to model the effects of complex terrain and 
terrain enhanced flows. CALPUFF was not used for the 1996 assessment due to a lack of 
resources and experience with the model. The 1999 assessment may utilize CALPUFF and 
compare results with ISC3ST. 

2.6 METEOROLOGICAL DATA 

2.6.1 Selection of Surface and Upper Air Stations 

The ISC3ST model requires hourly surface observations of wind speed, wind direction, 
ambient temperature, atmospheric stability, and atmospheric mixing heights derived from twice-
daily upper air soundings as meteorological inputs. The mixing height data, processed by the 
National Climatic Data Center (NCDC), and the hourly surface data for major National Weather 
Service (NWS) stations are currently available for most cities for years up through 1992 from 
EPA's SCRAM web site. Meteorological data from 1986-1990 were used for this assessment, 
and were provided by the Colorado Department of Public Health and Environment's (CDPHE) 
Air Pollution Control Division. The data provided by CDPHE included the precipitation data 
required for modeling wet deposition. 

Both the surface and upper air meteorological data were collected at Stapleton International 
Airport in Denver County. Although this assessment utilized meteorological data for the years 
1986-1990, it is expected that the meteorological conditions for any other five-year period would 
be much the same. Figure 2-2 shows a wind rose for Denver for the years 1986-1990. Wind 
roses indicate the frequency of wind directions and wind speeds that occurred over the period. 
Notice that the predominant wind direction is from the south, with average hourly winds from 
between SSW and SSE for nearly one-third of all hours recorded. 

2.6.2 Meteorological Data Processing 

Meteorological data must be processed before use in ISC3ST. PCRAMMET and the 
Meteorological Processor for Regulatory Models (MPRM) are preprocessors that use surface and 
mixing height (upper air) data as input to create meteorological files for use in ISC3ST. 

The meteorological data preprocessor MPRM was used to prepare the input files necessary for 
applying the gas dry deposition algorithm in ISC3ST. MPRM can also be used for setting up a 
meteorological data file for ISC3ST to be used in estimating particle dry deposition and gas and 
particle wet deposition. PCRAMMET does not contain the algorithms for setting up a file to 
support gas dry deposition, although it does prepare a meteorological data file for use in 
estimating particle dry and wet deposition and gas wet deposition. MPRM was the 
meteorological preprocessor used for this assessment. 
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Figure 2-2. Meteorological wind rose for Denver for the years 1986-1990. 

Both meteorological preprocessors can occasionally produce very low mixing heights (less than 
10 meters) based on the twice-daily values from the mixing height data file and the interpolation 
scheme used to provide hourly values of mixing height. The application of a very low mixing 
height with a near-surface level area source can produce high predicted air concentrations due to 
the treatment of limited mixing effects in the ISC3ST model. In the EPA case studies for 
Houston and Phoenix, a minimum value of 100 meters was applied to the hourly mixing heights 
produced by MPRM to avoid this anomaly from influencing the results. For urban areas, building 
heights will limit the lower mixing heights and the 100 meter value was considered the upper 
limit to the minimum value for the depth of the well-mixed boundary layer in a large urban area 
(Sutton, 1953). For these reasons, a minimum mixing height of 100 meters was applied to the 
Denver metropolitan area as well. A sensitivity analysis comparing model predictions using 50 
meter and 100 meter minimum mixing heights is discussed in Chapter 5. 

2.6.3 Meteorological Parameters for Deposition Calculations 

Several additional meteorological parameters are needed as inputs to MPRM in order to 
implement the dry deposition algorithms in the ISC3ST model for particulate and gaseous 
emissions. The additional dry deposition parameters are listed below: 

Albedo 
Bowen Ratio 
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Roughness Length (measurement site) 
Roughness Length (application site) 
Minimum Monin-Obukhov Length 
Surface Heat Flux (fraction of net) 
Anthropogenic Heat Flux 
Leaf Area Index 

These parameters were estimated on a seasonal basis for this analysis, since many of the 
parameters will vary significantly by season. The following values were selected for this 
assessment, based on a review of the guidance provided in Section 3.3 of the MPRM User's 
Guide (EPA, 1996, 1999c). 

Winter Spring Summer Fall 
Albedo . 0.35 0.14 0.16 0.18 
Bowen Ratio 1.7 1.5 3.0 3.0 
Surface Roughness Length (application site) (m) 1.0 1.0 1.0 1.0 
Surface Roughness Length (measurement site) (m) 0.15 0.15 0.15 0.15 
Anthropogenic Heat Flux (W/m2) 10 10 10 10 
Surface Heat Flux (fraction of net) 0.25 0.25 0.25 0.25 
Minimum Monin-Obukhov Length (m) 50 50 50 50 
Leaf Area Index 0.8 0.9 1.0 0.9 

The albedo values are those recommended for urban areas and are slightly less than those for 
grassland, except in winter when the grassland albedo is 0.60. Because areas within the 
modeling domain are classified as rural, it could be argued that the winter albedo should be 
increased because the snow cover persists for a longer period of time. However, warming 
chinook type conditions (i.e. downsloping winds) occur frequently during the winter season, 
causing snowmelt. Therefore, the use of the urban value is considered appropriate. 

The Bowen Ratio is the average of dry to normal conditions for urban areas. The anthropogenic 
heat flux used was the same as that used in the EPA case studies for Phoenix and Houston. Since 
the surface meteorological data used in the analysis is from a major airport, it is assumed that the 
measurements are taken from well-sited instruments, away from major obstructions, with a 
nominal surface roughness length for the measurement site of 0.15 meters. The leaf area index is 
required for dry deposition calculations. For reference, the EPA used 0.5 for Phoenix, AZ and 
1.0 for Houston, TX for all seasons. 

For the application of the ISC3ST model in urban areas, the surface roughness length was set to 
1.0 meter. Roughness lengths can vary from near zero over water and asphalt, to over three in 
areas with dense clusters of tall buildings. The roughness length at the site where meteorological 
data was collected (Stapleton Airport) is approximately 0.15 meters, as mostly open grassland 
and a few small buildings surround this site. This site is only seven miles from the downtown 
central business district where the surface roughness length is probably around two meters. 
Choosing an appropriate value for the region is complicated so one meter was chosen to be less 
conservative. MPRM, the meteorological pre-processor for the ISC model is not sensitive to the 
surface roughness length. AERMET, the meteorological pre-processor for the AERMOD 
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The Denver Air Toxics Assessment 

dispersion model is sensitive to the surface roughness length. Results from both models will be 
discussed as part of the sensitivity analyses in Chapter 7. 

2.7 EMISSION SOURCE CHARACTERIZATION IN ISC3ST 

In the ISC3ST dispersion model, each emission source needs to be classified as a point, area, 
volume, or line source. Constructing the source inventory begins with defining the modeling 
region then mapping the locations of emission sources and model receptors. 

For this assessment, emissions were assumed to emanate from either point sources or polygon 
area sources. The following subsections describe the various source types and associated inputs 
for modeling. 

2.7.1 Point Source Characterization 

Point sources generally release emissions from well-defined stacks or vents, at a measurable 
temperature and flow rate. Consequently, characterizing point sources for modeling is fairly 
straightforward. The basic model inputs for any point source are: location of the source(s); stack 
height above ground level; inside diameter at stack exit; exhaust velocity or flow rate at stack 
exit; exhaust temperature at stack exit; building dimensions, and the pollutant emission rate. 

Building dimensions can be incorporated into the ISC3ST model to characterize building 
downwash. Building downwash of a plume can occur as the airflow is deflected around a 
building and a portion of the plume may be drawn down closer to the ground or captured in the 
recirculation cavity in the lee of a building, creating higher concentrations close to the source. 
Due to the large scale of this assessment and the thousands of point sources in the modeling 
domain, building information was not available therefore building downwash was not included 
in the assessment. 

2.7.2 Area Source Characterization 

Area sources are sources of toxic air pollutants that are emitted at or near ground level and are 
distributed across a defined area, such as landfills, settling ponds, etc. The sizes of these sources 
can range from a few square meters to a few square kilometers or larger. In this assessment, area 
and mobile source emissions were modeled from polygon area sources. Emissions from the area 
and mobile source inventories were allocated to census block groups, which were defined as 
polygon area sources in ISC3ST. Mobile emissions could have also been defined as line or 
volume sources (Sect. 2.7.3), but would have required significant additional processing and led 
to increased model runtimes. Figure 2-3 shows the census block groups in Metro Denver. 

Emissions from area sources were assumed to be of neutral buoyancy. Therefore, plume 
phenomena such as downwash and impaction on elevated terrain features are not considered 
relevant for modeling area sources. Emissions from area sources are defined as emission fluxes, 
with units of mass per unit time per unit area such as, grams per second per square meter. As an 
example, assume the pollutant emission rate from a polygon is 150 gm/sec. The dimensions of 
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the polygon are 10 meters by 20 meters, total area is 200 m2. If this source were modeled as a 
single, rectangular area source, then the modeled emission flux would be 0.75 gm/[sec-m2] (150 
gm/sec ÷ 200 m2). 

Important parameters used to characterize area sources are location, geometry, and relative 
height. If the emissions from an area source are not at ground level, a height for the source may 
be entered. For example, a non-zero value would typically be entered for the release height of 
mobile source emissions. If the release height of the source is greater than approximately 10 
meters, it should probably be modeled as a volume source. Area sources can also be modeled 
with an initial vertical dispersion value (sigma-z), to account for mechanically generated 
turbulence. For the EPA case studies, as well as this assessment, the release height was set at 2 
meters and the initial vertical dispersion value set to 1 m. These parameters were developed with 
mobile source emissions in mind. 

Figure 2-3. Census block group boundaries for the six county metropolitan Denver region. 
As of the 1990 Census, there were 1800 census block groups. 
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2.7.3 Volume and Line Sources 

Volume sources and line sources were not modeled in this assessment as emissions were defined 
using point and area sources. Line sources cannot be modeled using ISC3ST. For definitions of 
each of these source types, the reader is referred to the ISC3 User's Manual (EPA, 1995). 

2.8 SECONDARY POLLUTANT FORMATION 

The discussion in this section applies to three carbonyl compounds, acetaldehyde, formaldehyde, 
and acrolein, which are classified as aldehydes. It is estimated that between 80-90 percent of the 
ambient concentrations of formaldehyde and acetaldehyde are formed secondarily in the 
atmosphere through the decomposition of other volatile organic compounds (EPA, 1999b). The 
mechanisms leading to secondary formation of carbonyls are part of the ozone formation 
process; therefore a brief overview of how ozone is formed may be helpful. 

Ground-level ozone (O3) is not emitted directly into the atmosphere, but is a secondary pollutant 
produced by reaction between nitrogen dioxide (NO2), hydrocarbons, and sunlight. Ozone can 
irritate the eyes and air passages causing breathing difficulties and may increase susceptibility to 
infection. It is a highly reactive chemical, capable of attacking surfaces, fabrics and rubber 
materials. Ozone is also toxic to some crops, vegetation, and trees if present at sufficient 
concentrations. 

Whereas nitrogen dioxide (NO2) participates in the formation of ozone, nitrogen oxide (NO) 
destroys ozone to form oxygen (O2) and nitrogen dioxide (NO2). For this reason, ozone levels 
are not as high in areas where high levels of NO are emitted from point sources and motor 
vehicles. As the nitrogen oxides and hydrocarbons are transported out of high NO areas, the 
ozone-destroying NO is oxidized to NO2, which then promotes ozone formation. 

Sunlight provides the energy to initiate ozone formation; near-ultra-violet radiation breaks apart 
stable molecules to form reactive species known as free radicals. In the presence of nitrogen 
oxides these free radicals speed up the oxidation of hydrocarbons to carbon dioxide and water 
vapor. Partially oxidized organic species such as aldehydes, ketones, and carbon monoxide are 
intermediate products, with ozone being generated as a by-product. 

Since ozone itself is photo-dissociated (split up by sunlight) to form free radicals, it promotes the 
oxidation chemistry and so catalyzes its own formation; thus it is an auto-catalyst. 
Consequently, high levels of ozone are generally observed during hot, stagnant, sunny, 
summertime weather in locations where the air mass has previously collected emissions of 
hydrocarbons and nitrogen oxides, such as urban areas with traffic. Because of the time required 
for photochemical processing, high ozone concentrations tend to be downwind of pollution 
centers. The resulting ozone pollution or “summertime smog” may persist for several days and 
be transported over long distances. 
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2.8.1 Predicting Secondary Pollutant Formation 

Several computer models exist that concurrently predict atmospheric dispersion and 
photochemical transformation e.g., the Urban Airshed Model. These models generally require 
significant amounts of data and resources above and beyond what are available in desktop 
computers, especially for long-term model simulations. If a model incorporating only non-
dispersive effects such as photochemistry could be employed, then the results could be added to 
those predicted by ISC3ST. 

For this assessment, the research-oriented version of the Ozone Isopleth Plotting Package 
(OZIPR; EPA, 1999b) was used to estimate secondary concentrations of acetaldehyde, 
formaldehyde, and acrolein. OZIPR is a one-dimensional box model with a time-varying box 
height. Emissions were added to the box by time of day; factors such as temperature, relative 
humidity, atmospheric pressure, solar radiation, and deposition were used to determine chemical 
reaction rates. OZIPR was originally designed to predict ozone concentrations, but the 
concentrations of other stable intermediate compounds, such as aldehydes, are also calculated 
during the course of the simulations. The model is generally run only for the daylight hours on a 
typical meteorological day during a season. 

The reaction mechanism used in OZIPR is based on the widely used SAPRC97 mechanism. The 
model estimates chemical concentrations as a function of time. These estimates can then be used 
in conjunction with output from ISC3ST, which accounts for dispersion of primary emissions but 
not chemical transformations. The output data from the OZIPR model is presented in several 
ways, e.g., annual and seasonal averages, time series profiles, to facilitate their use with 
dispersion models. 

Ten study areas were selected for the OZIPR project: Atlanta, Boston, Chicago, Denver, 
Houston, Los Angeles, Phoenix, Pittsburgh, Seattle, and Washington D.C. In each study area, 
urban and rural counties were chosen. The urban counties are centered on the cities in question; 
the rural counties are near enough to the urban areas to have similar meteorological patterns, but 
different emissions based on their lower population and different land use patterns. 

For the model to predict city-specific secondary formation of formaldehyde, acetaldehyde, and 
acrolein, a distribution of the VOCs emitted into the atmosphere in the selected urban areas was 
required; data collected in the mid-1980s were used as the basis for establishing the distribution. 
The distribution of hydrocarbons has probably not changed substantially in the past 10 years, 
with the exception of a moderate increase in the level of oxygenated hydrocarbons due to use of 
oxygenated and reformulated fuels. The VOC emission estimates include biogenic and man-
made emissions and were estimated for 1996, which corresponds to the time period modeled in 
this assessment. 

The results show that secondary formation generally accounted for approximately 90 percent of 
the ambient formaldehyde and acetaldehyde and approximately 85 percent of acrolein; these 
percentages varied only slightly between cities. Annual averages for the urban secondary 

-3 -3 formation of formaldehyde ranged from 3.0 µg m for Seattle to 13.4 µg m for Los Angeles. 
-3 -3 For acetaldehyde, the corresponding numbers are 5.0 µg m for Phoenix to 18.0 µg m for Los 
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-3 -3 Angeles; for acrolein, the values are 0.2 µg m (five cities) to 0.7 µg m for Los Angeles. 
Generally, the rural values for each of the three HAPs ranged between 30 percent and 50 percent 
less than the urban values. The secondary formaldehyde concentrations are usually greater for 
southern cities because of increased solar radiation. 

DDEH performed OZIPR model runs using updated emission inventories developed in 
conjunction with this assessment. The results and how they compare with EPA’s OZIPR results 
for Denver are discussed in Chapter 5. 

2.9 LIMITATIONS OF GAUSSIAN PLUME MODELS 

Finally, it is important to discuss the limitations associated with Gaussian plume models such as 
ISC and AERMOD; the main limitations are listed below. The advantages and disadvantages of 
using Gaussian plume models must be weighed against more advanced models that require 
significant additional time and resources. 

Causality Effects 

Gaussian models assume pollutant material is transported in a straight line instantly, like a beam 
of light, to receptors that may be several hours or more in transport time away from the source. 
They make no account for the fact that wind may only be blowing at 1 m/s and will only have 
traveled 3.6 km (~2 mi) in the first hour. This means that plume models cannot account for 
causality effects. This becomes important with receptors at distances more than a couple of 
kilometers from the source, where pollutants may have not yet reached during the current time 
period but may be subject to impacts shortly thereafter. 

Low Wind Speeds 

Gaussian models “break down” during low wind speed or calm conditions due to the inverse 
wind speed dependence of the Gaussian plume equation and this limits their application. 
Unfortunately, in many circumstances it is these conditions that produce the worst-case 
dispersion results for many types of sources. By default, ISC assumes a zero concentration 
during a calm meteorological hour, though calm hours can be excluded by the user, as it was in 
this assessment. 

Spatially Uniform Meteorological Conditions 

Gaussian plume models assume the atmosphere is uniform across the entire modeling domain 
and that transport and dispersion conditions exist unchanged long enough for a pollutant to reach 
the receptor. Truly uniform conditions rarely occur, especially in areas with complex terrain like 
Metro Denver. This is described in more detail in section 5.1. 

No Memory of Previous Hours Emissions 

In calculating each hour’s ground level concentration the plume model has no memory of the 
contaminants released during the previous hour(s). This limitation is especially important for the 
proper simulation of morning inversion break-up and diurnal recycling of pollutants over cities. 
These and other factors were considered by DDEH. Since ISC is currently EPA’s recommended 
model for urban air toxics assessments, it was the model used for this assessment. Results will 
be evaluated to determine if the use of more complex models is warranted for future assessments. 
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The Denver Air Toxics Assessment 

EMISSION INVENTORIES 

This chapter describes the emission inventories that were used in DDEH’s air toxics assessment. 
During the course of this assessment, errors or discrepancies were found in the area and mobile 
source inventories and new tools for mobile source emissions modeling also became available. 
Therefore, changes were made to some of the original emissions estimates. In addition, alternate 
methods for developing mobile source emission inventories were explored. 

The original and final emission totals for 33 air toxics modeled as part of the 1996 NATA are 
listed in Table B-1 of Appendix B. Some of the 34 air toxics modeled in the 1996 NATA had 
zero or near zero emissions in Colorado. 

3.1 POINT SOURCES 

The original point source, or stationary source, database obtained from CDPHE was an AIRS 
format database in Microsoft Access. Information such as facility name, location, types and 
amounts of air toxics emitted, stack parameters, and operating data were provided. DDEH also 
maintains a compliance inspection database for stationary sources that tracks product 
consumption, from which emissions can be estimated. The DDEH database and inspection 
records were consulted when discrepancies regarding emissions or locations of facilities were in 
question. Overall, very few changes were made to the original CDPHE emissions database. 

It should be noted that the stationary sources included in the CDPHE database cover both major 
and non-major point sources. Major point sources as defined in Section 112 of the Clean Air Act 
are sources that emit more than 10 tons per year of any individual air toxic or more than 25 tons 
per year of a combination of air toxics. Depending on the toxicity of a particular pollutant, 
sources that emit as few as 50 pounds per year of a single air toxic, such as benzene, may be 
included in both the CDPHE and DDEH point source database. 

3.2 AREA SOURCES 

Area sources encompass a broad range of categories including consumer products usage, 
architectural surface coatings, decorative chromium electroplating, and gasoline distribution. 
There are 74 different categories included in the area source NTI for 1996. Emission totals for 
each category and pollutant are provided at the county level. The county level emissions are 
usually allocated to smaller geographic areas within each county using surrogates such as 
population or population density. 

One problem that arises with the area source portion of the NTI is that sources included in the 
CDPHE point source inventory are also included in the area source inventory. This occurs 
because EPA defines area sources to include most non-major point sources such as gas stations, 
dry cleaners, and auto body repair shops. These sources can be numerous in urban areas and 
may not have locational data in the NTI database; therefore emissions are summed at the county 
level. If the modeler were to use both databases without taking this into account, there could be 
double counting of emissions for the pollutants emitted by those sources. 
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Professional judgment was used to determine which categories were likely covered in the point 
source database and warranted exclusion from the NTI area source inventory. In the final 
analysis of the area source inventory, only 22 area source categories out of the original 73 were 
included in DDEH's modeling inventory. Many of these exclusions were due to categories 
producing very low countywide emissions of gaseous pollutants, which failed DDEH's criteria of 
one ton per year in each county. The one-ton total when spatially allocated produced negligible 
predicted concentrations. Particulate air toxics were modeled at less than one-ton emission 
levels due to their lower toxicity values. 

Table B-2 in Appendix B lists the 73 area sources in the 1996 NTI for Metro Denver and notes 
which categories were utilized in this assessment. 

3.2.1 Air Toxics Emissions from Residential Wood Burning 

Wood burning emissions for several gaseous air toxics were either not listed in the NTI or appear 
to have been underestimated. DDEH developed a wood burning emission inventory for several 
gaseous air toxics based on data contained in several recent reports (Eastern Research Group, 
2001; Zielinska et al., 2000; Houck et al., 2001a,b; Cass et al., 2001). Data from all reports were 
compared and contrasted. 

The Zielinska et al. data was obtained from wood burning tests conducted as part of the Northern 
Front Range Air Quality Study (NFRAQS) conducted in the Front Range of Colorado, including 
Metro Denver, in 1996 and 1997. The tests were performed in Reno, Nevada using wood sold in 
Denver. Reno, Nevada is approximately 4,500 feet above sea level, which is similar to Denver 
(5,280 feet). 

It should be noted that the emission tests from Zielinska et al. were terminated when 90 percent 
of the final test charge weight had been burned. Using the 90 percent termination point, the 
smoldering condition characterized by a lower temperature burn with a lack of flame makes up 
approximately 20 percent of the fireplace burn cycle and approximately 35-40 percent of the 
wood stove tests (Zielinska et al., 2000). In contrast, the Cass et al. fireplace tests were 
terminated after the firewood had turned to ashes, the ashes had been spread, and no visible 
smoke was observed. 

The Zielinska et al. air toxic emission factors are the lowest of all the studies and some of this 
may be due to the aforementioned 90 percent termination point. For DDEH’s air toxics 
inventory, an average of the Zielinska et al. and Cass et al. emission factors was used for BTEX 
compounds and 1,3 butadiene. For the carbonyl compounds acetaldehyde, formaldehyde, and 
acetone, emission factors were weighted 90 percent towards the Zielinska et al. emission factors 
and 10 percent towards Cass et al. factors. Emission factors for the BTEX compounds differed 
by 25 percent, but for carbonyl compounds differences ranged from a factor of 3-8; that explains 
why the two different averaging methods were employed. 

Additionally, ISC3ST model results were used to evaluate and adjust the methods used to derive 
the average emission factors. It was found that using an arithmetic average for carbonyl 
compounds led to predicted formaldehyde-acetaldehyde ratios less than that observed from 
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monitoring data. This appears to be the result of too much acetaldehyde from wood burning 
being estimated during the winter months. Note that except for acetaldehyde, the overall 
magnitude of the wood burning emissions is less than 10 percent of the total inventory, so an 
overestimate of acetaldehyde wood burning emissions will impact predicted acetaldehyde 
concentrations to a greater extent and consequently decrease the predicted formaldehyde-
acetaldehyde ratio in the winter months. This will be discussed in greater detail in Chapter 5. 

Table B-3 in Appendix B lists emission factors for nine air toxics and carbon monoxide. 
Table B-4 lists the annual wood burning emissions totals for each county. 

3.3 MOBILE SOURCES 

The original mobile source inventory was obtained from the 1996 NTI. As with the area source 
inventory, emissions were estimated by county for each vehicle class. Emission estimates for up 
to 12 different vehicle classes were provided in the mobile source inventory, and included light-
duty gasoline vehicles (LDGV), heavy-duty diesel vehicles (HDDV), off-road diesel equipment, 
and railroad locomotives to name a few. 

Mobile source emissions were segregated by on-road or off-road classification. The reason for 
doing so is that different spatial surrogates can be applied to the two different vehicle classes. 
For on-road vehicles, emissions can be allocated to the census block groups based on the ratio of 
vehicle miles traveled (VMT) in each census block group to the county VMT. The VMT 
surrogate would not be appropriate for allocating emissions from agricultural equipment or from 
locomotives. 

The remainder of this chapter focuses on revisions made to the mobile source inventory. State-
of-the-science tools and data became available during the course of the assessment that 
warranted making these revisions. The most important tool was the release of the MOBILE6 
emissions model. Since then a draft version of MOBILE6.2 was released that would allow for 
air toxics emission factors to be output, whereas with MOBILE6 total organic gas (TOG) 
emissions were output and air toxic speciation factors had to be applied externally. 

3.3.1 Vehicle Miles Traveled (VMT) Data 

Motor vehicle emission inventories are typically derived by multiplying vehicle emission factors 
by vehicle miles traveled (VMT) data. VMT data for Metro Denver was available from three 
different sources: 

• the Denver Regional Council of Governments (DRCOG), the regional planning 
organization (RPO) for Metro Denver; 

• the Colorado Department of Transportation (CDOT); and 

• the U.S. Environmental Protection Agency (EPA). 

DRCOG addresses issues of regional concern such as growth and development, transportation, 
and the environment to name a few. DRCOG also conducts travel behavior surveys and travel 
demand modeling (TDM) to forecast transportation impacts. DRCOG VMT estimates are used 
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by the Colorado Department of Public Health and Environment in developing on-road mobile 
source emission inventories. 

CDOT estimates VMT for each county in Colorado based on observed traffic counts. However, 
CDOT only does this for roads that fall under CDOT jurisdiction, which include interstates, 
freeways, arterials, collectors, and local roads. Figure 3-1 shows the CDOT road network in 
Metro Denver. Using a GIS theme obtained from CDOT, it is estimated that the CDOT road 
network contains approximately 15 percent of the total lane miles in Metro Denver. 

Figure 3-1. Colorado Department of Transportation (CDOT) major road network in 
Metropolitan Denver. 

The 1996 EPA VMT estimates are based on historical 1996 Highway Performance Monitoring 
System (HPMS) data obtained from the Federal Highway Administration. The HPMS database 
contains state-level summaries of average annual daily VMT by functional system and by rural, 
small urban and individual urban areas. Based on population data from the Bureau of Census, the 
HPMS data were distributed to counties at the functional system level. 

Table 3-1 lists the different VMT estimates by county. Also included are CDOT estimates for 
heavy-duty truck VMT, excluding pickups, SUVs, and vans. The CDOT data are for 1997 as 
1996 data were not available on the website. 
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Table 3-1. VMT estimates for Metropolitan Denver from various sources. 

County 

1997 CDOT 1997 CDOT 1996 DRCOG Ratio CDOT 
Total Daily Truck Daily Total Daily Truck/Total 

1 1 2 
VMT VMT Daily VMT VMT 

1996 EPA Total 
3 

Daily VMT 

Adams 5,783,856 412,738 0.071 8,761,264 7,210,959 

Arapahoe 4,521,967 336,496 0.074 8,973,716 10,780,822 

Boulder 2,943,580 112,412 0.038 4,455,057 5,052,055 

Denver 6,868,984 431,754 0.063 13,290,168 12,402,740 

Douglas 2,872,824 246,190 0.086 4,699,613 2,186,301 

Jefferson 6,713,648 373,917 0.056 11,031,575 12,830,137 

Metro Total = 29,704,859 1,913,507 0.064 51,211,393 50,463,014 

Fraction of Total VMT CDOT / DRCOG = 0.58 

Fraction of Total VMT CDOT / EPA = 0.59 

1 
Colorado Dept. of Transportation website; http://www.dot.state.co.us/ 

2 
Denver Regional Council of Governments (2002) 

3 
EPA (1999d) 

Several important differences between the VMT estimates are listed as follows: 

• the CDOT total VMT estimates are about 55-60 percent of the DRCOG and EPA VMT 
estimates. This is because CDOT estimates are only for the major roadways that fall 
under their jurisdiction. As was mentioned previously, the CDOT road network 
accounts for approximately 20 percent of the metro lane miles yet makes up about 60 
percent of the VMT; 

• DRCOG and EPA total VMT is within 2 percent, with county differences ranging from 
7 percent in Denver County to greater than a factor of two in Douglas County. 

The CDOT VMT data for trucks is valuable in that the other VMT estimates do not break out 
truck percentages of VMT. While the total heavy-duty truck VMT is shown in Table 3-1, CDOT 
also estimates VMT for both single chassis units and for combination chassis units (3 or more 
axles). The heavy-duty VMT will be discussed in more detail in section 3.3.6. 

For the purposes of this assessment, the DRCOG VMT data was used unless otherwise noted. 

3.3.2 MOBILE6.2 Emission Factors 

MOBILE6.2 emission factors are based on thousands of vehicle tests that have been conducted 
over the past 25 years. A light-duty vehicle emissions test usually consists of a vehicle being 
placed on a dynamometer, then being driven on a standard and repeatable urban driving cycle 
known as the Federal Test Procedure (FTP; EPA, 1993). The FTP is used to determine 
compliance of light-duty motor vehicles with federal emission standards. Emissions are 
measured from the exhaust tailpipe throughout the test. Figure 3-2 shows the speed trace for the 
FTP 75, which represents city driving in Los Angeles, California. 
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The Denver Air Toxics Assessment 

Figure 3-2. Federal Test Procedure 75 (FTP 75) Driving Cycle. Figure is courtesy of 
of EPA National Vehicle and Fuel Emissions Laboratory. 

A major criticism of the MOBILE models has been that the emission factors are based on the 
FTP 75. Prior to MOBILE6, the model default fleet average speed was 19.6 mph, the same as 
the first two phases of the FTP. It has been argued that fleet average speeds over the entire road 
network in urban areas are significantly greater than 19.6 mph. Emission curves at varying 
vehicle speeds indicate emissions are highest at low speeds and decrease to a minimum at 45-50 
mph, before increasing again above 50 mph. MOBILE6 applies speed distributions to the 
different road types e.g., freeway, arterial, etc., and the MOBILE6 default fleet average speed is 
approximately 28 mph. It should be noted that MOBILE5 and MOBILE6 allow the user to enter 
alternate speeds by roadway type. Such data are usually available from travel demand models. 

The 1997 DRCOG travel survey (2000) estimated an average trip distance of 5.8 miles and 
average trip duration of 16 minutes. The median trip distance was 3.4 miles and the median trip 
duration was 14 minutes. Using the average values, an average speed of 21.8 mph is obtained 
over all vehicle trips, similar to the average speed over the FTP. Based on these values, emission 
factors obtained over the FTP 75 may reasonably represent the in-use fleet. 

Another criticism of the FTP is that is does not adequately represent real-world driving behavior; 
that it is not aggressive enough. Only recently has on-board emission testing under real-world 
driving conditions been conducted. Consequently there is little data available as compared to 
FTP data; however, instrumented vehicle surveys in Baltimore, MD and Spokane, WA (EPA, 
1993) showed that speeds and acceleration rates were significantly higher than those on the FTP 
and driving behavior was more aggressive than the FTP. These factors may lead to real-world 
emission factors that are higher than those based on the FTP. 
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The Denver Air Toxics Assessment 

3.3.3 MOBILE6.2 Emission Estimates 

In 2001, DDEH working in consultation with CDPHE discovered an error in the 1996 NTI for 
mobile source air toxics emissions for Metro Denver. The MOBTOX5b model, an intermediate 
model between MOBILE5b and MOBILE6, was used to model on-road mobile source emissions 
for benzene, acetaldehyde, formaldehyde, 1,3-butadiene, and MTBE. MTBE was not used in 
Colorado in 1996; therefore zero emissions were assumed. An incorrect low-altitude flag was 
set for high-altitude cities including Denver. This caused benzene emissions to be overstated by 
approximately 45 percent. For the other pollutants, emissions were overstated by 25-50 percent. 

The MOBTOX5b model was run using the correct parameters but before incorporating the 
revised emissions into the ISC3ST model, a draft version of MOBILE6 was made available. 
DDEH decided to run MOBILE6 to generate the most up-to-date emission estimates for 1996. 
MOBILE6 was released to the public in January 2002. 

In the spring of 2002, a draft version of MOBILE6.2 was made available to state and local 
agencies. MOBILE6.2 originally allowed six air toxic emission factors to be output directly. 
The six air toxics are: benzene, formaldehyde, acetaldehyde, acrolein, 1,3 butadiene, and MTBE. 
The same algorithms used to estimate air toxics emissions in MOBTOX5b are incorporated into 
MOBILE6.2. In addition, MOBILE6.2 will output additional air toxics emissions based on user-
defined speciation profiles provided via an external file. DDEH used air toxic speciation profiles 
provided by EPA (2000d). Future versions of MOBILE6.2 will output additional HAPs without 
the use of an external file. MOBILE6.2 also estimates emissions of particulate matter from on-
road gasoline and diesel vehicles by incorporating the PART5 particulate model. Particulate 
emissions will be discussed in a later section. 

MOBILE6 and 6.2 are much more user-friendly as compared to their predecessors. Logical, 
well-documented input files can be constructed and much of the data in the various modules can 
be updated to incorporate local data. DDEH modified data in a few of the modules based on a 
local travel survey conducted by the Denver Regional Council of Governments (DRCOG, 2000) 
and using Colorado Department of Transportation (CDOT) traffic counts for major roadways. 
Some of the more important changes include the following: 

• The default heavy-duty truck VMT distribution was changed to reflect CDOT traffic 
characteristics for each county in Metro Denver. The MOBILE6.2 default assumes 
heavy-duty vehicles contribute approximately 11 percent of the total VMT (7.6 percent 
diesel, 3.5 percent gasoline). CDOT data for 1999 show heavy-duty vehicle VMT 
fractions range from 3.9 percent in Boulder County to 8.3 percent in Adams County 
(Table 3-1). The heavy-duty VMT fraction for Metro Denver is approximately 7 percent 
(72 percent of which is diesel VMT), which is 35 percent less than the MOBILE6.2 
default; 

• MOBILE6.2 assumes light-duty vehicles have 7-8 engine starts per day on weekdays, and 
5-6 starts per day on the weekends. DRCOG travel survey data indicate the average 
person made 3.8 trips per weekday in 1997. The weekday values were changed to reflect 
this, however the default weekend values were left unchanged; and 
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The Denver Air Toxics Assessment 

• The trip start distribution by hour of day, VMT by facility (road type), and VMT by hour 
modules were also modified using DRCOG data. 

Additional data related to inspection and maintenance programs, fuel sulfur content for gas and 
diesel, other gasoline properties, and hourly temperature distributions were input directly to the 
model. A complete MOBILE6.2 input file for Denver is included as Exhibit B1 at the end of 
Appendix B. 

Table 3-2 lists the mobile source emission estimates in Metro Denver for four air toxics common 
to MOBTOX5b and MOBILE6.2. Two sets of MOBILE6.2 results are presented, those using 
the default modules listed beneath Table 3-2 and those using DDEH revised modules using 
DRCOG travel survey data. The aforementioned VMT fractions for the different vehicle classes 
were also changed. Differences between the revised MOBTOX5b and MOBILE6.2 estimates 
range from 5 percent for benzene to 25 percent for formaldehyde. The main difference in 
aldehyde emissions results from lower heavy-duty VMT fractions using data obtained from 
CDOT. Emission estimates for pollutants other than those listed in Table 3-2 are provided in 
Table B-1 of Appendix B. 

Table 3-2. Total on-road mobile source emission estimates for 1996 (tons). To obtain the 
fleet average emission factors, divide by the estimated VMT of 18.74 billion miles. 

Mobile Source Dataset 

Metro Denver emissions of air toxics (tons per year) 

Acetaldehyde Benzene Formaldehyde 1,3 Butadiene 

Original 1996 NTI - MOBTOX5b model 

Revised 1996 NTI - MOBTOX5b model 
a 

MOBILE6.2 Emission Estimates - EPA Defaults 
a 

MOBILE6.2 Emission Estimates - DDEH Revisions 

498 2229 1017 336 

341 1265 771 173 

370 1690 833 249 

273 1353 599 192 

a 
Model runs differ by MOBILE6.2 Run Section modules: starts per day, start distribution by hour, VMT by hour, 

VMT by facility, and weekday trip length distribution. VMT fractions for each vehicle class are also different. 

Emission inventories developed using the MOBILE series of models have been travel-based, 
combining vehicle activity estimates with dynamometer emissions tests. How well the cross-
section of tested vehicles represents the in-use fleet and assumptions regarding vehicle activity 
data such as, VMT, starts per day, trip length, etc., introduce significant uncertainty into the 
emission estimates. 

3.3.4 FTP Emission Tests for Light-Duty Vehicles from the Denver Fleet 

A vehicle emissions study was conducted in Metro Denver in July and August of 1996 and in 
January and February of 1997 (Cadle et al., 1998). Although the goals of the program were to 
measure exhaust particulate matter (PM) rates from light-duty gasoline and diesel vehicles, 
hydrocarbons and carbon monoxide were also measured. 

Light-duty vehicles were recruited in six categories: 1991-96 gasoline, 1986-90 gasoline, 1981-
85 gasoline, 1971-80 gasoline, 1971 or newer smoking gasoline (high emitters), and 1971 or 
newer diesels. During the summer portion of study, 111 vehicles were tested once. During the 
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The Denver Air Toxics Assessment 

winter portion of the study, 84 different vehicles were tested twice, once on the CDPHE 

dynamometer located indoors at a temperature of 60 °F, and once outdoors on the EPA 
transportable dynamometer at the prevailing ambient temperature. Winter outdoor testing was 
done on vehicles soaked overnight outdoors. FTP 75 was performed first, followed by an 
I/M240 test and a no-load idle test. The results discussed here pertain mostly to the FTP 75 
emissions data. 

Table 3-3 compares the fleet average total organic gas (TOG) emission factors from the local 
fleet FTP 75 results with those estimated in MOBILE6.2. Both estimates are only for light-duty 
vehicles. While there is excellent agreement between the values, the MOBILE6.2 TOG 
estimates contain an off-cycle correction factor that is not reflected in the FTP results. Using 
off-cycle data for the different model year groups (EPA, 1999d), the fleet average emission rate 
with off-cycle effects is 1.55 grams per mile versus the MOBILE6.2 emission rate of 1.40 grams 
per mile, a difference of approximately 10 percent. Combining data from DRCOG and 
MOBILE6.2, the resulting benzene emission total (exhaust + evaporative) for light-duty on-road 
vehicles is 1567 tons per year, 16 percent higher than the MOBILE6.2 light-duty benzene 
emission total of 1353 tpy. If off-cycle effects were not added to the FTP emission results, the 
resulting benzene emission estimate would be 1385 tpy, nearly the same as the MOBILE6.2 
estimate of 1353 tpy. 

Table 3-3. Light-duty vehicle hydrocarbon emission factors from the local fleet (Cadle et al., 
1998) with total emission estimates and comparisons with MOBILE6.2 emissions. 

Vehicle Class 

Summer & Winter 

Avg FTP HC 
1

Emissions (g/mi)

Summer & Winter 

Average FTP TOG 
2

Emissions (g/mi)

Vehicle 

Registration 
3

Fraction

VMT 
1

fraction

VMT-Weighted FTP 

TOG Emissions (g/mi) 

VMT-Weighted TOG 

Emissions w/ Off Cycle 
2

effects (g/mi)

Smoker (all) 5.30 5.41 n/a 0.009 0.05 0.05 

LD Diesel (all) 0.70 0.73 0.01 0.007 0.00 0.00 

1991-96 0.53 0.54 0.47 0.460 0.25 0.35 

1986-90 0.93 0.94 0.29 0.311 0.29 0.34 

1981-85 2.85 2.90 0.13 0.143 0.41 0.44 

1971-80 4.79 4.95 0.08 0.061 0.30 0.31 

Pre 1970 5.5 6.04 0.02 0.010 0.06 0.06 

VMT Weighted Light Duty Composite FTP TOG Emission Factor (g/mi) = 1.37 --

MOBILE6.2 Light-Duty TOG Emission Factor (g/mi) = 1.40 --

VMT Weighted Light Duty Composite TOG Emission Factor w/ Off Cycle Effects (g/mi) = 1.55 
1

Total Metro Light Duty Vehicle Daily VMT 1996 = 47,452,476 

Total Metro Light Duty TOG Exhaust Emissions (tons/year) = 29532 
4

Total Light Duty Benzene Exhaust Emissions (assume 4.96 % of TOG mass) (tons/year) = 1465 
5

Estimated Light Duty Evaporative TOG Emissions (tons/year) = 14546 

Estimated Light Duty Benzene Evaporative Emissions (assume 0.7 % of Evap TOG mass) (tons/year) = 102 

Total On-Road Light-Duty Benzene Emissions (tons/year) = 1567 

1996 MOBILE6.2 On-Road Light-Duty Metro Benzene Emissions (tons/year) = 1353 
1 

Data obtained by assuming 92.6 % of DRCOG VMT is from light-duty vehicles (from EPD revised MOBILE6.2 model runs) 
2 

Values and conversion factors obtained from EPA (1999d); TOG = 1.02*THC (gasoline) and 1.03*THC (diesel) 
3 

Vehicle registration data obtained from Colorado Department of Motor Vehicles in 1999 (excl. model years 1997-99) 
4 

Annual avg MOBILE6.2 fractions of exhaust benzene-to-TOG ratio (from EPD model runs for gas vehicles) 
5 

Estimates taken from seasonally averaged MOBILE6.2 LDGV exhaust/evaporative fractions (67% / 33%) 
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The Denver Air Toxics Assessment 

Although approximately 200 light-duty vehicles from the local fleet were recruited and tested, 
how well they represent the entire in-use fleet is not known. An additional method for 
determining mobile source emissions, preferably without the use of the MOBILE model would 
be ideal for further comparison. The development of a fuel-based on-road emission inventory is 
discussed in the next section. 

3.3.5 Fuel-Based On-Road Vehicle Emissions 

Remote sensing provides a way to measure vehicle exhaust emissions from a large population of 
in-use vehicles under real world driving conditions. Remote sensing is fuel-based in that 
emissions are measured in mass of pollutant per amount of fuel burned. This type of 
measurement is less dependent on engine speed and load as compared to a travel-based approach 
with emissions in mass of pollutant per distance traveled. 

Studies sponsored by the California Air Resources Board and General Motors Research 
Laboratories have shown that remote sensing is capable of carbon monoxide (CO) measurements 
that are correct to within ±5 percent of the values reported by an on-board gas analyzer, and 
within ±15 percent for hydrocarbons (HC). For a more detailed description of remote sensing, 
see Pokharel et al. (2001, 2002). 

Metro Denver remote sensing data for 1996 was collected by the University of Denver’s Fuel 
Efficiency Automobile Test (FEAT) Data Center and is used here in conjunction with a 
methodology to estimate fuel-based emissions (Pokharel et al., 2001 & 2002; Singer and Harley, 
1996). 1996 monthly fuel sales data for Colorado was also collected from the Colorado Dept. of 
Revenue (1997). 

A simple explanation of the methodology to construct the fuel-based emission inventory is as 
follows: 

1 gather statewide monthly fuel sales data for 1996 (minus exports); 
2 apportion fraction of statewide fuel sales to each county using population, VMT, 

registered vehicles, etc.; 
3 collect remote sensing data for year matching fuel sales data; and 
4 multiply remote sensing emission factor (fuel-based; grams per gallon or grams 

per kilogram) by the amount of fuel sold. 

The remote sensing data collected in Denver has typically been during one week in December 
and/or January, which is when oxygenated fuels are sold in Metro Denver. Pokharel et al. (2001) 
estimate the use of oxygenated fuels reduces carbon monoxide by 11 percent, hydrocarbons by 6 
percent, and increases nitrogen oxides by 10 percent. Therefore, for vehicles burning 
conventional gasoline, the remote sensing emission factors were adjusted upward or downward 
using the appropriate scalar (+11, +6, or -10 percent). The scalars were determined by 
evaluating one year worth of I/M240 data. The I/M240 emission test is required biennially for 
gasoline vehicles as part of the enhanced maintenance and inspection program for Metro Denver. 

Whereas MOBILE6.2 generates air toxic emission factors, remote sensing mainly measures 
hydrocarbons, carbon monoxide, and nitric oxide (NO). In order to estimate air toxic emissions, 
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The Denver Air Toxics Assessment 

total hydrocarbon emissions were first calculated then converted to total organic gases (TOG), 
and then air toxic speciation factors were applied to the TOG estimates. The speciation factors 
were obtained either directly from MOBILE6.2 by dividing the air toxic emission factor by the 
TOG emission factor (exhaust only) or from published literature (EPA, 2000d). 

Table B-5 in Appendix B lists the average daily fuel sales both statewide and in Metro Denver. 
From Table B-5, it can be seen that 1996 fuel sales were lowest in January and reached a peak in 
July, nearly 33 percent higher than in January. 1996 diesel fuel sales were highest in January 
and tended to be lowest in the autumn months. The surrogates used to apportion statewide fuel 
sales to Metro Denver included a combination of population, VMT, and registered diesel 
vehicles in each county. 

Table 3-4 contains estimated TOG and benzene emissions based on remote sensing and fuel sales 
data. The hydrocarbon emission factors utilized for conventional gasoline, oxygenated gasoline, 
and diesel fuel are 9.0, 8.5, and 12.0 g/kg, respectively. The emission factors for conventional 
and oxygenated gasoline (Pokharel et al., 2001) were corrected for an apparent hydrocarbon 
offset as reported in Pokharel et al. (2002). Remote sensing of heavy-duty diesel vehicles was 
performed as part of a separate study (Bishop et al., 2001) 

Table 3-4. Fuel-based emissions from on-road mobile sources for hydrocarbons, total organic 
gases, and benzene. 

Fuel Type 

Exhaust HC 

Emissions 

(tons/year) 

1
Exhaust TOG

(tons/year) 

Exhaust Benzene 

Emissions 
2

(tons/year)

Evaporative Benzene 
3

Emissions (tons/year)

Conventional Gas 

Oxygenated Gas 

Diesel Fuel 

18031 

7227 

5029 

18392 

7372 

5230 

995 

318 

58 

91 

36 

0 

Totals 30287 30993 1371 127 

Total Estimated 1996 On-road Benzene Emissions (tons/year) = 

Range of Benzene Emissions within reported 1996 potential HC error of 21% (tons/year) = 

1498 

1184 - 1813 
1 

Assumed TOG = 1.02*THC for gasoline and 1.03*THC for diesel (based on MOBILE6.2 estimates) 
2 

From MOBILE6.2, benzene = 5.41% of TOG (conventional gas), 4.32% (oxygenated gas), and 1.1% (diesel) 
3 

Assumes 67% TOG is from exhaust and 33% TOG is from evaporatives (from MOBILE6.2) and 1% of 

evaporative TOG is benzene (approximate percent of benzene in gasoline). 

Remote sensing data was collected at one location in Denver, which limits the driving mode 
being sampled. Remote sensing predominantly measures exhaust emissions from vehicles under 
hot stabilized running conditions, which is when properly running vehicles usually emit the least. 
In the summer of 2000, seven other sites in Metro Denver with differing characteristics were 
sampled to try and capture the uncertainty arising from measurements taken at only one location. 
The estimated uncertainty in the hydrocarbon emission factors for 1996 was 21 percent 
(Pokharel et al., 2001). 

In order to develop a complete fuel-based hydrocarbon inventory, both exhaust and evaporative 
emissions should be estimated. Evaporative emissions from diesel fuel are assumed to be 
negligible as compared to gasoline based on the differences in the fuel properties. For the fuel-
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The Denver Air Toxics Assessment 

based inventory described here, DDEH used an annual average exhaust-to-evaporative TOG 
ratio of 67 percent / 33 percent obtained from MOBILE6.2 results. The MOBILE5b ratio was 
closer to 75 percent / 25 percent, while the State of California’s EMFAC2000 mobile emissions 
model estimates a 56 percent / 44 percent ratio for light duty gasoline vehicles (CARB, 2000). 
The higher proportion of evaporative emissions in California was found to come from higher 
than expected evaporative running losses from the emissions control systems and gross liquid 
leakers. Evaporative losses to the atmosphere occur after fuel is leaked from hoses, fittings, 
injectors, etc.. 

From Table 3-4, total estimated fuel-based benzene emissions are 1498 tons per year (tpy), and 
after factoring in the 21 percent measurement uncertainty, emissions range from 1184-1813 tpy. 
The mean fuel-based value is 11 percent higher than the 1353 tpy estimate generated using 
MOBILE6.2. The on-road fuel-based benzene estimate for light-duty gasoline vehicles is 1440 
tpy (1498 tpy minus 58 tpy for diesel engines), which is 6 percent higher than the MOBILE6.2 
estimate and 8 percent lower than the 1567 tpy estimate obtained from the local light-duty 
vehicle emission tests (Table 3-3). The mean values for all three benzene estimates all agree 
within 15 percent of each other. The mean benzene emission estimate used in this assessment is 
the least conservative value of the three. 

For total TOG the fuel-based estimate is 46,250 tpy, which is within 10 percent of the 
MOBILE6.2 TOG estimate of 42,126 tpy. Comparing exhaust emissions only, total fuel-based 
TOG is approximately 31,000 tpy while MOBILE6.2 TOG is approximately 27,765 tons per 
year, a difference of 12 percent. 

It is also worthwhile to compare carbon monoxide emissions, with a brief explanation as to why. 
Carbon monoxide (CO) is produced only via combustion processes therefore there are no 
evaporative CO emissions. Remote sensing usually measures exhaust emissions under hot-
stabilized running conditions. Gasoline vehicles typically emit much higher CO in the cold-start 
mode during the first few minutes of operation, before the catalyst has had time to warm up and 
work efficiently. MOBILE6.2 estimates that 28 percent of total CO emissions occur during the 
cold-start portion of the vehicle trip; based on DDEH model runs. 

Fuel-based CO estimates for light-duty gasoline vehicles are compared with MOBILE6.2 hot-
stabilized mode i.e., running mode, estimates to allow for a more direct comparison. 
MOBILE6.2 estimates hot-stabilized CO emissions of approximately 294,000 tpy, while fuel-
based CO estimates are approximately 229,000 tpy, a difference of about 28 percent. Fuel-based 
CO emissions are nearly the same as those developed using emission factors from the I/M240 
emission tests mentioned in section 3.3.4 (231,000 tpy, not shown). 

One possible explanation for the discrepancy between MOBILE6.2 and fuel-based or I/M240 
carbon monoxide emissions is that the Denver remote sensing data measures emissions from the 
driving cycle typical of a circular off-ramp, whereas MOBILE6.2 emission estimates include off-
cycle e.g., aggressive driving, emission effects. Other studies have shown CO emission rates to 
be highest under periods of hard acceleration (Stedman et al., 1994). 
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The limited duration of the remote sensing field studies (one week) contributes some uncertainty 
to the fuel-based emission estimates. Additional uncertainty associated with fuel-based 
inventories is the assumption that all fuel sold (minus exports) is used in on-road motor vehicles. 
This is obviously not the case, although it is probably reasonable to assume that 95 percent or 
more of the gasoline sold is used in on-road motor vehicles. Off-road gasoline engines emit the 
same pollutants but in different quantities, but the overall error is assumed to be small. Diesel 
fuel is somewhat more complicated, in that diesel sold to government agencies is tax-exempt and 
could be used in either on-road or off-road vehicles, the degree to which is unknown. 

Based on the limited duration of the remote sensing studies, the fuel-based emission estimates 
provided here are meant to serve only as a comparison to MOBILE6.2 emission estimates. The 
good agreement between the various estimates for hydrocarbons is encouraging. This is 
important because if an emission estimate can be established with a reasonable amount of 
certainty, the performance of the air dispersion model can be more accurately evaluated. 

3.3.6 On-Road Diesel Particulate Matter Emissions 

Emission factors for diesel vehicles are usually obtained by testing the engine separately, apart 
from the chassis. How well these emission factors represent in-use driving is subject to debate. 
Emission estimates for diesel particulate matter (diesel PM) are presented employing three 
different methodologies: 

1 MOBILE6.2 / PART5 model emission factors multiplied by estimated annual 
diesel VMT; 

2 dynamometer emission tests of 21 local on-road heavy-duty diesel vehicles to 
support the Northern Front Range Air Quality Study (NFRAQS) multiplied by 
estimated annual diesel vehicle VMT; and 

3 on-road diesel fuel-based inventory using 1996 Colorado diesel fuel sales and 
NFRAQS HDDV emission factors, converted to a grams per gallon emission 
factor. 

3.3.6.1 MOBILE6.2 / PART5 Diesel PM Emission Estimates 

The emission estimates presented here use predicted exhaust emission factors from the PART5 
emissions model that is incorporated into MOBILE6.2. The MOBILE6.2 input file is identical to 
the one used to obtain hydrocarbon and carbon monoxide emission factors discussed in the 
previous sections (Exhibit B1 in Appendix B). 

The predicted emission factors in grams per mile are multiplied by the estimated annual VMT 
from diesel vehicles, using both MOBILE6.2 default VMT fractions and the modified VMT 
fractions obtained from CDOT truck VMT and total vehicle VMT for major roadways in Metro 
Denver. The results are presented in Table 3-5. 

To obtain the modified heavy-duty VMT truck fractions listed in Table 3-5, a GIS shapefile was 
obtained from the CDOT website. The shapefile attribute data includes annual average daily 
traffic counts (AADT) for all vehicles, AADT for single chassis trucks (excluding pickups, 
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The Denver Air Toxics Assessment 

SUVs, and vans), AADT for multiple chassis (combined) trucks, and the number of lanes. The 
data was for the year 1999 and additional GIS data processing resulted in VMT estimates for 
both single and combined chassis trucks. 

Table 3-5. Diesel PM on-road exhaust emission estimates generated from PART5 / MOBILE6.2 
model using both EPA default and locally derived diesel VMT fractions. 

Diesel Vehicle 

Class 

PART5 / 

MOBILE6.2 

Exhaust Emission 

Factor 
1 

(grams/mile) 
MOBILE6.2 VMT 

Fraction 

Estimated 
2 

Annual VMT 

Exhaust PM 

Emissions 

(tons/yr) 

Light-Duty Car 0.32 
Default 

DDEH 

0.003 

0.002 

56,220,000 

37,480,000 

20 

13 

Light-Duty Truck 0.37 
Default 

DDEH 

0.002 

0.003 

37,480,000 

56,220,000 

15 

23 

Heavy-Duty Truck 0.82 
Default 

DDEH 

0.0758 

0.049 

1,420,492,000 

918,260,000 

1284 

830 

Total Diesel PM Exhaust Emissions - MOBILE6.2 Default VMT (tons/year) = 

Total Diesel PM Exhaust Emissions - DDEH VMT (tons/year) = 

1319 

866 

1 
Exhaust emission factors include elemental carbon, organic carbon, and sulfate 

2 
Estimated 1996 total annual VMT in Metro Denver = 18.74 billion miles (53.4 million miles per day) 

The AADT for heavy-duty trucks does not delineate the fraction of gasoline versus diesel 
engines. The heavy-duty gasoline versus diesel split was obtained using several data sources: 

1 the DRCOG Front Range Travel Survey conducted in the spring of 1998 
(DRCOG, 2000b); 

2 a 1998 report prepared for the California Air Resources Board (CARB) titled, 
Heavy-Duty Truck Population, Activity and Usage Patterns (Fischer, 1998); and 

3 the 1997 Economic Census Vehicle Inventory and Use Survey (VIUS) for the 
State of Colorado (U.S. Department of Commerce, 1999). 

The DRCOG Front Range Travel Survey consisted of roadside surveys of small vehicles, 
including pickup trucks and SUVs, and large trucks defined as single-unit trucks over one-ton 
capacity, and tractor/trailer combination trucks. Surveys were conducted at points on the outer 
periphery of the metro area only, so how well this data represents travel in the urban core is 
uncertain. 

The surveys conducted at the interstate points of entry were biased towards vehicles with gross 
vehicle weights (GVW) greater than 26,000 pounds as vehicles under that threshold were not 
required to stop. Approximately 350 heavy-duty trucks on highway 287 at the Boulder County / 
Larimer County line, a non-interstate site, were surveyed with about 73 percent reporting as 
diesel trucks. 
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One of the more interesting findings of the CARB heavy-duty vehicle study was that 59 percent 
of California registered heavy-duty trucks (HDTs) were fueled by gasoline, which was higher 
than the 43 percent estimated in CARB’s mobile emissions model at that time (MVEI7G). In-
state HDTs contributed approximately 75 percent of the 12 billion miles of annual truck travel, 
with diesel trucks contributing about 71 percent of the total truck VMT. Virtually all of the out-
of-state registered vehicle mileage was attributed to diesel trucks with GVW exceeding 33,000 
pounds. 

The 1997 VIUS indicated that heavy-duty trucks in Colorado were evenly split between gasoline 
and diesel fuel use. 79 percent of the trucks were listed as single-unit trucks with the majority 
having two axles. Over 80 percent of all trucks were greater than four years old and of those that 
reported, 54 percent of the vehicles were used for local trips of 50 miles or less. Also, 54 percent 
of the vehicles reported being driven less than 10,000 miles per year. 

For the CDOT heavy-duty single truck counts, DDEH assumed a 50/50 split between gasoline 
and diesel vehicles, close to both the CARB and VIUS data. Combining this data with CDOT 
truck counts and truck VMT, diesel trucks contribute approximately 73 percent of the heavy-duty 
VMT, which agrees well with the CARB VMT data (71 percent) and the proportion of gas 
versus diesel vehicles (73 percent) at the DRCOG travel survey site in Boulder County. 

3.3.6.2 Diesel PM Estimates Using Emission Factors Obtained from Dynamometer 

Tests of 21 Local Heavy-Duty Diesel Vehicles and Local VMT Data 

One of the goals of the NFRAQS was to determine the fraction of ambient carbonaceous 
particulate matter (PM) originating from various sources. As part of that effort, the Colorado 
School of Mines/Colorado Institute for Fuels and High Altitude Engine Research (CIFER) 
performed emissions measurements from 21 in-use heavy-duty diesel vehicles (Graboski et al., 
1998). This testing was performed in CIFER’s heavy-duty chassis dynamometer laboratory. The 
important data obtained were: 

• in-use mass emissions, on a g/mi basis, of regulated pollutants (total PM, 
hydrocarbons, CO, and NOx) as well as the sulfate fraction and the volatile or 
volatilizable fraction (VOF) of total PM; and 

• samples for source signature (chemical fingerprint) analysis by the Desert Research 
Institute (DRI). 

The 21 vehicles tested were all equipped with turbochargers and all but two were equipped with 
4-stroke engines. Only one light heavy-duty vehicle was tested (gross vehicle weight < 19,499 
pounds). The fleet tested tended to be slightly newer than the fleet as a whole; the vehicles 
tested had model years ranging from 1981 through 1995 with an average model year of 1989.3. 
The gross vehicle weight of the vehicles tested ranged from 11,050 to 80,000 pounds. For more 
detail on the tested fleet, see Graboski et al. (1998). 

Because only vehicle owners with relatively large fleets provided vehicles for the study, 
recruitment was biased toward fleets with numerous vehicles and toward fleet owners who were 
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perceived as being civic minded. Fleet owners could have biased the testing by providing 
cleaner vehicles, though it is more likely they provided vehicles not needed for operation on 
those days. It is not known if these biases resulted in higher or lower emissions. It is the opinion 
of Graboski et al. that the tested fleet was typical of non-malfunctioning vehicles operating along 
the Colorado Front Range. Malfunctioning vehicles or vehicles that had been tampered with 
were not represented in the study. 

Emission tests were conducted using three driving cycles: the Central Business District (CBD), 
Heavy-Duty Transient (HDT), and West Virginia Truck (WVT). Detailed results for all 
regulated pollutants can be found in Graboski et al. (1998). The average PM10 emission rate for 
the 21 vehicles tested over all driving cycles was 1.98 grams per mile. For the CBD, HDT, and 
WVT tests the average PM10 emission rates were 2.77, 1.83, and 1.23 grams per mile, 
respectively. Figures B-1 through B-3 in Appendix B show the speed trace for each of the three 
heavy-duty driving cycles. 

The lowest average PM10 emission rate of 1.23 grams per mile over the WVT cycle is 
approximately 50 percent greater than the MOBILE6.2 / PART5 emission factor for heavy-duty 
vehicles of 0.82 grams per mile. Assuming the vehicles tested are representative of the actual in-
use fleet, this implies that the MOBILE6.2 / PART5 models are under predicting diesel PM 
exhaust emissions. 

Remote sensing of diesel vehicles by Bishop et al. (2001) in several locations worldwide, 
including Colorado, shows increasing emissions of CO, VOC, and NOx with altitude. 
Additional local research performed by McCormick et al. (2001) found combined VOC and CO 
exhibited excellent correlation with PM for high-emitting diesel vehicles. MOBILE6.2 / PART5 
predicts negligible altitude effects for exhaust particulate matter from all vehicles. This suggests 
the discrepancy between MOBILE6.2 / PART5 and local emission factors may be explained in 
large part by altitude. 

DDEH developed a weighted average emission factor over the three driving cycles by estimating 
the fraction of truck VMT that occurred on highways (steady state), arterials and collectors, and 
in the CBD. It was estimated that 56 percent of the heavy-duty VMT occurred on freeways 
(WVT cycle), 29 percent on arterials and collectors (HDT cycle), and 3 percent in the CBD 
(CBD cycle). The remainder was allocated to the average of the WVT and HDT cycle emission 
factors. This produces a weighted average heavy-duty diesel emission factor of 1.49 grams per 
mile. 

Multiplying the weighted average emission factor of 1.49 g/mi by the estimated annual heavy-
duty truck VMT of 0.92 billion miles (Table 3-5), it is estimated that 1511 tons per year of diesel 
PM is emitted from on-road heavy-duty diesel trucks in Metro Denver. This estimate is 
approximately 75 percent higher than the DDEH estimate of 866 tons per year generated using 
the MOBILE6.2 / PART5 model with revised DDEH heavy-duty VMT fractions, which is 
roughly the difference in the average emission factors (1.49 vs. 0.82 grams per mile). 

This data suggests that the revised heavy-duty VMT fractions are warranted. The MOBILE6.2 / 
PART5 emission estimate using EPA default heavy-duty VMT fractions, while closer to the 
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emission estimate based on emission tests of the local fleet (1319 vs. 1511 tons), is based on an 
emission factor that was 33 percent lower than lowest average emission rate obtained from the 
local testing. Therefore, if the VMT were overestimated, the difference between the two values 
would be reduced, as is the case above. Of course, the argument could also be made that the 
local fleet tested was not representative of the actual in-use fleet, however these vehicles were 
determined to be in normal working condition and therefore this scenario is considered unlikely. 

3.3.6.3 Fuel-Based On-Road Heavy-Duty Diesel PM Emission Inventory 

The emission factors obtained from the 21 heavy-duty vehicles tested for the NFRAQS were 
combined with the State of Colorado fuel sales data for 1996 to estimate diesel PM emissions. 
In this way, an independent emission estimate can be compared with the previous emission 
estimates that rely on the MOBILE6.2 / PART5 model and heavy-duty VMT estimates. 

1996 fuel sales data for the State of Colorado was obtained from the Colorado Department of 
Revenue (1997). Diesel fuel is contained in the “special fuel” category but special fuel also 
includes fuel oil, propane, kerosene, and natural gas. Approximately 91 percent of special fuel 
sold is on-highway diesel fuel (Pokharel et al., 2001). Table B-5 in Appendix B contains both 
statewide (actual) and Metro Denver (estimated) fuel sales data. 

1996 on-highway diesel fuel sales in Colorado were approximately 324,000,000 gallons, while 
for Metro Denver the total was estimated to be 117,000,000 gallons, which is 36 percent of the 
statewide total. The 36 percent surrogate was obtained by taking the average of Metro Denver 
truck VMT to statewide truck VMT (31%; CDOT, 1997) and the Metro Denver GVW 
truck/tractor registrations to statewide GVW truck registrations (41%; Colorado Department of 
Revenue, 1997). 

To obtain the fuel-based diesel PM emission estimate, the average fuel-based emission factor 
(grams per gallon) was calculated over each test cycle by multiplying the emission factor (grams 
per mile) by the average fuel economy (miles per gallon) measured over each cycle. Using the 
heavy-duty truck VMT fractions for each road classification discussed in the previous section, 
and assuming the diesel fuel consumed mirrors the VMT fractions, an on-road diesel PM 
emission estimate of 1075 tons per year is obtained. The data is summarized in Table 3-6. 

Table 3-6. Metro Denver on-road heavy-duty diesel PM estimates for 1996. 

Test Cycle 

Avg Emission 

Factor (gm/mi) 

Avg Fuel Economy 

(mi/gal) 

Avg Emission 

Factor (gm/gal) 

Fraction of 

Truck VMT 

WVT 

HDT 

CBD 

Avg WVT & HDT 

1.23 

1.83 

2.77 

1.53 

6.1 

5.25 

3.9 

5.68 

7.50 

9.61 

10.80 

8.68 

0.562 

0.291 

0.032 

0.114 

Weighted Composite Heavy-Duty Truck Emission Factor (grams/gallon) = 

1996 Statewide Diesel Fuel Sales (gallons) = 

Metro Denver Diesel Fuel Sales Surrogate 

1996 Estimated Metro Denver Fuel Sales (gallons) = 
Estimated 1996 Metro Denver Diesel PM Emissions (tons) = 

8.36 

3.24E+08 

0.36 

1.17E+08 

1075 
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The fuel-based estimate of 1075 tons per year is about 19 percent less than the MOBILE6.2 / 
PART5 estimate using EPA default heavy-duty VMT fractions and 24 percent greater than the 
same model results using DDEH’s revised heavy-duty VMT fractions (Table 3-5). These results 
were expected assuming MOBILE6.2 / PART5 is underestimating the emission rate and 
overestimating heavy-duty VMT. The fuel-based emission factor of 8.36 grams per gallon 
closely matches the 8.0 grams per gallon measured in a California highway tunnel in 1997 
(Kirchstetter et al., 1999). 

Using the revised HDDV VMT fractions obtained from the CDOT truck data (4.9 percent, see 
Table 3-5), MOBILE6.2 / PART5 estimates 830 tons of diesel PM using an exhaust emission 
factor of 0.82 grams per mile. Using the NFRAQS emission factors of 1.23 and 1.8 grams per 
mile for the WVT and HDT cycles, respectively, produces on-road HDDV diesel PM estimates 
of 1245 and 1820 tons per year. These estimates are both greater than the fuel-based estimate. 

It appears the major uncertainty rests in the heavy-duty VMT estimate. Both the MOBILE6.2 
emission estimate and the estimate obtained using local vehicle testing both rely on VMT, while 
the fuel-based estimate does not. However, the surrogate used to apportion statewide fuel sales 
to Metro Denver is not exact, and testing only 21 vehicles may not represent the actual fleet. In 
addition, the fuel economy of the vehicles tested may also differ from the in-use fleet. Based on 
the heavy-duty vehicles tested, a weighted fuel economy of 5.7 miles per gallon was calculated. 

Coincidentally, the fuel-based diesel PM estimate of 1075 tons per year nearly matches the 1042 
tons per year listed in the 1996 NTI. It is unclear how the diesel PM estimate in the 1996 NTI 
was obtained, as specific documentation could not be found. It was most likely obtained using 
VMT estimates and grams per mile emission factors on file at EPA. 

Having weighed the options, the fuel-based diesel PM estimate was used because it relied on 
emission tests from local, in-use vehicles and readily available fuel sales data. The fuel-based 
estimate also falls between the MOBILE6.2 / PART5 emission estimates using both EPA’s and 
DDEH’s heavy-duty VMT fractions. The fuel-based estimate is also less than the estimates 
obtained using only the local vehicle emission rates and VMT. Another issue to consider is that 
MOBILE6.2 predicts little variation in diesel PM emissions at low or high altitudes, whereas 
other research has shown increased emissions of carbon monoxide, hydrocarbons, and nitric 
oxide at higher altitudes (Bishop et al., 2001). 

3.3.7 Off-Road Diesel Particulate Matter Emissions 

Off-road diesel engines power many different types of equipment not designed for over-the-road 
applications. Diesel engines are often used in construction and agricultural equipment, as well as 
industrial, commercial, and oil field equipment and are also used in backup generators. 

Off-road diesel engines have not been required to meet the same emission standards as on-road 
engines. In addition, on-road and off-road diesel fuels can have much different properties, 
especially sulfur levels. High sulfur fuel generally leads to higher particulate emissions, and 
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consequently off-road diesel engines tend to emit more particulate matter than on-road engines, 
though not strictly due to the high sulfur fuel itself. 

Emission factors for off-road diesel engines have been obtained almost exclusively by testing the 
engine separately, apart from the chassis. How well these emission factors represent in-use 
operation is the subject of much debate. Much less chassis emission testing has been done for 
off-road vehicles as compared to on-road vehicles, hence the confidence in the off-road emission 
estimates is reduced. 

1996 NTI off-road diesel PM estimates in Metro Denver exceeded on-road diesel emissions by a 
factor of 3.1 (3270 tons vs. 1042 tons). Based mainly on the perception of the number of on-
road to off-road diesel vehicles, this was a surprising result and warranted the need for further 
review. As with on-road diesel emissions, a fuel-based method of estimating off-road diesel 
emissions was explored. 

3.3.7.1 Off-Road Fuel Based Diesel Particulate Matter Emission Estimates 

The methodology used to develop an off-road diesel fuel-based emission estimate is described in 
Kean et al. (2000). 1996 off-road fuel oil and kerosene sales for the state of Colorado were 
obtained from the U.S. Department of Energy’s Energy Information Administration (EIA, 1996). 
Statewide fuel sales were allocated to Metro Denver using a variety of surrogates that will be 
discussed shortly. Off-road diesel engine emission factors for several categories of off-road 
sources were obtained from Kean et al. (2000), which were in turn obtained from EPA’s 
NONROAD model. Table 3-7 lists the source categories and potential end-uses in each category 
as well as gallons of fuel oil sold statewide. 

In order to estimate Metro Denver diesel fuel emissions, surrogates were developed to apportion 
a fraction of the statewide fuel oil sales to the Metro area and are also listed in Table 3-7. 
Surrogates include metro-to-statewide ratios of population, permitted point sources, railroad 
miles, and permitted oil and gas wells and refineries, with values ranging from 6 percent to 56 
percent. In the western U.S., diesel fuel makes up a significant fraction of fuel oil sales, but 
kerosene and fuel oil used in atomizing–type burners also are included in the statewide totals. 
Kean et al. (2000) list the approximate fractions of fuel that are diesel and are used in off-road 
engines for each source category, and these values are listed in Table 3-7. 

Combining the data, approximately 984 tons of off-road diesel PM are estimated for Metro 
Denver. This total is 70 percent less than the off-road estimate of 3270 tons in the 1996 NTI. 
There was speculation that the version of the NONROAD used to estimate 1996 off-road 
emissions overestimated the activity and/or population of off-road vehicles and that the 2002 
version of the NONROAD model would generate lower off-road estimates. EPA released a draft 
version of the 1999 NEI (National Emissions Inventory) in the fall of 2002, with 1999 off-road 
diesel PM10 emissions of 1360 tons for Metro Denver. EPA’s 1999 off-road estimate is 58 
percent less than the 1996 estimate of 3270 tons and is 38 percent higher than the 1996 fuel-
based estimate detailed here. 
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For the purposes of this assessment, DDEH used the 1996 fuel-based off-road diesel PM 
estimate of 984 tons versus the 1996 or 1999 NTI data. Excluding railroad emissions of 123 
tons, off-road diesel PM emissions were estimated at 861 tons. Railroad emissions were 
modeled separately as discussed in Chapter 4. 
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Table 3-7. 1996 off-road diesel fuel-based emission estimates (tons) from Colorado Fuel Oil and Kerosene Sales Data (EIA, 1996). Diesel 
fractions obtained from Kean et al. (2000). 

S ourc e 

Category P otential Us es 

1996 Colorado 

1 
G allons S old 

S urrogate for M etro 

Denver Gallons S old 

S urrogate 

Frac t ion 

Frac t ion as 

Dies el 

E m is s ion 

Fac tor (g/k g) 

M etro Denver 

E m is s ions (tons ) 

Res idential 

P rivate hous eholds for 

heating and c ook ing 
2,528,000 P opulation 0.56 0.15 5.1 3.8 

Com m erc ial 

M otels , apartm ent 

buildings , res taurant, 

s c hools , gov't buildings 

41,460,000 

A vg. of population and 

M etro Denver point 

s ourc es 

0.47 0.15 5.9 61.1 

Indus trial 

M ines , s m elters , 

m anufac turing fac ilit ies 
19,100,000 

Ratio of point s ourc es 

M etro Denver to S tate 
0.38 0.49 6.2 78.4 

O il Com pany 

Us e 

Drilling and pipeline 

c om panies , s pac e 

heating at refineries 

10,083,000 

GIS -bas ed frac t ion of oil 

& gas wells & refinery 

loc ations 

0.25 0.5 6.2 28.0 

Farm Us e 

Trac tors and other 

equipm ent, s pac e 

heating, c ook ing 

88,606,000 

Farm equipm ent 

populations , 1997 Cens us 

of A gric ulture 

0.06 1 3.8 76.0 

E lec tric Utility 

Inc ludes fuel us ed to 

generate elec tric ity 
892000 

Ratio of M etro-to-S tate 

utilit ies us ing S IC c odes 
0.19 0.15 6.2 0.6 

Railroad 

A ny us e by railroads 130,661,000 
G IS -bas ed m iles of rail 

line M etro-to-S tate 
0.14 1 1.9 122.7 

V es s el 

B unk ering 

Com m erc ial or private 

boats , none in Colorado 
0 n/a n/a n/a n/a 0 

M ilitary 

For us e by all branc hes 

of the Dept. of Defens e 
1,113,000 P opulation 0.56 1 5.1 11.2 

O ff-Highway 

Cons truc t ion equipm ent, 

s tationary generators , 

logging 

55,310,000 P opulation 0.56 1 5.5 602.1 

A ll O ther Us es 

A ll other us es 0 n/a n/a n/a n/a 0 

1996 M e tro De nve r O ff-Roa d Die se l Em issions (tons) = 983.9 

1 
To c onvert gallons to k ilogram s , m ult iply by 3.785 liters per gallon and dies el fuel dens ity of 0.85 k ilogram s per liter 

4
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3.4 SUMMARY 

Point source emissions were obtained from CDPHE. Area source emissions were obtained from 
the 1996 NTI, utilizing professional judgment to exclude area source categories where potential 
double counting of emissions in the point source database was likely (e.g. dry cleaners, gasoline 
stations, auto body repair shops). 

Mobile source emissions make up a large part of the inventory for many pollutants. DDEH used 
results from MOBILE6.2 that incorporated local fuel and fleet characteristics to generate on-road 
air toxic emissions for all pollutants except diesel particulate matter. A fuel-based emission 
inventory utilizing local remote sensing data was also developed and good comparisons were 
observed for on-road mobile source hydrocarbons. MOBILE6.2 estimates for carbon monoxide 
(CO), used in this assessment to perform model validation, were about 35 percent greater than 
fuel-based CO estimates. Using locally developed data in MOBILE6.2 resulted in lower 
emission estimates than obtained using EPA default data built into MOBILE6.2. 

On-road diesel PM emissions were calculated using MOBILE6.2 / PART5. However, 
MOBILE6.2 emission factors appear to be under predicting exhaust particulate emissions when 
compared with local emissions tests of heavy-duty vehicles. In addition, there is uncertainty 
regarding the fraction of heavy-duty VMT used in MOBILE6.2 based on local heavy-duty 
vehicle counts by CDOT. For these reasons, a fuel-based diesel PM estimate was developed 
using statewide fuel sales data and heavy-duty emission factors obtained from local vehicle 
testing. The fuel-based estimate is within 5 percent of the value published in the 1996 NTI, 
though it is unclear how the NTI value for diesel PM was obtained. 

Off-road diesel PM emissions in the 1996 NTI were estimated to exceed on-road emissions by a 
factor of 3.25, which on the surface seemed inappropriate. Therefore, an off-road fuel-based 
diesel PM inventory was developed using off-road fuel sales data from the EIA and was 
combined with emission factors used in the EPA NONROAD model. The fuel-based off-road 
estimate was 984 tons, nearly 70 percent less than the 1996 NTI estimate, but only 28 percent 
less than the draft 1999 NEI estimate. 

The fuel-based estimates for on-road and off-road diesel PM were modeled in this assessment 
due to the uncertainty associated with the NTI emission totals for both on-road and off-road 
vehicles. It should be noted that the fuel-based estimates are less conservative than the NTI 
estimates. 1996 railroad emissions (123 tons) were modeled separately from the other off-road 
diesel emissions. 
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4. SPATIAL AND TEMPORAL ALLOCATION OF EMISSIONS 

While accurate emission totals are a crucial element of any modeling assessment, how the 
emissions are distributed spatially and temporally are also important if model predictions are 
expected to reasonably match real-world observations. This chapter details how emissions are 
allocated for each source category. Some of the methods were adopted from previous study 
literature, while a few others were developed from readily available GIS data. 

4.1 POINT SOURCES 

4.1.1 Spatial Allocation 

Most point sources in the CDPHE inventory database contained locational coordinate 
information. After the coordinates were plotted in GIS, manual checking of several sources 
indicated inaccurate source locations. Due to these errors QA/QC of the coordinates for all 
sources was conducted. The sources were geocoded in GIS using the facility address contained 
in the inventory. The geocoded coordinates were then compared with the existing database 
coordinates. For any source where the coordinates differed by more than 50 feet, a manual check 
was performed in the GIS to verify the correct location. The adjusted point source coordinates 
were geocoded to the street centerlines and there was no offset distance applied. 

Although the QA/QC process required an extensive amount of time to complete as the point 
source inventory contained 2,325 unique sources, the result was that 18 percent of the original 
coordinate locations were adjusted. The QA/QC pointed out that geocoding is only as reliable 
as the data in the street theme and caution should be exercised when accepting geocoded 
coordinates. Through the extensive QA/QC process, DDEH has high confidence in the point 
source coordinates and recommends that other modelers take this step. 

The base elevations for each point source were not provided in the CDPHE database. 7.5 minute 
(1:24,000 scale) Digital Elevation Models (DEMs) were obtained from the USGS for the six 
county metro region. Using GIS, the point source base elevations were obtained for each 
coordinate. 

Large facilities often contain many point and fugitive area emissions, however the database does 
not contain coordinates for each. Therefore, emissions from each facility are modeled as being 
emitted from a single point/stack. While this is not ideal, it is all that is possible on a regional 
scale without more detailed information. 

In an attempt to minimize this limitation, weighted stack parameters were developed using 
information for each emission point in the database. For example, if a facility had three stacks; 
stack one emits ten tons per year of a combination of pollutants, stack two emits five tons per 
year, and stack three emits one ton per year. Stack heights are listed in Table 4-1. A weighting 
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The Denver Air Toxics Assessment 

Table 4-1. Example data used to develop weighted stack heights. 

Stack 

Number 

Emissions 

Total (tons) 

Stack 

Height (m) 

Weighting 

Factor 

Weighted Stack 

Height (m) 

1 

2 

3 

10 

5 

1 

100 

50 

10 

0.63 

0.31 

0.06 

62.5 

15.6 

0.6 

Modeled Stack Height (meters) = 78.8 

factor was developed by dividing the emissions from each stack by the sum of all stack 
emissions. The weighting factor is then multiplied by the stack height, and the modeled stack 
height is the sum of the weighted stack heights. The same process is repeated for the other stack 
parameters required by the air dispersion model. 

The ISC3ST model is not recommended for use when the distance from a receptor to a point 
source is less than 100 m. Using the GIS, 105 m buffers were set around each point source and 
any receptor that fell within that 105 m buffer was edited to satisfy that criterion. 

4.1.2 Temporal Allocation 

Operating information for most of the point sources was contained in the database. Database 
attributes include percent of annual operation by season, as well as days per week and hours per 
day of operation. This information is obtained from air permit applications. For the purposes of 
modeling, seasons are described as follows: winter (Dec-Feb), spring (Mar-May), summer (Jun-
Aug), fall (Sep-Nov). 

Screening modeling usually assumes emissions are constant throughout the day. Most sources 
within the model domain do not operate 24 hours a day and work hours are more accurately 
centered on normal daytime business hours. Daytime meteorological conditions are more 
favorable for dispersion and if emissions are assumed to be evenly distributed throughout the 
day, too little may be accounted for during the day and too much at night. This could lead the 
dispersion model over-predict ambient concentrations. 

For this assessment, if a source reported 5 days per week, 8 hours per day operation, it was 
assumed to operate Monday-Friday, 9am-5pm. For a source operating 12 hours per day, it was 
assumed to operate from 6am-6pm. For facilities with workdays of more than 12 hours, 6am 
was considered the starting hour. 

Professional judgment was also used to reasonably estimate the information for sources with 
little or no information in the database. The type of source was considered in making these 
determinations. In most cases, seasonal emissions were assumed to be equal and hours of 
operation were 40 hours per week (9am-5 pm), 50 weeks per year. These professional 
assumptions were discussed with the stationary source facility inspectors for further 
confirmation. Final emission factors input to the dispersion model were by season, day of week, 
and hour of day. 
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The Denver Air Toxics Assessment 

4.2 AREA SOURCES 

4.2.1 Spatial Allocation 

Modeling studies have traditionally employed the use of uniform grids consisting of 1, 4 or 16 
square kilometers cells to allocate county level area and mobile source emissions. In many 
cases, nested grids are used to produce finer spatial resolution in the areas of highest concern. 

In addition to developing the grid(s), surrogates must also be developed for each grid cell. While 
there are pre-processors that exist to perform these functions, often population-based surrogates 
are used. Quite often there is an overlap of uniform grid cells with other polygon themes, which 
makes exact calculation of surrogates difficult. 

During the design of this assessment, census polygons were evaluated as potential grid cells to be 
defined in the dispersion model. Some of the benefits of using census polygons are described 
below: 

• census polygons contain attribute information that can be used to develop surrogates. 
Information such as population, population density, and socio-economic data can be used 
to generate many different surrogates at once; 

• there is no overlap of census polygons and county boundaries, so county level emissions 
are completely allocated; 

• the census attribute data is important for performing risk assessments and environmental 
justice evaluations; and 

• census polygons in urban areas are usually equal to or less than grid cell sizes used in 
traditional modeling studies. 

Initially, DDEH intended to use the census tract polygons in Metro Denver as grid cells. There 
were 556 census tracts in Metro Denver in 1990 and that number had increased to 582 based on 
the 2000 Census. However, while the 1990 mean and median areas of census tracts in Denver 
County were about 2.2 and 1.4 km2, respectively, mean and median areas for the remaining five 
counties were 30.2 and 3 km2. The median values are representative of the more heavily 
populated areas, many of which are close to the urban core. Figure 4-1(a) shows the census 
tracts in Metro Denver. 

Figure 4-1(b) identifies the census block group polygons. There were 1800 census block groups 
in 1990, with mean and median areas in Denver County of 0.6 and 0.3 km2, respectively. The 
five remaining counties had mean and median areas of 9.7 and 0.7 km2, respectively. More time 
was required to process and define the census block group polygons, however the level of spatial 
resolution provided is greater and changes need only be made every ten years based on the 
updated Census. 
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The Denver Air Toxics Assessment 

Figure 4-1. Six county Denver metropolitan area showing census tracts (a) and census block 
groups (b). 

(a) 

(b) 
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The Denver Air Toxics Assessment 

Both census tracts and census block groups were processed to be included in the model, in case 
the increased number of sources made model run times prohibitive. It was determined that 
modeling based upon census blocks was not feasible, with over 9,000 blocks in Denver County 
alone. 

The six county metro region occupies over 11,500 km2; using a 2 x 2 km grid, approximately 
2900 grid cells would be required to cover the modeling domain. However, this provides equal 
detail over the entire region, whereas for this assessment less detail is required in rural areas 
while more detail is required in urban areas. The use of census polygons accomplishes this task 
and eliminates the need for nested grids. 

To define the polygon boundaries in the ISC3ST dispersion model, polygon vertices were 
extracted using the GIS. ISC3ST has a default maximum number of 20 vertices built into the 
model code. This value can be changed and the model can be re-compiled to run with the new 
limit. Many census polygons are rectangular in shape, and the GIS usually extracts less than 20 
vertices. Where a polygon boundary is a water body, greater than 100 vertices may be extracted 
though only a few points are necessary to adequately define the boundary. DDEH decided to 
limit the number of vertices to 20 for easier data management, though this again requires a 
significant initial time investment. 

Once the vertices were processed and quality controlled, elevations were assigned using the 
DEMs in GIS. ISC3ST requires the first polygon vertex elevation as input and assumes the other 
vertices are at the same elevation. In the urban core, this does not present much of a problem 
since polygons are usually small and only minor variations in elevation are present. For large 
polygons in rural or mountainous areas, this becomes more of an issue. The main area of focus 
(Denver) is not subject to these limitations, although there may be minor effects in certain areas. 

Surrogates were developed by dividing the value of interest (e.g. population) by the sum of the 
county total for that value. This results in each polygon receiving a fractional value that is then 
multiplied by the county emission total to obtain the polygon emission rate. The emission rate is 
then divided by the area of the polygon to obtain an emission flux, as ISC3ST requires area 
source emissions in the form of a flux. 

The area source algorithms in ISC3ST allow for receptors to be located within a polygon, so the 
source-to-receptor distance limitation of 100 m for point sources is not applicable to area 
sources. 

4.2.2 Temporal Allocation 

Area source emissions cover a wide variety of categories such as consumer products usage, 
architectural surface coatings, traffic markings, and residential wood burning. The time of 
year/week/day that these emissions occur varies, though many are centered on daytime hours 
when people are active or working. 

For area source categories other than residential wood burning and forest fires, seasonal activity 
factors were assumed to be: 20 percent in winter, 25 percent spring, 30 percent summer, and 25 
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The Denver Air Toxics Assessment 

percent fall. This is mainly based on the assumption that more activity such as construction and 
remodeling occurs during the warmer seasons. 80 percent of residential wood burning was 
assumed to occur in winter, with 10 percent occurring in spring and fall. 80 percent of forest fire 
emissions were assumed to occur in summer, with 15 percent in spring, 5 percent in fall and 
none during winter. 

Hour of day emission profiles were developed using professional judgment, as limited guidance 
was available. Wood burning hourly emission profiles were obtained from the 1994 Carbon 
Monoxide State Implementation Plan (SIP) developed by CDPHE; wood burning emissions 
reach a peak in the evening hours. Forest fire emissions were assumed to be 65 percent higher 
during daytime hours, due to increased temperature and lower humidity. Many area source 
category emissions are associated with human activity, therefore the bulk of the emissions were 
centered on daytime hours, with 90 percent of emissions assumed to occur between 8 am and 8 
pm. 

Since small stationary sources are included in the point source database and have activity factors 
contained therein, DDEH was left to estimate area source emissions for categories such as 
architectural surface coatings and consumer product usage, which are two of the major remaining 
area source categories. Figure 4-2 depicts the estimated seasonal and hourly emission factors for 
area source solvent and coating emissions that were assumed to be representative of consumer 
products and architectural coating emissions. During the overnight and early morning hours, 
emissions are much lower than the average emission rate while during the day emissions are 
twice the average, especially during the warmer months. Daytime Sunday emission factors (not 
shown) are 18 percent lower than Saturday. Final emission factors were by season, day of week, 
and hour of day. 

Figure 4-2. Seasonal and hourly emission factors for area source solvent and coating emissions. 

Seasonal and Hourly Emission Factors for Area Source 
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The Denver Air Toxics Assessment 

4.3 MOBILE SOURCES 

4.3.1 On-Road Mobile Sources 

4.3.1.1 Spatial Allocation 

For several air toxics mobile source emissions contribute a significant fraction of the total 
inventory. Therefore, how those emissions are allocated and defined in the dispersion model is 
important when comparing predicted and observed concentrations. As with area sources, mobile 
source emissions were allocated to census block groups. 

Two sources of data were utilized to spatially allocate on-road mobile source emissions. A travel 
demand model (TDM) developed by the Denver Regional Council of Governments (DRCOG) 
and translated into a GIS format by CDPHE, provided link-based travel volumes from which 
vehicle miles traveled (VMT) data was calculated. VMT is generally regarded as the best 
available surrogate for on-road mobile source emissions. The initial phase of modeling used 
roadway miles in each census polygon as a surrogate, however this method produced results that 
did not compare well with measured data. 

The GIS-based TDM contains major highways, arterials, collectors, and local roads. The VMT 
on local roads is loosely represented with single spurs branching off of major roadways. The 
road network is not designed to match street centerlines exactly, so some locational accuracy is 
lost using the TDM. Manual checks of the network indicate many roads are within 10 meters of 
their correct location, but locational differences of up to 350 m were observed for some road 
links. 

The VMT data provided in the TDM was forecast data for the year 2000-2001 while the mobile 
source emission estimates are for 1996. Best professional judgment indicates that the relative 
ratios of VMT in each block group to the county total are similar to 1996, especially in Denver 
County where residential development has been small compared to other counties. In addition, 
the use of this data provides significantly greater detail and certainty than the use of surrogates 
such as ratios of roadway miles or population. 

Figure 4-3 shows the extent of the TDM road network data for the six county region. The road 
network does not completely cover each county; the portion covered is the non-attainment 
portion of Metro Denver. For counties where there is not complete coverage, an assumption 
must be made regarding the percentage of emissions that occur within the portion of the county 
covered by the DRCOG road network. 

CDOT also maintains a GIS-based shapefile of major roadways under their jurisdiction (see 
Figure 3-1). 1999 data including traffic counts for light-duty vehicles, single-axle heavy-duty 
vehicles, and combination heavy-duty vehicles (3 or more axles) are attributes attached to the 
various road links, allowing VMT to be easily calculated for the three vehicle classes. The 
DRCOG/CDPHE TDM reports only total VMT. Both the DRCOG/CDPHE and CDOT 
shapefiles assign road classifications to each link (i.e. local, arterial, interstate). 
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Figure 4-3. DRCOG/CDPHE road network within the Denver metropolitan area. 

 
 
The CDOT GIS-based road network completely covers each county. This allows VMT to be 
estimated for the areas not covered by the DRCOG/CDPHE road network, though the data are 
for neighboring years. The CDOT GIS shapefile is locationally more exact than the 
DRCOG/CDPHE TDM, based on manual checking of the datasets in GIS using aerial 
photography.  
 
Because the CDOT data allows for VMT estimates of both light-duty and heavy-duty vehicles, 
DDEH decided to combine aspects of both datasets to develop VMT surrogates. To do so, road 
links in the DRCOG/CDPHE shapefile that matched those in the CDOT shapefile had to be 
excluded so VMT would not be double-counted; this was performed manually in the GIS. 
VMT was then calculated for each vehicle class and was assigned as an attribute to each GIS 
shapefile. A spatial analysis was then performed to calculate the total amount of VMT in each 
block group and county. The final result was VMT fractions in each census block group for both 
light-duty and heavy-duty vehicles. Table 4-2 shows the estimated VMT that occurs on the 
CDOT and revised DRCOG/CDPHE road networks for both light-duty and heavy-duty vehicles. 
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The Denver Air Toxics Assessment 

Table 4-2. Light-duty and heavy-duty VMT fractions by county over the CDOT road network 
(see Figure 3-1) and the revised DRCOG/CDPHE road network . 

County 

Light-Duty VMT Fractions Heavy-Duty VMT Fractions 

CDOT 

Revised 
1

DRCOG/CDPHE CDOT 

Revised 
1

DRCOG/CDPHE

Adams 

Arapahoe 

Boulder 

Denver 

Douglas 

Jefferson 

0.66 

0.50 

0.66 

0.52 

0.61 

0.61 

0.34 

0.50 

0.34 

0.48 

0.39 

0.39 

0.73 

0.70 

0.66 

0.61 

0.81 

0.66 

0.27 

0.30 

0.34 

0.39 

0.19 

0.34 
1 

Revised shapefile excluding all road links that match CDOT shapefile 

Finally, the light-duty versus heavy-duty fraction of the county emissions was either calculated 
from the MOBILE6.2 output or estimated from the 1996 NTI emission totals. The emission total 
for each pollutant in each county was then multiplied by the light or heavy-duty emission 
fraction, then by the light or heavy-duty VMT fraction in each block group to obtain total on-
road mobile source block group emissions. 

4.3.1.2 Temporal Allocation 

As with point and area sources, emission factors were developed by season, day of week, and 
hour of day. Seasonal on-road gasoline emission factors were developed using 2001 Colorado 
gasoline and gasohol sales data and ranged from 23.7 percent in winter to 27.0 percent in 
summer. On-road diesel seasonal emission factors were developed using 2001 un-dyed low 
sulfur # 2 diesel fuel sales and ranged from 20.3 percent in the winter to 27.0 percent during 
summer and fall. Initially, seasonal diesel emission factors were developed using 1996 special 
fuel sales. Special fuel is fuel other than gasoline used to propel a motor vehicle on Colorado 
highways and includes diesel engine fuel, kerosene (sometimes referred to as fuel oil), liquefied 
petroleum gas, or natural gas. The 1996 special fuel sales were reported cumulatively while the 
2001 data was reported by specific fuel type. Using 1996 data would have required the use of 
surrogates to apportion total sales to individual categories. Although 2001 special fuel sales 
differed from 1996, it is expected that the relative ratios of off-road fuel sales categories changed 
minimally between 1996 and 2001. 

On-road light-duty vehicle emission factors were determined from 1999 hourly traffic counts at 
nine different sites in Metro Denver. All but one of the sites were highway sites, the non-
highway site was a principal arterial in Denver. 1999 data was used since 1996 hourly traffic 
counts were not available, although it is expected the hourly fractions changed little over the 
years. The hourly data was then averaged by day of week and summed to produce average daily 
totals at each site. Next, the total weekly traffic was calculated and day of week fractions were 
determined. Finally, day of week fractions were averaged at all sites and the resulting daily 
fractions are shown in Figure 4-4. 
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The Denver Air Toxics Assessment 

Figure 4-4. Average daily traffic fractions at nine sites in Metro Denver during 1999. Dashed 
line indicates day of week travel fraction if all days were assumed equal. 
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Although average traffic patterns across all nine sites indicates a noticeable decrease in travel on 
the weekend, this is not the case at all individual sites. Figure 4-5 shows average daily traffic 
counts at two interstate sites, I-70 @ Genessee and I-25 @ Castle Rock. I-70 @ Genessee is the 
major artery west of Metro Denver used to access the Rocky Mountains and I-25 @ Castle Rock 
is the major artery connecting Denver and Colorado Springs. 

Hourly emission fractions were averaged for all nine sites and are shown in Figure 4-6. Hourly 
travel patterns vary by day of week, especially on the weekend. Monday through Thursday show 
very similar patterns, with a bi-modal distribution centered on the morning and late afternoon 
commute. Friday also shows a bi-modal distribution, but the morning peak is reduced by 
approximately 15 percent, perhaps reflective of flexible work schedules. Saturday and Sunday 
indicate much less morning travel but greater midday and evening travel. Friday and Saturday 
nights show increased travel reflective of leisure activities. Although the 1999 CDOT traffic 
count data reflects both light and heavy-duty vehicles, the travel fractions in Figure 4-6 are 
thought to be most representative of light-duty vehicles. 
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Figure 4-5. 1999 average daily traffic counts at two sites showing weekend versus weekday 

Figure 4-6. 1999 average hourly traffic fractions by day of week at nine Metro Denver sites. 
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The Denver Air Toxics Assessment 

Heavy-duty vehicles were not assumed to follow the same pattern as light-duty vehicles. 
Although specific heavy-duty vehicle traffic counts were not available for Colorado, data from 
studies in California were used as surrogates (Yarwood et al. 2002; Dreher and Harley, 1998). 
Day of week emission factors were determined using diesel fuel sales by day of week in 
California reported by Dreher and Harley. On average, 3.2 million liters per day were sold on 
weekdays, compared with 980,000 on Saturday and 600,000 on Sunday. The Colorado 
Department of Revenue does not report fuel sales data by day of week. DDEH estimates that on-
road heavy-duty traffic is a factor of 2.5 greater on weekdays than on Saturday, while it is about 
a factor of 4 greater than on Sunday. 

Figure 4-7 shows the California heavy-duty vehicle activity by day of week. Weekday travel 
fractions for Los Angeles and the San Francisco Bay Area were averaged for this assessment. 
While light-duty travel patterns are similar on weekend days, heavy-duty travel patterns are 
distinctly different on Saturday and Sunday. Weekday and Saturday data show heavy-duty travel 
peaking at 11 am, gradually decreasing through early afternoon, with a dramatic decrease before 
the weekday afternoon light-duty commute begins. Sunday shows a gradual buildup of travel 
throughout the day, reaching a peak before midnight. 

Figure 4-7. California heavy-duty vehicle travel activity. 
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4.3.2 Off-Road Mobile Sources (Excluding Railroad and Airport Emissions) 

4.3.2.1 Spatial Allocation 

Off-road mobile source emissions emanate from a large variety of equipment types; therefore 
several surrogates are needed to better define how emissions vary spatially. DDEH used a 
combination of surrogates based on the equipment types and how the different categories of off-
road equipment contributed to the off-road emission totals for each pollutant. 

For each pollutant in the 1996 off-road inventory, the contribution from gasoline versus diesel 
engines was estimated. This was a fairly straightforward process in that the inventory lists 
emissions from each type of off-road equipment. For example, in Denver County off-road diesel 
engines are estimated to contribute 84 percent of the off-road formaldehyde, whereas gasoline 
engines contribute approximately 87 percent of the off-road benzene. 

Once the off-road diesel fraction was calculated, an estimate was made regarding the 
contribution from construction versus agricultural diesel equipment. In Denver County, very 
little farming occurs so 99 percent of off-road diesel emissions are assumed to come from 
construction equipment. In neighboring counties such as Adams County, which is a large county 
with mostly residential and industrial land uses in the southwest and many large farms in the 
central and eastern portions (see Figure 4-8), agricultural emissions are more important and can 
impact concentrations observed in the urban core. Depending on the county and pollutant, it was 
estimated that off-road diesel emissions from agricultural engines ranged from 1-25 percent. 

Figure 4-8 shows the vegetation and land use/land cover (LULC) data for Metro Denver. The 
LULC data were derived from Landsat TM imagery taken between 1984 and 1990 and was 
obtained from the Natural Diversity Information Source FTP site (NDIS, 2001). The urban and 
built up land areas increased along with growth in Metro Denver during the 1990’s, in most 
cases adjacent to the urban or built up areas shown in Figure 4-8. 

Once the diesel versus gasoline fraction for each pollutant was calculated, the county average 
emission rate was multiplied by each fraction to get an emission rate for diesel-construction, 
diesel-agricultural, and gasoline off-road vehicles. Surrogates were then developed for each of 
the three engine categories to apportion county-level emissions to the census block groups. 

For diesel construction emissions, a surrogate was developed that combined population growth 
in each census block group between 1990 and 2000 with the fraction of VMT in each block 
group (see section 4.3.1.1). This surrogate was chosen to reflect construction associated with 
residential growth in the 1990’s as well as road construction. The growth in population between 
1990 and 2000 incorporates the latest available data, although the year(s) during which growth 
occurred may not exactly coincide with the 1996 emissions year. Using VMT as a surrogate for 
road construction is considered adequate based on the assumption that construction on or near 
heavily traveled roadways is more frequent and prolonged. Data were not available to 
adequately determine the real world fraction for each type of construction activity, so it was 
assumed that emissions were equally divided between the two categories. 
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Figure 4-8. Vegetation and Land Use/Land Cover characteristics in Metropolitan Denver. 

Adams 
County 

Denver 

For agricultural diesel emissions, inverse population density was used as a surrogate. The 
rationale being that in block groups with high population density, little or no agricultural activity 
occurs. For large census block groups with a low population density (see Figure 4-1(b)), the 
opposite is assumed to be true. In most counties, this results in two or three large block groups 
receiving 70-85 percent of agricultural diesel emissions. Any polygons with zero population 
were excluded and polygons in urban areas with a population of only a couple residents were 
manually adjusted so as not to generate unrealistically large ratios. 

Off-road gasoline emissions reported in the 1996 NTI are reported as originating from either 2-
stroke or 4-stroke engines. Without more detail, a population surrogate was deemed to be the 
best available surrogate based on the assumption that most of the emissions originated from lawn 
and garden as well as recreational equipment. 

Finally, the emission rate for each of the three equipment and/or fuel types was multiplied by its 
associated surrogate and summed to produce the off-road emission fluxes in each block group. 
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4.3.2.2 Temporal Allocation 

To calculate temporal emission factors, off-road emissions were classified using two categories. 
One category covered only diesel construction equipment while the other covered agricultural 
diesel and 2 and 4-stroke gasoline equipment (general off-road). The main differences between 
the two categories are a more pronounced decrease in weekend construction activity and a more 
pronounced seasonal difference for general off-road equipment. 

For diesel construction equipment, seasonal fractions varied from 20 percent during the winter to 
28 percent during the spring and summer. The seasonal fractions were calculated using 2001 
total dyed diesel fuel sales in Colorado (Colorado Department of Revenue, 2001). Detailed 1996 
fuel sales data were not available; it is assumed that the dyed diesel seasonal fractions in 1996 
and 2001 were similar. For general off-road equipment, seasonal fractions range from 13 percent 
during the winter to 31 percent during the summer. This data was obtained from a report done 
for the California Air Resources Board (CARB) by Rocke and Chang (1998). 

Data from Rocke and Chang indicates that average weekday construction equipment activity is 
about a factor of 3.2 higher than on Saturday, while it is a factor of 7.6 higher than on Sunday. 
In the draft version of the NONROAD2002 off-road emissions model, EPA estimates a factor of 
two difference between weekdays and weekends for construction equipment, but does not 
differentiate between Saturday and Sunday (EPA, 1999e). The differences between the CARB 
and EPA estimates are significant, and DDEH chose a blend of the two. DDEH weekday 
construction equipment emissions were a factor of 2.4 and 4.9 greater than Saturday and Sunday, 
respectively. 

For general off-road mobile source emissions (excluding construction), DDEH estimates that 
average weekday emission factors were 18 percent and 70 percent greater than Saturday and 
Sunday, respectively. To develop these estimates, the draft 1999 National Emissions Inventory 
(NEI) was reviewed and emission estimates for many different types of off-road mobile 
equipment were evaluated. Emissions for equipment types classified as either residential or 
commercial were summed for toluene and benzene, and the emission fractions were calculated 
for each class. The EPA estimates that industrial and light commercial off-road activity is twice 
as much on weekdays versus weekends whereas the opposite is true for residential activity (EPA, 
1999e). For weekend days only, DDEH estimates that approximately 44 percent more activity 
occurs on Saturday than on Sunday. 

Hourly emission factors for off-road construction equipment were taken from Rocke and Chang 
(1998). The data show 55 percent of emissions occur between 6 am and noon, 43 percent 
between noon and 6 pm and 2 percent between 6 pm and 9 pm. This data was modified only 
slightly to account for non-zero emissions occurring through the nighttime hours (0.01 percent 
each hour). 

Due to a lack of developed guidance, hourly emission factors for general off-road mobile sources 
were equally weighted between 6 am and 6 pm, with 95 percent of the daily emissions assumed 
to occur during those hours. The other 5 percent was evenly distributed throughout the 
remaining 12 hours. 
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The Denver Air Toxics Assessment 

Figure 4-9 shows off-road construction emission factors by season, day of week, and hour of 
day. Figure 4-10 shows general off-road mobile source emission factors. Figure 4-9 shows that 
the construction equipment emission factor for “weekday winter” is higher than “weekend 
summer”. Even though construction is reduced in the winter, the “weekday winter” activity is 
estimated to exceed the “weekend summer” activity. The same is not true in Figure 4-10, where 
general off-road emissions are higher on “weekend summer” than on “weekday winter”. This 
pattern can be accounted for by activities such as lawn mowing and recreational equipment 
usage, which are greater during the warmer months. 

Figure 4-9. Off-road construction equipment emission factors by season, day of week, and hour 
of day. Not all seasons are shown, but spring and summer are highest while winter is lowest. 
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The Denver Air Toxics Assessment 

Figure 4-10. General off-road construction equipment emission factors by season, day of week, 
and hour of day. Not all seasons are shown, but spring and summer are highest while winter is 
lowest. 
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4.3.3 Railroad Emissions 

4.3.3.1 Spatial Allocation 

Using GIS, the railway miles in each census block group were calculated. All segments of 
railway were assumed to have equal activity as there was no data to show otherwise. Only the 
block groups with non-zero railway miles were assigned a fraction of the county railroad 
emissions. 

4.3.3.2 Temporal Allocation 

No guidance was available to temporally allocate railroad emissions; therefore it is assumed that 
emissions are constant throughout each season, day, and hour. 

4.3.4 Airport Emissions 

4.3.4.1 Spatial Allocation 

Airport emissions were contained within the property boundary obtained using GIS. 
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The Denver Air Toxics Assessment 

4.3.4.2 Temporal Allocation 

Using professional judgment, 95 percent of airport emissions were equally distributed between 7 
am and midnight with the remainder distributed equally among the remaining hours. No 
seasonal differences were estimated, though future assessments could use passenger activity 
and/or airport gasoline and jet fuel sales to estimate seasonal differences. While seasonal 
differences were not estimated, it is expected that model results would change little based on the 
emission inventory quantities. 

4.4 COMPOSITE EMISSION FACTORS 

Multiplying the emission factors for each source category by the fraction that each source 
contributes to the emission inventory produces composite emission factors for each pollutant. In 
this way, only one set of emission factors is required as input to the dispersion model. 
Composite emission factors vary by county, so that if one county has a significant contribution 
from a particular source category (e.g. oil and natural gas processing), that difference will be 
reflected in the model inputs. 

4.5 ADDITIONAL VALIDATION METHODS 

During the course of this assessment, long-term air toxics monitoring began in Denver. CDPHE 
provided DDEH with data from September of 2000 through September of 2001. Figure 4-11 
shows day of week differences for several individual hydrocarbons, some of which are air toxics. 
It may be possible to use this data in the future to evaluate calculated composite emission factors 
by comparing with day of week differences in monitored data. However, it needs to be better 
understood how each source category contributes to the total observed concentration. 

With only 50 valid 24-hour average samples, a nonparametric Mann-Whitney statistical test 

indicates Mon-Fri concentrations are significantly different from weekend concentrations (p £ 

0.01) for many combustion related pollutants (excluding one outlier during a severe 3 day 
pollution episode in February 2001). Concentrations of toluene, benzene, ethylene, acetylene, 

and 1,3 butadiene were all significantly different (p £ 0.01). Pollutants whose weekday and 
weekend concentrations were not significant at the 90 percent level (p > 0.10) include ethane, 
propane, a-pinene, and formaldehyde. Similar results are obtained using a student’s t-Test. 

DDEH does not have emission inventory estimates for ethane and propane but it is assumed the 
major source of emissions is from evaporative losses as well as residential heating, cooling, and 
cooking. It is assumed that the majority of formaldehyde is formed secondarily through 
photochemical degradation of hydrocarbons in the atmosphere. Monitoring data indicates a 
majority of the hydrocarbons have higher concentrations on weekdays, hence it is assumed 
weekday emissions are also higher. It is unclear as to why formaldehyde does not show a 
significant decrease on the weekends as well (p = 0.21), though it is most likely related to 
atmospheric chemistry. A-pinene is a pollutant whose origin is assumed to be from mostly 
natural (biogenic) sources such as vegetation. If that is correct there would be little difference 
between weekdays and weekends, which the monitoring data indicates. 
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The Denver Air Toxics Assessment 

Figure 4-11. Day of week differences in observed 24-hr average VOC concentrations in 
downtown Denver from September 2000 though September 2001. Data shown represent 49 total 
samples, with 6-8 samples for each day over the period. Dashed line shows DDEH 24-hr 
composite emission factor for toluene (times 10). 
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The dashed line in Figure 4-11 for the 24-hr composite toluene emission factor (not a 
concentration value) does decrease on weekends but not to the same extent as the monitored 
data, especially from Friday to Saturday. However, the 24-hr composite emission factor does not 
necessarily represent the modeled diurnal concentration, since the majority of weekend 
emissions tend to be during the time of day when dispersion is most favorable (i.e. afternoon). 
This comparison will be revisited in Chapter 5 when discussing predicted versus observed 
concentrations. 

These analyses include only one year of data collected on a 1-in-6 day frequency. Additional 
monitored data are required to establish more certainty. Future assessments will build upon the 
additional monitoring data collected since 2001 and may help to improve how temporal emission 
factors are developed. 
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The Denver Air Toxics Assessment 

5. RESULTS AND DISCUSSION 

This chapter discusses air dispersion model results using the ISC3ST model. DDEH dispersion 
model results were compared with available monitoring data. Some long-term air toxics 
monitoring data was available in 1996 in Metro Denver, but no long term gaseous data was 
available in Denver County. There were seasonal and short-term studies conducted during 1996 
in all of Metro Denver, including the Northern Front Range Air Quality Study (NFRAQS) as 
well as studies conducted by CDPHE and Dr. Larry Anderson at the University of Colorado at 
Denver. These studies all provided valuable data to evaluate the modeling methodologies 
employed in this assessment. 

A comparison of ISC3 with the latest beta version of AERMOD (version 02222), the proposed 
successor to ISC3, was conducted for benzene and is discussed in section 5.12. In addition, the 
OZIPR model was run for Denver using local emissions and monitoring data to estimate 
secondary formation of formaldehyde and acetaldehyde. 

Some meteorological factors cannot be accounted for in the dispersion models used. The first 
section will discuss the general meteorological characteristics in Metro Denver that have an 
influence on the predicted versus observed concentration comparisons. 

5.1 METEOROLOGICAL CHARACTERISTICS IN METRO DENVER 

Metro Denver is located in geographically complex terrain that significantly contributes to 
observed meteorological patterns. Figure 5-1 shows a shaded relief map of Metro Denver. Due 
to the topography, winds are not often homogeneous across the metro region. Both the ISC3 and 
AERMOD dispersion models accept meteorological data from only one station and cannot 
accurately treat non-homogenous meteorological data. 

Mountains to the west and southwest, ridges to the south and southeast, and smaller ridges to the 
north and east envelop Denver County. The South Platte River valley is clearly evident on the 
relief map, originating in the mountains SSW of Denver, running through Denver County then 
NNE for about 60 miles before turning east and eventually NE into Nebraska. Metro Denver 
experiences frequent temperature inversions during which light winds and shallow mixing 
heights occur. The inversions tend to persist longer in the day in the low-lying areas due to the 
shallow pool of colder air in place. 

Denver County is outlined in the left-central part of the figure, surrounding the southernmost 
triangle. The triangles represent locations where meteorological data was recorded as part of the 
NFRAQS. Data were collected at the three sites during January-February of 1996, July-August 
of 1996, and December-February of 1996-97 and hourly averages are shown in Figures 5-2(a)-
(c). Figures 5-2(a) and 5-2(c) are similar as they both represent the winter season. At the CAMP 
location in downtown Denver, winds are mainly from the south-southeast to south-southwest 
(SSE-SSW) throughout most of the day during winter 1996. Winter 1997 data show winds again 
from the south during the overnight hours, backing SSE through midday, then again becoming 
southerly by evening. 
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The Denver Air Toxics Assessment 

Figure 5-1. Shaded relief map of the Northern Colorado Front Range, including Metropolitan 
Denver. The triangles represent locations where meteorological data was collected as part of 
the Northern Front Range Air Quality Study (NFRAQS). The dashed lines indicate 
interstate highways. 

WELBY 
ROCKY 

Summer winds at CAMP show mostly SW winds overnight, quickly backing SE then E by 10 
am. This pattern is evident at all sites during summer 1996, with the transition at Rocky Flats 
occurring earlier than at the urban core sites. This phenomenon is caused by the surface heating 
of the foothills shortly after sunrise between 5-6 am, which lowers the pressure near the foothills 
in turn causing winds to back toward the foothills. The same phenomenon is evident at most 
sites during all seasons, though the degree to which the winds back to the SE in the winter is less 
pronounced and begins later in the morning, reflective of the Sun’s position being lower on the 
horizon. 

Average wind speeds are highest at Rocky Flats and lowest at CAMP. Some of this is 
attributable to cold air drainage flows from the west-to-east drainage west of Rocky Flats (see 
Figure 5-1). In winter, higher wind speeds are produced synoptically with the frequent passage 
of cold fronts. Often times, CAMP and Welby are within the shallow cold air surface inversion, 
which is decoupled from the mean flow until later in the day when surface heating helps to break 
down the inversion. 
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The Denver Air Toxics Assessment 

Figure 5-2. Hourly average wind direction (solid lines and fills) and wind speed (dashed lines, hollow fills) for winter (a,c) and 
summer (b) seasons spanning 1996-97. Site locations are shown in Figure 5-1. 
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The Denver Air Toxics Assessment 

Severe pollution episodes in Denver are usually associated with back and forth “sloshing” 
motions that occur over a period of several days. This usually occurs after a fresh snowfall as air 
masses migrate down the South Platte river valley at night, and a portion of the aged air mass is 
drawn back towards Metro Denver the next day and is mixed with fresh emissions. It is not well 
understood how much of the aged air mass returns to Metro Denver. 

The ISC3 and AERMOD dispersion models used here do not account for any change in wind 
direction from hour to hour. In fact, there is no carryover of emissions from one hour to the 
next. Pollutants released near the model domain boundary may have only moved a few miles 
into the domain, therefore not tracking emissions from the previous hour may cause the model to 
under predict concentrations in downwind areas. This may be partially offset by the fact that the 
model immediately transports the pollutant to the edge of the model domain during the hour it is 
released, regardless of distance or wind speed. Knowing that the predominant wind direction is 
from the south, it is expected that the southernmost (upwind) model-to-monitor ratios would be 
closer to unity, while the model would under predict to a greater degree at the northern 
(downwind) monitors. 

Due to the limitations of the model in handling local meteorological conditions, it is expected 
that the ISC3 and AERMOD models would under predict ambient concentrations, especially at 
sites that are frequently downwind of Metro Denver. This hypothesis assumes that emission 
inventories are reasonably approximated. 

There are sophisticated models that can track a puff or plume with changes of wind direction, 
though they generally require more expertise and significant additional time and resources to run. 
CALPUFF is a model that can accomplish this task. DDEH will evaluate the feasibility of using 
such a model when planning the assessment using the 1999 NEI. Modeling will probably begin 
in the spring of 2004. 

5.2 OBSERVED (MONITORED) CONCENTRATION HISTORY 

Monitored concentrations provide real-world measurements of pollutant concentrations. This 
data is crucial for validating the dispersion model predictions, as well as for estimating real-
world risk estimates. Unfortunately, air toxics monitoring is expensive and had not been 
conducted on a long-term basis in the Denver urban core until late in the year 2000. Anderson 
(1994, 2000, 2001) has been collecting long-term carbonyl concentrations in downtown Denver 
since December 1987. Observed concentrations at the Rocky Mountain Arsenal are available 
from 1996 through 1999, though this site is on the periphery of the urban core. Air toxics data is 
also available for Rocky Flats from 1997-1999, though this site is 13 miles NW of downtown 
Denver. Both Rocky Flats and the Rocky Mountain Arsenal per land use would be classified as 
rural sites on the periphery of the urban area, though more so for Rocky Flats. 

There have been several short-term studies conducted locally over the past 30 years that have 
examined the VOC composition of the urban plume. These studies varied in length from one-
week to several months or seasons. While not all of this information can be used to deduce long-
term trends, it does provide an informative history of Denver’s air quality. Table 5-1 
summarizes available data from past research for several air toxics. 

64 



     

 

 

                         
                         

 

 

           

 

       

 

  

   

  

   

 

  

   

 

 

  

   

 

 

 

    

                       

                   

                                

             
 

                        

                            

          
 

                       
 

               

 

 

            

 
 

 

   

 

���
The Denver Air Toxics Assessment 

Table 5-1. Recent and historic monitored air toxics concentrations throughout Metropolitan Denver. Where available, both mean and median concentrations (micrograms per cubic meter) 
are listed [median concentrations inside square brackets]. 

3
Oldest Data ------------------------------------ ) ----------------------------------- >>>> Most Recent Data 

Pollutant 

Monitoring 

Station 

Nov 4-

Dec 14 
1 

1973 

June 
2 

1980 

Mar 24-Apr 1 
2 

1984 

3 
1987-88 IEMP 

Monitored Concentrations (�g/m

Anderson 

Winter 87-
4 

88 

5 
1996 Anderson 

1999 

Rocky 
6 

Flats 

1999 
7 

RMA 

9 
CDPHE Toxics 

Jun-Sep Nov-Feb 

1987 1987-88 

Feb-Mar Jul-Sep Annual 

1996 1996 Avg 

Jan-Feb Jun-Aug Sep 2000 -

2001 2001 Sep 2001 

Acetaldehyde 

Auraria 5.3 [5.4] 2.0 [1.5] 4.4 2.6 3.6 2.9 --

CAMP -- 4.0 [3.8] 4.4 [4.0] 4.3 [3.8] 

Denver 1.8 

Formaldehyde 

Auraria 4.6 [4.4] 3.0 [2.2] 5.4 3.6 4.5 3.6 -- --

CAMP -- -- 7.4 [6.2] 8.8 [7.8] 7.7 [7.3] 

Denver 2.8 

Benzene 

AQ1 -- 1.9 [1.7] --

Auraria 14.4 [12.2] 12.1 [7.5] -- --

CAMP -- 2.9 [2.1] 3.4 [3.3] 3.2 [3.1] 

Denver 9.8 14.3 7.27 0.6 [0.5] 

Toluene 

AQ1 -- 5.2 [4.5] --

Auraria 28.1 [23.5] 32.1 [13.8] -- --

CAMP -- 6.3 [5.2] 9.1 [9.4] 8.3 [8.0] 

Denver 34.5 23.5 12.6 1.0 [1.0] 

Carbon 

Tetrachloride 

AQ1 
8 

1.1 [0.8] 

Auraria 1.6 [1.2] NA 

CAMP 

Denver 1.1 1.7 0.8 [0.7] 0.42 [0.38] 0.56 [0.59] 0.51 [0.54] 

1 
Russell, P.A., 1976. 1973 Denver Air Pollution Study. Hourly gas chromotagraph measurements were made at 4958 York St in North Denver. 

2 
Singh et al., 1986. Hourly gas chromatograph measurements made at Marion St and E 51st in North Denver. 

3 
Komp, 1989. 7,17, and 24 hour average samples obtained at three locations in Metro Denver. Only the Auraria site is included here and is 0.9 WSW of the CAMP site. 

4 
Anderson et al., 1994. Data are from December 1987 through February 1988. 

5 
Riggs et al, 1997. 6 week averages of consecutive 4-hour samples taken in each season. Annual average was via personal communication (Anderson, 2001). 

6 
Data obtained from CDPHE and represents the annual average concentration across four of five sites bordering Rocky Flats, excluding X1 which had 3 months of high toluene concs. 

7 
Data obtained from Remediation Venture Office at Rocky Mountain Arsenal. 

8 
Carbon tetrachloride data are from 1996 as sampling methods and minimum detection levels changed between 1996 and 1999, resulting in many non-detects in 1999. 

9 
Data obtained from CDPHE and was obtained at the CAMP station at 2105 Broadway in Denver. 
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The Denver Air Toxics Assessment 

From Table 5-1, the earliest available source of long-term air toxics concentrations (8 months of 
data) in Denver was collected as part of the 1987-1988 Integrated Environmental Management 
Project (IEMP; Komp, 1989). Also listed are results from long-term monitoring conducted by 
CDPHE in 2000-2001. Benzene and toluene concentrations have decreased dramatically in the 
13 years separating the two studies. This result likely reflects improved emission control 
technologies, improved fuel properties, and pollution prevention efforts over the past decade. 

Carbon tetrachloride, which is routinely monitored at similar levels throughout the country, 
appears to be slowly declining nationwide as it has been phased out of dry cleaning and 
degreasing solvents, grain-fumigants and pesticides through regulatory controls. Carbon 
tetrachloride is very stable in the atmosphere and has an estimated atmospheric half-life of 3-4 
years. Due to the small number of emission sources, most of the carbon tetrachloride measured 
in the atmosphere is a result of historic emissions and is considered “background”. 

While emissions of aromatic hydrocarbons and chlorinated solvents have decreased, results are 
mixed for formaldehyde and acetaldehyde (i.e carbonyls). Anderson et al. (1994) started 
monitoring carbonyl concentrations in December 1987, coinciding with IEMP monitoring. 
Anderson et al. concentrations were approximately twice the IEMP concentrations. Anderson 
continued to sample carbonyls throughout the 1990’s, which provides a valuable and consistent 
long-term database for carbonyls in Denver. Monitoring conducted in the winter and summer of 
1996 showed that concentrations appear to have decreased from 1987-88, although an analysis of 
meteorological differences between the different seasons and years is necessary to validate this 
hypothesis. However, Anderson et al. (1994, 2000, 2002) has reported no statistically significant 
differences in aldehyde concentrations over the 12 years that the November through February 
oxygenated fuels program has been in effect in Metro Denver. 

CDPHE monitored carbonyl concentrations in 2000-2001 are significantly higher that those 
reported by Anderson in 1996. It is unclear as to why these differences exist, but could be 
related to the different sample collection and analysis methods. A recent analysis of data 
collected as part of the U.S. EPA national air toxics monitoring pilot project shows that results 
from collocated monitors (two different monitors at the same site) show large coefficients of 
variation between samples for the aldehydes (STAPPA/ALAPCO/USEPA, 2003). 

This section was meant to provide an overview of historical monitoring efforts conducted 
locally. It is not meant to be an exhaustive analysis of long-term trends. Data pertinent to this 
assessment will be discussed in more detail in upcoming sections. Valuable information can be 
deduced from these data sets, but analyses of these data sets have traditionally not progressed 
beyond the summary stage. 

5.3 PREDICTED CONCENTRATION SUMMARY 

Model runs for approximately 70 air toxics were conducted for this assessment. Table 5-2 lists 
the predicted concentrations for 23 air toxics, including diesel PM, which were also modeled as 
part of the 1996 NATA. Monitored concentrations for the remaining pollutants are listed in 
Appendix C. The pollutants in Appendix C were predicted to have very low concentrations 
and/or generate low inhalation risk estimates. 
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The Denver Air Toxics Assessment 

Table 5-2 lists the predicted median and 95th percentile concentrations in Denver County. The 
median concentration is the 50th percentile concentration, half the predictions are above this 
concentration and half are below. 95 percent of the predicted concentrations are below the 95th 

percentile concentration. 

For carbon tetrachloride and mercury, the estimated background concentrations make up nearly 
all of the median concentration. Background concentrations for most of the pollutants in Table 
5-2 can be confirmed with monitoring data collected locally (see text and Goldan et al., 1997), 
however, local monitoring data was not available for all pollutants. 

The following sections discuss in detail predicted and observed concentrations for several 
pollutants identified through this modeling and other studies to pose health risks above 
established benchmarks (NATA, MATES-II). Carbon monoxide was also modeled because the 
greater number of monitors allows for a better analysis of the modeling methodology. Where 
appropriate, qualitative evaluations of the emission inventory will be discussed. Even with a 
perfect inventory the model-to-monitor comparisons would not be exact because of 
simplifications ISC3 must make to approximate atmospheric dispersion. 
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The Denver Air Toxics Assessment 

Table 5-2. Predicted annual average concentrations for Denver County comparing DDEH results with EPA 1996 NATA results. 
Median and 95th percentile concentrations are listed. Background and secondary concentrations are also listed (see text for 
references). EPA results for formaldehyde, acetaldehyde, and acrolein do not include the secondary concentrations shown. 

Pollutant 

DDEH1996 
1 

MedianConc 

Background Secondary 
2 3 

Conc Conc 

DDEHMedian 
3 

Total (ug/m ) 

1996NATA Ratioof 

EPAMedian MedianDDEH/EPA 

DDEH95% 

Total Conc 

Acetaldehyde 

Acrolein 

ArsenicCompounds 

Benzene 

BerylliumCompounds 

1,3-Butadiene 

CadmiumCompounds 

CarbonTetrachloride 

Chloroform 

ChromiumCompounds 

1,3-Dichloropropene 

Diesel PM 

EthyleneOxide 

Formaldehyde 

LeadCompounds 

ManganeseCompounds 

MercuryCompounds 

MethyleneChloride 

Nickel Compounds 

Perchloroethylene 

PolycyclicOrganicMatter (16-PAH) 

PolycyclicOrganicMatter (7-PAH) 

Trichloroethylene 

2.80E-01 

4.00E-02 

8.00E-05 

1.36E+00 

1.00E-05 

1.68E-01 

2.00E-05 

7.00E-05 

1.87E-03 

2.70E-04 

8.50E-02 

9.10E-01 

2.00E-03 

5.20E-01 

8.70E-04 

2.73E-03 

2.00E-05 

1.60E-01 

1.00E-03 

1.16E-01 

2.50E-02 

1.50E-04 

1.01E-01 

0 1.62 

0 0.2 

0 0 

4.80E-01 0 

0 0 

0 0 

0 0 

8.80E-01 0 

8.30E-02 0 

0 0 

0 0 

0 0 

0 0 

1.23E+00 3.01 

0 0 

0 0 

1.50E-03 0 

1.50E-01 0 

0 0 

1.40E-01 0 

0 0 

0 0 

8.10E-02 0 

1.90E+00 

2.43E-01 

8.00E-05 

1.84E+00 

1.00E-05 

1.68E-01 

2.00E-05 

8.80E-01 

8.49E-02 

2.70E-04 

8.50E-02 

9.10E-01 

2.00E-03 

4.76E+00 

8.70E-04 

2.73E-03 

1.52E-03 

3.10E-01 

1.00E-03 

2.56E-01 

2.50E-02 

1.50E-04 

1.82E-01 

1.06E+00 1.79 

1.30E-01 1.87 

1.21E-04 0.66 

2.54E+00 0.72 

1.93E-05 0.52 

1.74E-01 0.97 

1.03E-04 0.19 

8.81E-01 1.00 

9.59E-02 0.88 

2.34E-03 0.12 

1.05E-01 0.81 

1.82 0.50 

8.11E-03 0.25 

1.35E+00 3.53 

4.06E-03 0.21 

2.07E-03 1.32 

1.76E-03 0.86 

5.36E-01 0.58 

1.95E-03 0.51 

4.76E-01 0.54 

9.40E-02 0.27 

5.01E-03 0.03 

1.62E-01 1.12 

2.10E+00 

2.72E-01 

1.20E-04 

2.86E+00 

3.00E-05 

3.17E-01 

5.00E-05 

8.81E-01 

8.81E-02 

4.40E-04 

1.65E-01 

1.71E+00 

1.30E-02 

5.20E+00 

1.90E-03 

4.84E-03 

1.53E-03 

4.70E-01 

1.89E-03 

4.33E-01 

5.00E-02 

2.60E-04 

1.70E-01 
1 
MedianpredictedconcentrationresultingfromprimaryemissionsONLY 

2
Backgroundconcentrationsobtainedfromvarioussources(seetext) 

3
SecondaryconcentrationsestimatedusingOZIPRmodel withDenverCountyemissions 
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The Denver Air Toxics Assessment 

5.4 CARBON MONOXIDE 

Carbon monoxide (CO), a criteria pollutant, has been well studied over the past 30 years. As a 
result, a great quantity of long-term monitoring data exists. Also, the good spatial distribution of 
monitoring locations throughout Metro Denver provides an excellent means for evaluating the 
modeling methodology mentioned in previous chapters. 

While it is desirable to have predicted concentrations closely match monitored concentrations, it 
is perhaps more important that the model accurately depict the spatial distribution of 
concentrations. This is because air toxics may only be measured in one or two locations in a 
metropolitan area, and if modeling is to be used as a reliable tool to fill in data gaps, a greater 
number of model-to-monitor comparisons are necessary to establish confidence. 

Figure 5-3 shows predicted and observed concentrations of carbon monoxide. Although 
emissions were modeled for the entire six county region, predictions were only made for 
receptors in and around Denver County to reduce model run times. Model-to-monitor 
comparisons are all within a factor of 2, with the model under predicting at all sites. The 
southernmost model-to-monitor ratio is close to one, while the ratio at the monitor with the 
highest annual average concentration is approximately 0.6. For perspective, air dispersion 
models have traditionally been thought to be performing well when model-to-monitor 
comparisons are within a factor of two, whether over predicting or under predicting. Figure 5-4 
shows a predicted versus observed carbon monoxide concentration scatter plot at the monitored 
locations shown in Figure 5-3. Very good correlation is demonstrated, with a factor of two under 
prediction. 

ISC3 appears to predict the appropriate spatial distribution of concentrations. This relates more 
to the emission allocation procedures outlined in Chapter 4 than it does to the emission totals or 
the dispersion model. While dispersion model results are heavily dependent on accurate 
emission totals, how emissions are defined in the model is also crucial to obtaining the best 
possible results. 

It should be noted that because of slight locational inaccuracies mentioned in previous chapters 
for many of the roadways, the reader should not pinpoint a position on the figures provided to 
determine the exact concentration at that location. Predicted concentrations within a radius of 
0.5 – 1.0 kilometer (0.3 – 0.6 miles) should be evaluated to provide a concentration range. Much 
of the locational uncertainty on the predicted concentration plots results from the method used to 
interpolate concentrations between the model receptors (inverse distance weighting to the 5th 

power). Compared with manual analysis, this interpolation method produces good results where 
model receptors are closely spaced (i.e. densely populated areas). 

At this point it is not possible to speculate whether CO emissions are under estimated or whether 
the dispersion model is under estimating concentrations. CO on-road mobile source emission 
estimates derived using the different methods discussed in chapter 3 were all within 35 percent, 
and the MOBILE6.2 on-road emissions estimates used for this assessment were at the high end 
of the ranges reported (489,000 tons per year). On-road mobile source CO emissions contribute 
65-70 percent of the total CO inventory. 
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A method to better evaluate emission inventory versus dispersion model performance is 
proposed in the next section discussing predicted and observed benzene concentrations. 

Figure 5-3. Predicted (color plot) and observed (crosshair) 1996 annual average carbon 
monoxide concentrations (parts per million volume). Polygon represents Denver County 
boundary and line theme represents major highways. 
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The Denver Air Toxics Assessment 

Figure 5-4. Predicted versus observed carbon monoxide concentrations (parts per million 
volume, ppmV)at select locations throughout Metropolitan Denver. 
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The Denver Air Toxics Assessment 

5.5 BENZENE 

Benzene is a well-studied air toxic that is recognized as a known human carcinogen. This has 
been confirmed by various human and animal epidemiological studies. Benzene is emitted from 
a variety of sources, but the majority of benzene emitted in Metro Denver is attributed to the 
burning and evaporation of gasoline used in mobile sources. 

Figure 5-5 shows predicted and observed benzene concentrations. Identification codes and the 
annual average concentration are listed near each monitoring location. The spatial distribution of 
concentrations looks very similar to that of carbon monoxide in Figure 5-3. This is to be 
expected as the majority of both pollutants come from on-road mobile sources and the surrogates 
used to spatially allocate emissions were similar for both pollutants. 

The monitoring locations labeled with an AQ in Figure 5-5 represent 24-hour average data 
collected approximately every 12 days in 1996, with 92-100 percent completeness. The 
monitoring was conducted in association with the remediation efforts at the Rocky Mountain 
Arsenal CERCLA site. The monitors labeled CMFS and MBHS did not collect data until 1999, 
and only grab samples were collected at MBHS and are therefore not included in this analysis. 
For reference, differences between 1996 and 1999 concentrations at the “AQ” sites range from 
no change at AQ1 and AQ4, to a 25 percent decrease at AQ2 and a 5 percent increase at AQ5. 
Sample frequencies increased to every sixth day in 1999. The CAMP and Welby sites only 
collected 3-hour average samples between 6-9 am every other day from July-September in 1996. 
A method to extrapolate an approximate 24-hour average concentration from the 3-hour data is 
presented later in this section. 

Table 5-3 lists specific model-to-monitor ratios. Model-to-monitor ratios are 0.9 at AQ3 and 
AQ5 and 1.1 at AQ4 then decrease to 0.64 at AQ1 and 0.52 at CMFS. The model appears to be 
under predicting by just under a factor of two at CMFS, which again appears to indicate good 
model performance. The model also appears to be predicting the correct spatial variation in the 
pollutant concentrations, not so much a reflection on the model but on the methodology used to 
define the emissions. Unfortunately, no long-term monitoring data in the urban core was 
conducted until the fall of 2000. 

Since the majority of benzene and carbon monoxide are emitted from mobile sources, the 
premise was that correlations between monitored benzene and carbon monoxide concentrations 
should be apparent. If correlations are observed, it may be possible to extrapolate 24-hour 
average benzene concentrations from the 3-hour averages collected in 1996 and 1997 at CAMP 
and Welby. Hourly CO concentrations are collected at both sites, and 6-9 am average CO 
concentrations can be compared with daily average CO concentrations to determine the 3-hour to 
24-hour relationships, which could then be applied to the 3-hour average benzene concentrations. 
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Figure 5-5. Predicted (color plot) and observed (crosshair) 1996 annual average benzene 

concentrations (micrograms per cubic meter, µg/m3). Monitor ID’s ad annual 
average concentrations are listed by each monitor. CMFS data is for 1999. 
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Table 5-3. Model-to-monitor comparisons of 1996 annual average benzene concentrations. 

Monitor ID 

Modeled Concentration 
3

(micrograms/m ) 

Monitored Concentration 
3

(micrograms/m ) Model-to-Monitor Ratio 

CMFS 

AQ1 

AQ2 

AQ3 

AQ4 

AQ5 

MBHS 

1.42 

1.21 

0.99 

0.8 

1.1 

1.2 

1.7 

2.72 

1.9 

1.68 

0.89 

1 

1.34 

n/a 

0.52 

0.64 

0.59 

0.90 

1.10 

0.90 

n/a 
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The Denver Air Toxics Assessment 

Figures 5-6(a) and (b) show 3-hour average benzene and CO concentrations at CAMP and 
Welby. It is apparent from the data that significant correlations do exist between benzene and 
CO; this result was expected considering the sampling occurred during morning rush hour. Also 
shown in each figure is a line indicating the 1:1000 ratio, which the average benzene to CO ratio 
approximates over the course of both seasons. 

Figure 5-6. 3-hour (6-9 am) average benzene and carbon monoxide concentrations at (a) CAMP 
and (b) Welby collected during the summer of 1996 and winter of 1997. 
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The Denver Air Toxics Assessment 

Figure 5-7 shows 24-hour average samples collected from September 2000-2001, classified by 
season (Dec-Feb, Mar-May, Jun-Aug, Sep-Nov). The 24-hr average concentrations at CAMP 
are less than the 3-hour average morning concentrations, which again was expected. The 
benzene-CO relationships at CAMP in Figure 5-7 are very similar to those observed in Figure 5-
6(a) and show a good correlation between 24-hour average benzene and CO concentrations. 
Four samples collected in the winter of 2001 produce lower benzene-CO ratios, which appear to 
be driven mainly by strong evening temperature inversions and wood burning emissions. All of 
the summer 2001 samples are above the 1:1000 line, which could be a sign of increased 
evaporative benzene, better catalytic converter performance (lower CO), and increased use of 
recreational and/or lawn and garden gasoline engines. Conversely, most winter data points fall 
on or below the 1:1000 line. 

Figure 5-7. 24-hour average benzene and carbon monoxide concentrations at CAMP collected 
from September 2000 to September 2001. 
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Since both the 3-hour and 24-hour average samples show good correlations for benzene and CO, 
it may be possible to estimate 24-hour average benzene concentrations from the 3-hour average 
concentrations measured at CAMP and Welby during the summer of 1996 and winter of 1997. 
First, it needs to be understood how the 6-9 am average concentration relates to the daily average 
concentration. Monitored CO data for 1996 was processed to calculate the ratio of 6-9 am to 
24-hour average concentrations at several sites in Metro Denver, including CAMP and Welby. 
The relationships are shown in Figure 5-8. 

75 



      

 

 

              
         

 
 

               
               

                
              

              
              

                

                
 

                 
                

              
                

              

               
                

                  
                   

                
                
                

 
        

 

 
 

 
 

The Denver Air Toxics Assessment 

Figure 5-8. Three-hour (6-9 am) to 24-hour average carbon monoxide concentration ratios at 
several sites for different averaging periods in 1996. 
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In 1996, 6-9 am average CO concentrations were 45-55 percent higher than daily average CO 
concentrations at CAMP, Welby and Auraria. Littleton and Boulder show smaller ratios as these 
sites are on the periphery of the urban core and experience decreased traffic volumes in nearby 
areas. Using the data described above and the 3-hour average benzene concentrations collected 

in 1996-97, estimated annual average benzene concentrations of 4.4 µg/m3 and 3.6 µg/m3 are 
calculated at CAMP and Welby, respectively. Alternately, applying the 1:1000 ratio shown in 
Figures 5-6 and 5-7 to the 1996 annual average CO concentrations (see Figure 5-3) results in 

estimated annual benzene concentrations of 4.5 µg/m3 and 2.4 µg/m3 at CAMP and Welby. 

The estimates at CAMP for the two methods are nearly the same, but the 1:1000 method at 
Welby results in a 33 percent lower estimate than the 3-hour to 24-hour extrapolation method. 
However in Figure 5-6(b) the average benzene-CO ratio appears to exceed 1:1000; averaging the 
ratios over both seasons results in a 1.47-to-1000 ratio at Welby. Applying this relationship to 
the annual average CO concentration of 0.71 ppmv results in an estimated annual average 

benzene concentration of 3.4 µg/m3 (1.1 ppbv), which is nearly the estimate obtained using the 
3-hour to 24-hour CO relationship. There are two significant benzene sources three miles SSE of 
the Welby monitor (> one ton per year), and Welby is often downwind of these sources. Welby 
is also located on the banks of the South Platte River and could be subject to enriched air masses 
being advected down the river valley. Without more detailed modeled and monitored data, it is 
not possible to conclude why the benzene-CO relationship is different at Welby than at CAMP. 
The important thing is that the benzene-CO relationship is known at each site in 1996-97. 
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The Denver Air Toxics Assessment 

Estimated 1996 annual average benzene concentrations of 4.4 µg/m3 at CAMP and predicted 

concentrations of 2.27 µg/m3 indicate ISC3 is under predicting by a factor of 1.94, similar to that 

for carbon monoxide. Estimated benzene concentrations at Welby of either 2.4 or 3.4 µg/m3 

indicate ISC3 is under predicting by a factor of 2.2 or 3.1, respectively. 

After establishing a relationship between benzene and carbon monoxide from monitored data 
(1:1000) the model predicted concentrations were evaluated to determine if the same relationship 
exists. Calculating the benzene-CO ratios at all model receptors results in an average 
relationship of 1.05:1000, very close to what is observed at CAMP. The modeled ratio is exactly 
1:1000 at the CAMP receptor. This suggests that the relative ratio of the benzene and CO 
inventories is correct. 

24-hour average air toxics data was collected from May 2002 through April 2003 at CAMP and 
Welby. This will allow DDEH to further test the benzene-CO relationship at both sites using the 
most currently available data. Results will be presented when the 1999 assessment is performed. 

The methods discussed previously should only be used to estimate long-term (i.e. annual 
average) concentrations. Using the method to estimate daily average concentrations may prove 
unreliable due to variations in emissions and meteorology. In most cases, risks from air toxics 
are due to long-term exposure to low-level concentrations so these methods produce acceptable 
results, especially in the absence of specific data for the 1996 baseline year. 

Finally, the predicted concentration includes a background concentration of 0.48 µg/m3 (0.15 
ppbv). Background concentrations are attributable to long-range transport, re-suspension of 
historical emissions and non-anthropogenic sources (SAI, 1999). The background value used is 
the same value used by EPA for the 1996 and 1999 NATA. A study conducted by Goldan et al. 
(1997) in the mountains west of Metro Denver showed that under periods of “clean” westerly 
flow, 1993 benzene concentrations were approximately 0.05 ppbv. A 1991 study in Boulder 
(Goldan et al., 1995) showed minimum benzene concentrations of about 0.1 ppbv under westerly 
flow. Considering that background concentrations from regions other than west of the modeling 
domain need to be accounted for, the background value of 0.15 ppbv used here is considered 
appropriate. 

5.6 DIESEL PARTICULATE MATTER 

Diesel exhaust is a complex mixture of gases and fine particles formed by the combustion of 
diesel fuel. Many known and potential cancer-causing substances such as arsenic, benzene, 
formaldehyde, nickel, and polycyclic aromatic hydrocarbons (PAHs) are present in the exhaust 
gases, some of which are bound to the surfaces of the diesel-exhaust particles. Diesel exhaust 
particles are small enough (less than 2.5 microns in diameter, about one-seventh of the width of a 
human hair) to be inhaled deep into the lungs, where they can affect lung performance and cause 
damage over time. Agencies such as the International Agency for Research on Cancer (IARC), 
California EPA, USEPA, and National Toxicology Program have stated that diesel particulate 
matter (DPM or diesel PM) is a probable or likely human carcinogen. 
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The Denver Air Toxics Assessment 

Before presenting the dispersion model results, it is important to explain how the monitored 
DPM concentrations were obtained. The monitored DPM data was obtained from the Northern 
Front Range Air Quality Study (NFRAQS) conducted in 1996-97, managed by Colorado State 
University. 

One of the goals of the NFRAQS was to attribute the existing particulate air pollution in the 
Denver urban region to specific sources or source categories, such as mobile sources or power 
plants. Since DPM is chemically complex, an assessment of ambient DPM concentrations relies 
primarily on (1) studies that collect ambient samples and adequately characterize their chemical 
composition or (2) modeling studies that attempt to recreate emissions and atmospheric 
conditions. Ambient concentrations of diesel PM have also been reported from studies using 
surrogate species, such as elemental carbon. 

The NFRAQS utilized a chemical mass balance (CMB) model to quantify both gasoline and 
diesel PM concentrations. The CMB model is a receptor model used to estimate the types and 
relative contributions of sources to pollutant measurements made at a receptor site. Receptor 
models assume that the mass is conserved between the source and receptor site and that the 
measured mass of each pollutant is a sum of the contributions from each source. Input to the 
CMB model includes measurements of PM mass and chemistry made at the receptor site as well 
as measurements made of each of the source types suspected to impact the site. Because diesel 
and gasoline emission profiles are similar and are emitted in the same time and space, chemical 
molecular species that specify markers for separation of these species have been identified 
(Lowenthal et al., 1992). Recent advances in chemical analytical techniques have facilitated the 
development of sophisticated molecular source profiles, including detailed speciation of PM-
associated organic compounds that allow the apportionment of PM to gasoline and diesel sources 
with increased confidence. CMB analysis that uses speciation of organic compounds in the 
source profiles is typically referred to as extended species CMB. Older studies that made use of 
only elemental carbon, total organic carbon, trace elements, and major ions in the source profiles 
(conventional CMB) are subject to more uncertainty. 

Elemental carbon (EC) is a major component of diesel exhaust, constituting approximately 50-85 
percent of diesel particulate mass depending on factors such as engine technology, fuel type and 
state of engine maintenance (Graboski et al., 1998). Because of the large portion of EC in DPM, 
and the fact that diesel exhaust is one of the major contributors to EC in many ambient 
environments, DPM concentrations can be estimated using EC measurements. Studies such as 
the NFRAQS have led to the development of equations used to estimate the lower bound and 
upper bound DPM concentrations based on EC measurements. Equations 3.1 and 3.2 represent 
the lower and upper bound estimates, respectively, and Equation 3.3 represents the average of 
the ranges. 

DPM = EC*0.62 (lower bound) (3.1) 
DPM = EC*1.31 (upper bound) (3.2) 
DPM = EC*0.89 (average of ranges) (3.3) 

The choice of either bound can provide a surrogate calculation of DPM that can vary by a factor 
of two. To assess the usefulness and applicability of the surrogate calculation, the average DPM 
concentration predicted by the extended CMB analysis can be compared with DPM 
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The Denver Air Toxics Assessment 

concentrations predicted using the EC surrogate calculation. 

Sampling was performed in the winter of 1996, summer of 1996, and winter 1996/97. The 
winter 1996/97 sampling period was the most intensive and this is the data set for which both the 
conventional and extended species CMB models were applied. The Welby site was the only site 
in Metro Denver at which sampling was conducted during all three seasons. Both conventional 
and extended species CMB modeling were conducted for the Welby and Brighton sites; Brighton 
is at the northern edge of the modeled receptor domain. 

Figure 5-9 contains the modeled diesel PM concentrations as well as the monitoring locations 
and average concentrations obtained from the NFRAQS. The spatial distribution of predicted 
DPM concentrations resembles the predicted benzene concentrations (Figure 5-5). The 
concentration distributions are similar because the methods used to spatially allocate gasoline 
and diesel emissions both rely heavily on vehicle miles traveled (VMT) data. 

During winter 1996/97, 53-60 samples at each site except Chatfield (39 samples) were collected. 
The samples were collected over 24-hour periods comprised of two consecutive 6-hour samples 
beginning at 6 am followed by one 12-hour sample during the overnight hours. A subset of 
samples from each site was then selected and analyzed for species such as organic carbon, 
elemental carbon, polycyclic aromatic hydrocarbons (PAHs) and metals. The number of samples 
in the subsets ranged from 12 at Chatfield to 22 at Highlands, with the other sites having between 
16-20 samples in the subsets. 

The sample subsets were selected to coincide with six high particulate matter episodes that 
occurred during winter 1996/97. Therefore, the average concentrations of the speciated 
compounds from the sample subsets are expected to be higher than the averages for the entire 
sampling period. The observed concentrations in Figure 5-9 reflect the adjusted average DPM 
concentrations for the entire sampling period and were derived by multiplying the average 
concentrations of the sample subsets by a correction factor. The correction factor at each site 
was determined by dividing the average PM2.5 concentration for all samples by the average PM2.5 

concentration of the sample subsets. Nearly identical correction factors were obtained using the 
average light scattering coefficients, which are highly correlated with PM2.5 concentrations. 

Sampling was also conducted at Welby in the winter and summer of 1996 to estimate seasonal 
variations. CMB was not conducted for those seasons, however DDEH used measured EC and 
OC during each season to estimate DPM concentrations. Assuming the same fraction of EC and 
OC from DPM from the winter 1996/97 CMB results, estimated DPM concentrations of 1.55 and 

1.05 µg/m3 occurred during winter and summer of 1996, respectively. This results in an 

estimated annual average DPM concentration at Welby of 1.2 µg/m3. It was assumed seasonal 
variations at the remaining monitors were similar to Welby. 

The predicted annual average DPM concentration at Welby is 0.82 µg/m3, 32 percent lower than 

the estimated annual concentration of 1.2 µg/m3. The predicted concentration at CAMP is 1.67 

µg/m3, 8 percent lower than the estimated winter 1996/97 CMB concentration. At Brighton, the 
model is under predicting the CMB concentration by a factor of 2, while at Highland it is over 
predicting by 28 percent. As with carbon monoxide and benzene, the model is depicting the 
correct spatial distribution for diesel PM. 
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The Denver Air Toxics Assessment 

Figure 5-9. Predicted diesel particulate matter (DPM) concentrations in µg/m3 (color plot) with 
DPM concentrations from the Chemical Mass Balance (CMB) model and estimated 
lower bound DPM concentration using measured elemental carbon as a surrogate 
(in parentheses; see Equation 3.1). Welby and Brighton CMB concentrations were 

developed using extended species CMB, while the others used conventional CMB. 

(0.58) 

(1.14) 

(1.82) 

(0.48) 
(0.25) 

The predicted diesel PM concentrations are based on fuel-based emission estimates for both on-
road and off-road diesel engines detailed in chapter 3. The main difference between the DDEH 
and EPA estimates is in the off-road inventory. Based on the results presented here, EPA’s 1996 
off-road diesel emission totals appear to be significantly over estimated. 
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The Denver Air Toxics Assessment 

5.7 FORMALDEHYDE 

The EPA has classified formaldehyde as a probable human carcinogen. Formaldehyde is unique 
in that the majority of the concentrations observed in the atmosphere are assumed to result from 
secondary formation. It is estimated that roughly 80 percent of ambient formaldehyde in 
summer and 30 percent in winter results from secondary formation (Ligocki et al., 1992). 
Formaldehyde is also destroyed in the atmosphere, especially in the presence of sunlight, and the 
estimated half-life in summer is approximately two hours (EPA, 1999a). The processes by 
which formaldehyde is formed in the atmosphere are complex, and atmospheric reactions of 
virtually all VOCs will eventually produce some formaldehyde (SAI, 1999). For a general 
description of how secondary pollutants are formed, refer to EPA (1999b). 

ISC3 only predicts primary formaldehyde emissions, including a decay factor. Formaldehyde 
was assumed to have a year-round half-life of two hours, though this likely overestimates decay 
during the winter months and also during all nighttime hours. Sensitivity analyses show that 
predicted primary concentrations are 25 percent higher when zero decay is assumed. Because 
primary formaldehyde concentrations make up only a part of the total formaldehyde, secondary 
concentrations need to be estimated and added to the predicted primary concentrations. 

The estimated secondary concentrations were obtained from the USEPA research oriented 
version of the Ozone Isopleth Plotting Package (OZIPR; see section 2.8). EPA ran the OZIPR 
model for urban and rural counties in and near Metro Denver using 1996 emission estimates. 
DDEH also ran OZIPR with updated emissions incorporating the temporal variation in emissions 
described in chapter 4, as well as updated VOC reactivity based on 6-9 am sampling conducted 
by CDPHE in the summer of 1996. 

EPA OZIPR model results predict an annual average primary formaldehyde concentration of 0.8 

µg/m3 and a secondary formaldehyde concentration of 5.2 µg/m3 in Denver County for a total 

concentration of 6.0 µg/m3 (4.9 ppbv). This equates to 87 percent of total annual formaldehyde 
being formed secondarily. DDEH OZIPR results for Denver County estimate that 90 percent of 
annual average formaldehyde is secondary. 

For the rural counties around Denver, (Elbert and Clear Creek), EPA OZIPR results predict a 

total concentration of 3.3 µg/m3, with 91 percent (3.0 µg/m3) being formed secondarily. DDEH 
did not run OZIPR for rural counties. 

For this assessment, the estimated secondary formaldehyde concentration for Metro Denver is 

3.51 µg/m3. This value was obtained by multiplying the ISC3 median predicted primary 

concentration of 0.43 µg/m3 by the ratio of EPA OZIPR secondary-to-primary contributions 

(87 percent ÷ 13 percent = 6.69). DDEH’s secondary concentration is 33 percent lower than the 

EPA estimate of 5.2 µg/m3, mainly because the DDEH predicted primary concentration is lower 
than EPA primary concentration. 

The USEPA estimates a background concentration for formaldehyde of 0.25 µg/m3 (0.2 ppbv). 
Research conducted in 1993 by Fried et al. (1997) in the mountains west of Boulder during 
periods of relatively clean westerly flow showed 24-hour average formaldehyde concentrations 
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The Denver Air Toxics Assessment 

ranging from 1.0 to 1.5 ppbv, the latter value prior to a September 1993 snowstorm. However, 
data were only collected for six weeks in August and September of 1993. For this reason, 

DDEH adopted EPA’s estimated background concentration of 0.25 µg/m3, though locally the 
potential exists for that value to be greater. 

Figure 5-10 shows the predicted formaldehyde concentrations (in ppbv), which include the 
estimated secondary and background concentrations previously mentioned. Figure 5-10 
resembles Figures 5-3, 5-4, and 5-8 and is expected given that approximately 90 percent of 
primary formaldehyde emissions emanate from motor vehicles. 1996 NTI formaldehyde 
emissions from off-road sources are slightly greater than for on-road sources, but 125 tons/year 
(46 percent) of off-road emissions in Denver County are estimated to come from aircraft 
operations. Denver International Airport (DIA) is located in the northeast section of Denver 
County and all emissions associated with aircraft types and operations were confined within the 
airport boundaries. Due to the limited population in that portion of the county, the number of 
block group centroids (model receptors) in the area is small, which contributes to the “bulls-eye” 
pattern observed in Figure 5-10. 

In 1996, an annual average formaldehyde concentration of 3.0 ppbv was observed at the Auraria 
site in downtown Denver (Anderson, 2001); this is 6 percent lower than the predicted 
concentration. The observed concentration is based on 2,119 4-hr average samples collected at 
Auraria, which means sampling occurs on a nearly continual basis. 

Riggs et al. (1997) reports sampling results in Denver at Auraria and in Boulder at Marine Street 
and at 28th Street during the winter (February 7th – March 8th) and summer (July 11th – 
September 1st) of 1996 (see Figure 5-9 for locations). Consecutive 4-hour average samples were 
collected every day at Auraria and Marine during both winter and summer and every other day at 
28th street in the winter only. The two Boulder sites are approximately one mile apart. Although 
predicted concentrations were not modeled in Boulder, the observed concentrations provide 
insight into the spatial distribution of concentrations in northwest Metro Denver. 

During the winter, 24-hr average observed concentrations at Auraria, Marine, and 28th Street 

were 3.6, 2.8, and 3.0 µg/m3, respectively. During the summer, concentrations at Auraria and 

Marine were 4.4 and 4.0 µg/m3, respectively. The observed seasonal values at Auraria are within 
20 percent of the predicted annual average concentrations (including secondary formation). 

Figure 5-11 shows the diurnal variation of formaldehyde concentrations reported by Riggs et al. 
at Auraria (downtown Denver) and at both sites in Boulder during the winter and summer of 
1996. During both seasons, concentrations in Denver are significantly higher than Boulder from 
midnight through 8am. The Auraria site reaches peak winter concentration during the 4 am – 8 
am period, though the 8 am – noon period is only about 10 percent lower. 8 am – noon 
concentrations in Boulder are about double the preceding period during winter. In the summer, 
the peak concentration at Auraria is reached during the 8am-noon period, while in Boulder the 
peak is from noon – 4 pm. In fact, the noon – 4 pm concentrations in Boulder are higher than in 
Denver during both seasons. From the emission inventories, primary emissions of formaldehyde 
are significantly higher in Denver than in Boulder throughout the course of the day, therefore the 
same pattern should be evident in the observed data. The fact that the data do not show this 
suggests something else must be contributing to the higher midday concentrations in Boulder. 
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Figure 5-10. Predicted annual average formaldehyde concentrations (ppbv, including secondary 
formation) with locations of monitoring sites where samples were collected during the winter 
and summer of 1996 by Anderson (see Riggs et al., 1997). Data values are for winter and 

summer, respectively. (Note: for formaldehyde 1 ppbv = 1.23 µg/m3). 
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The simplest hypothesis is that primary emissions from other areas in Metro Denver are advected 
towards Boulder, and when added to local emissions produce higher concentrations. This 
hypothesis can be tested using meteorological data for Rocky Flats in Figure 5-2(a). During the 
8 am – noon period, winds back from SW to SSE. This same pattern is observed during the 
summer, but occurs much earlier due to the earlier sunrise and associated surface heating. 
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The Denver Air Toxics Assessment 

Figure 5-11. Diurnal variation of observed median formaldehyde concentrations (4-hour 
averages) in Denver and Boulder during the winter and summer of 1996 (Riggs et al., 1997). 
Summer ozone concentrations at Rocky Flats are also shown (about 11 miles south of Boulder). 
Data were not collected at Boulder-28th Street in the summer. 
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The Denver Air Toxics Assessment 

Formaldehyde can also be destroyed through reactions with hydroxyl radicals and by photolysis 
from the Sun’s energy. It is estimated that formaldehyde has an atmospheric daytime half-life of 
two hours in the summer. Summer noon - 4 pm concentrations in Boulder would be expected to 
be lower than the preceding time period, which is not the case from the observed data. 

It is also possible that the formation of secondary formaldehyde in air masses advected towards 
Boulder is contributing to the higher observed concentrations during the midday and afternoon 
periods. Volatile organic compounds (VOCs) undergo photochemical reactions in the 
atmosphere. Certain VOCs are very reactive, while others may persist for long periods of time 
with little decay. Formaldehyde is a by-product of many of these reactions. In fact, these same 
photochemical processes contribute to ozone formation, a problem pollutant in many urban 
areas. Figure 5-11(b) shows ozone data obtained at Rocky Flats during the same time period. 
Rocky Flats is approximately 11 miles south of Boulder and often records the highest ozone 
concentrations in Metro Denver. The diurnal variation of ozone closely matches the diurnal 
variation of formaldehyde in Boulder. A seasonal difference is somewhat apparent in Figure 5-
10, though additional data would be required to confirm this observation. 

Several ozone studies have shown ozone concentrations on the downwind periphery of urban 
areas to be higher than those in the urban core. Spatial and temporal differences in ozone 
precursor emissions and the advection and photochemical processing of air masses towards 
downwind areas largely drive this phenomenon. 

There could be other factors such as meteorological differences (mixing heights) or differences 
in biogenic emissions that are not accounted for in the inventories. From what is known about 
the climatology of Metro Denver, it does not appear meteorological differences alone can explain 
the differences in the observed data. Also, if primary emissions were the main contributor to the 
observed concentrations, it is likely the diurnal distribution would be bi-modal, as is observed for 
carbon monoxide. This is not observed from the formaldehyde data. 

To better estimate secondary concentrations of photochemically reactive pollutants, the use of a 
photochemical model is required. Photochemical models account for emissions, dispersion and 
chemical transformation simultaneously. They are generally very complex models requiring 
extensive input and computer resources. These models are usually run for short-term episodes 
on the order of one week. Running these models for each day of the year to obtain an annual 
average would require extensive amounts of time. 

Based on the results presented in this section, the OZIPR model appears to provide a reasonable 
estimate of secondary concentrations for Denver County, and is a much simpler method to 
employ. However, applying results for Denver County to other counties such as Boulder County 
may under or over estimate secondary contributions, depending on whether the area is upwind or 
downwind of emissions in the urban core. 
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The Denver Air Toxics Assessment 

5.8 ACETALDEHYDE 

The EPA considers acetaldehyde a probable human carcinogen. Acetaldehyde exists in the 
vapor phase in the atmosphere, and approximately 83 percent of primary acetaldehyde emissions 
modeled in this assessment are estimated to come from mobile sources. As with formaldehyde, 
acetaldehyde concentrations in the atmosphere are estimated to have large contributions from 
secondary formation. It is estimated that roughly 90 percent of ambient acetaldehyde in summer 
and 40 percent in winter results from secondary production (Ligocki et al., 1992). A wide 
variety of VOCs produce secondary acetaldehyde as a result of photochemical reactions. 

The secondary concentration of acetaldehyde was determined according to the procedure 
described for formaldehyde in the previous section. In Denver County, EPA OZIPR model runs 

predict annual average primary and secondary acetaldehyde concentrations of 1.2 µg/m3 and 7.0 

µg/m3, respectively. This equates to 85 percent of total acetaldehyde being formed secondarily. 

For the rural counties around Denver, OZIPR predicts a total concentration of 5.5 µg/m3, with 93 

percent (5.1 µg/m3) being formed secondarily. 

The estimated secondary acetaldehyde concentration for Metro Denver in this assessment is 1.62 

µg/m3 (0.9 ppbv). This value was obtained by multiplying the ISC3 median predicted 

concentration of 0.27 µg/m3 (0.15 ppbv) by the ratio of OZIPR secondary/primary contributions 

(87 percent ÷ 13 percent = 6.69). DDEH’s secondary concentration is nearly 70 percent lower 

than EPA’s OZIPR estimated secondary concentration of 7.0 µg/m3. A total predicted 
concentration of 1.62 ppbv is estimated. 

The USEPA does not estimate a background concentration for acetaldehyde. Research 
conducted in 1993 by Goldan et al. (1997) in the mountains west of Boulder during periods of 
relatively clean westerly flow showed 24-hour average acetaldehyde concentrations of 0.15 
ppbv. Due to the limited duration of this sampling (six weeks in August and September of 
1993), DDEH assumed a zero background concentration, though the potential exists for the 
background to be approximately 0.1 – 0.2 ppbv. 

Figure 5-12 shows the predicted annual average acetaldehyde concentrations, including 

secondary formation. For 1996, an annual average acetaldehyde concentration of 2.9 µg/m3 (1.6 
ppbv) was observed at the Auraria site in downtown Denver (Anderson, 2001); this is 18 percent 
higher than the total predicted concentration at the Auraria location. 
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Figure 5-12. Predicted annual average acetaldehyde concentrations (including secondary 
formation) with locations of monitoring sites where samples were collected during the winter 
and summer of 1996 by Anderson (see Riggs et al., 1997). Data values are for winter and 

summer, respectively. (Note: for acetaldehyde 1 ppbv = 1.8 µg/m3). 

Median Predicted 
Concentration = 1.4 

Concentrations in parts 
per billion volume 

      

 

 

          
             

                  

           

 
 

                

              

               
   

 
              

                 
                  

               
               

      
          

    
   

The Riggs et al. (1997) 1996 carbonyl sampling data show that in the winter, 24-hr average 

acetaldehyde concentrations at Auraria, Marine, and 28th Street were 2.6, 5.6, and 6.5 µg/m3, 

respectively. During the summer, concentrations at Auraria and Marine were 3.4 and 9.2 µg/m3, 
respectively. 

Figure 5-13 shows the diurnal variation of acetaldehyde concentrations measured by Riggs et al. 
at Auraria (downtown Denver) and at the sites in Boulder during the winter and summer of 1996. 
In the winter, 4 am – 8 am concentrations are slightly higher in Denver than in Boulder. 
However, for most other time periods, concentrations in Boulder are equal to or greater than 
those in Denver, regardless of season. The diurnal variation of acetaldehyde is similar to 
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The Denver Air Toxics Assessment 

Figure 5-13. Diurnal variation of observed median acetaldehyde concentrations in Denver and 
Boulder during the winter and summer of 1996 (Riggs et al., 1997). Summer ozone 
concentrations at Rocky Flats are also shown (about 11 miles south of Boulder). Data were not 
collected at Boulder-28th Street in the summer. 
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The Denver Air Toxics Assessment 

formaldehyde at each of the sites. While the observed 24-hour average formaldehyde 
concentration in Denver was higher than in Boulder, the same is not true for acetaldehyde. This 
suggests that either primary emissions of acetaldehyde are significantly higher in Boulder, which 
is not evident in the emission inventory, or that significant photochemical production of 
acetaldehyde is occurring as air masses are advected towards Boulder. 

During both seasons at Auraria, 24-hr average formaldehyde concentrations are approximately a 
factor of 1.9 greater than acetaldehyde concentrations. This closely approximates the 
formaldehyde/acetaldehyde emission inventory ratio of 2.0 (see Table B-1 in Appendix B). In 
contrast, both sites in Boulder have 24-hour average acetaldehyde concentrations that exceed 
formaldehyde concentrations by 35-45 percent during the winter. Riggs et al. explored the 
potential of significant sources of acetaldehyde in Boulder but did not find any. The emission 
inventories DDEH possesses indicate no source(s) of acetaldehyde that can explain the observed 
differences. It appears that secondary formation of acetaldehyde in the winter is significant. The 
formaldehyde data in Boulder indicate this as well. 

From the data, the amount of acetaldehyde formed secondarily exceeds that for formaldehyde. 
While DDEH cannot estimate the relative production rates for each compound from 
photochemical reactions, DDEH used an atmospheric half-life of two hours for formaldehyde 
and nine hours for acetaldehyde in the dispersion model (EPA, 1999a). If equal production rates 
are assumed, it is expected that secondary acetaldehyde concentrations would be higher due to 
less destruction over time in the atmosphere. 

CDPHE-APCD conducted air toxics sampling, including formaldehyde and acetaldehyde, from 
September 2000 through September 2001, and again from May 2002 – April 2003. The 2000-
2001 annual average concentrations at CAMP for formaldehyde and acetaldehyde were 6.3 and 
2.4 ppbv, respectively. CAMP is approximately 1 mile NE of Auraria. The formaldehyde 
concentration at CAMP is over twice the annual average reported at Auraria in 1996, while the 
acetaldehyde concentration is about 50 percent higher. Only May through November 2002 data 
were available at CAMP by spring 2003; average concentrations for formaldehyde and 
acetaldehyde were 7.6 and 2.3 ppbv, respectively. The 2002 concentrations were the same as 
acetaldehyde concentrations and slightly higher than observed formaldehyde concentrations 
during the same time period in 2001. 

Though both the CDPHE-APCD and Anderson data sets were derived independently, it appears 
formaldehyde and acetaldehyde concentrations in Denver are not trending downward, which is in 
contrast with carbon monoxide and benzene concentrations. The degree to which secondary 
formation is occurring could in large part explain these differences. 
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The Denver Air Toxics Assessment 

5.9 PERCHLOROETHYLENE (TETRACHLOROETHYLENE) 

EPA has classified perchloroethylene (perc) as a probable human carcinogen. Perc is most 
commonly used for dry cleaning and textile processing, but is also used as a degreasing agent, 
and in brake cleaners, sealants, and silicones. Perc exists as a vapor in the atmosphere and is not 
photochemically reactive, with published half-life values ranging from 39-96 days in the summer 
(EPA, 1999a; Atkinson, 1989). 

Predicted perchloroethylene concentrations are shown in Figure 5-14. It is apparent that the 
spatial distribution of perc concentrations is much different than what was observed for the 
previous pollutants discussed in this report, where the majority of primary emissions emanate 
from mobile sources. Perc is emitted mainly from stationary sources, with minor contributions 
from area sources. As noted in Chapter 3, dry cleaner emissions were modeled as point sources 
because the data was available in the CDPHE stationary source database. Other assessments 
have summed dry cleaner emissions by county and allocated emissions to grid cells using 
surrogates such as population. Area source emissions of perc modeled in this assessment are 
mostly from the category "consumer products usage", which occur mostly in households and 
therefore can not be allocated to exact locations because specific usage at each location is 
unknown. 

The modeled concentrations in Figure 5-14 are within a factor of two of observed concentrations. 

The observed concentrations were greater than the minimum detection limit (0.046 µg/m3) 71-92 
percent of the time. The modeled concentrations include an estimated background concentration 

of 0.14 µg/m3, which in the outlying areas makes up nearly all of the predicted concentration. 

The monitored data indicate that perc concentrations increase to the west and south, closer to the 
population and the urban core. Assuming no emissions emanated from the Rocky Mountain 
Arsenal (RMA) in 1996, the data support the use of a background concentration. The value of 

0.14 µg/m3 used by EPA appears reasonable when compared to the median observed 
concentrations. 

While the monitoring data surrounding the RMA is useful, the highest predicted perc 
concentrations occur within Denver County in the immediate vicinity of stationary sources. 
CDPHE conducted 3-hour average sampling (6-9am) for perc (and other VOCs) in the summer 
of 1996 and the winter of 1997. The sampling was conducted at CAMP and Welby (see Figure 
5-14 for locations) and the results are shown in Figure 5-15. Of the 18 samples collected over 
both seasons, concentrations at CAMP equal or exceed those at Welby 11 times (61 percent). 
This is expected as several large dry cleaning facilities exist in downtown Denver, while only 
two small dry cleaners are within a 2.5 mile radius of the Welby station. It is expected that 
concentrations obtained in the morning would be higher than those observed later in the day 
because dry cleaners tend to perform the bulk of their cleaning during the early part of the day. 
This is based on information provided by air inspectors at DDEH who routinely inspect dry 
cleaning facilities for permit compliance. Also, meteorological conditions such as stability and 
mixing height often suppress mixing and dilution in the overnight and early morning hours. 

It is not possible to extrapolate an annual average concentration from the 3-hour average 
concentrations, but it is expected that annual average concentrations would be appreciably lower. 
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Fall 2000 through Fall 2001 data at CAMP show an annual average perc concentration of 0.4 

µg/m3, with 75 percent of 24-hour average samples above the reported minimum detection limit. 
The predicted 1996 concentrations are lower than the observed 2000-01 average concentrations, 
though the difference in emissions from 1996 to 2001 is unknown at this time. 

Because perchloroethylene is emitted almost exclusively from point sources, the highest 
concentrations will exist in close proximity to the source and monitored concentrations may not 
accurately reflect this. This type of application is where modeling can provide information that 
monitoring cannot. 

Figure 5-14. Predicted versus observed annual average perchloroethylene concentrations 

(µg/m3) for 1996. Observed mean and median concentrations are listed [mean/median]. 
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The Denver Air Toxics Assessment 

Figure 5-15. Observed 3-hour average perchloroethylene concentrations in µg/m3 during the 
summer of 1996 and winter of 1997 at CAMP and Welby (see Figure 5-13). Dashed line 
indicates reported minimum detection limit. 
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5.10 CHROMIUM COMPOUNDS 

Chromium compounds in the atmosphere exist in particulate form, the majority of which are fine 

particulates (<2.5 µm). Consequently, chromium can remain suspended for long distances and 
be easily inhaled. Chromium occurs in the environment in two major valence states, trivalent 
chromium (Cr III) and hexavalent chromium (Cr VI). Hexavalent chromium is much more toxic 
than trivalent chromium. Older laboratory tests found it difficult to separate Chromium (VI) 
from Chromium (III); in many cases the analyses were for total chromium. Newer test methods 
are currently being utilized to speciate hexavalent chromium. The results presented here are for 
chromium compounds (i.e. total chromium). 

Figure 5-16 shows the predicted chromium concentrations along with annual average 
concentrations for 1999 around the Rocky Mountain Arsenal (RMA). In addition, speciated 
chromium concentrations from the winter 1996/97 subset of PM2.5 samples collected during the 
NFRAQS are shown. Again, the NFRAQS results take into account the PM2.5 correction factor 
applied to obtain an average concentration for the entire sampling period, not just for the subset 
of samples collected during high pollution episodes (see section 5.6 for an explanation). In 1999, 
chromium sampling was performed every sixth day at the RMA, and data completeness (values 
greater than the MDL) ranged from 30% at AQ3 and AQ4 to 65% at AQ2. Where data were 
below the MDL, a value equal to one-half the MDL was substituted and used in the calculations. 

The 1999 RMA concentrations are a factor of 3-10 times higher than the NFRAQS data. It is 
possible that remediation of contaminated soil at the Rocky Mountain Arsenal caused re-
suspension of historical emissions of chromium that in turn produced higher ambient 
concentrations near the Arsenal perimeter. However, concentrations from the five outer 
perimeter monitors are fairly uniform and indicate that offsite contributions of chromium cannot 
be discounted. RMA data analyses associate approximately 80 percent of the observed 
concentrations to off-site background. An in-depth analysis comparing meteorological data with 
monitoring data could be conducted to further explain the relationships between on-site versus 
off-site contributions, but is beyond the scope of this assessment. 

The model under predicts by a factor of 22 to 37 compared to the RMA data but when compared 
to the NFRAQS data collected during the winter of 1996-1997, the model under predicts by a 
factor of 2 to 4. It is possible that re-suspensed dust and geologic material contribute to observed 
concentrations of particulates. Emission estimates of re-suspended dust are not known and 
therefore were not included in the assessment. However, Watson et al. (1998) estimated that 
road and geologic dust contributes 18.9 + 2.9 percent, 12.2 + 2.9 percent, and 16.7 + 2.9 percent 
to observed PM2.5 at Highlands, CAMP, and Welby, respectively. These estimates were 
obtained from CMB modeling and are reported by the authors to have high confidence. Even if 
it was assumed that the percent increase in PM2.5 resulted in the same increase in particulate 
HAP emissions, that still would not explain the degree of under prediction in the dispersion 
model results. 

Figure 5-16 highlights the fact that modeled emissions from stationary sources can be high in 
localized areas but if existing monitors are not sited close enough to the sources, validation of the 
predicted results is difficult. 
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The Denver Air Toxics Assessment 

Figure 5-16. Predicted versus observed annual average total chromium concentrations (µg/m3) 
with long-term monitor locations (cross hairs) and their associated annual average concentrations 
for 1996. NFRAQS winter 1996-97 monitor locations are shown in blue for 1996. 

Concentrations in
micrograms per cubic meter
Concentrations in 
micrograms per cubic meter 
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5.11 ADDITIONAL ISC3ST PREDICTED CONCENTRATIONS 

The pollutants discussed were included in the text of this report for the following reasons: 

• to show the varying spatial characteristics of pollutant concentrations from different types 
of sources; 

• there was adequate monitoring data to compare with predicted data; and 

• to highlight some of the complex issues such as photochemistry that also needs to be 
understood to augment dispersion model predictions. 

A total of 70 air toxics were modeled. Results for additional pollutants are presented in chapter 6 
if either predicted or observed concentrations exceed established health benchmarks. Results for 
all pollutants are listed in Appendix C. 

5.12 ISC3ST SENSITIVITY ANALYSES 

Several assumptions and simplifications were implemented at various stages of this assessment. 
Most relate to input parameters required by the ISC3 model, including meteorological 
parameters. Sensitivity analyses were conducted to evaluate model performance and are 
discussed here. 

5.12.1 Sampled Chronological Input Model (SCIM) Option 

As noted in section 2.1, the Sampled Chronological Input Model (SCIM) option was utilized for 
model runs with area and/or mobile source emissions to keep model run times reasonable. 
Sensitivity analyses were performed on point, area, and mobile source emissions of benzene. 

The five highest predicted concentrations for point sources varied by less than ± 10 percent, with 
an average difference across the five receptors of 2.5 percent. This is considered a very good 
result considering SCIM model run times take only 1/24th of the time required for the full 
meteorological data set. 

Sensitivity analyses for area and mobile source emissions from a subset of 150 neighboring 
census block groups in Denver County showed that the five highest predicted concentrations 
differed by only 2-3 percent, while the mean concentration across all 150 receptors varied by 
only 1.3 percent. For individual receptors, concentrations resulting from the use of the SCIM 
option ranged from an 8 percent under prediction to a 7 percent over prediction as compared to 
full meteorology runs. 

5.12.2 Deposition 

For the particulate HAPs, the model shows that wet deposition dominates over dry deposition as 
the mechanism for atmospheric removal. The particle size fractions are defined in the ISC3 
model input file, and for this assessment it was assumed that 95 percent of the particles were less 
than 3 microns (millionths of a meter) in diameter. These particle size fractions were obtained 
from the USEPA's guidance for modeling urban air toxics (EPA, 1999a). 
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A study of particulate matter emissions from in-use, light-duty vehicles was conducted in the 
summer of 1996 and winter of 1997 in the Denver region (Cadle et. al, 1998). Results showed 

that on average, 91 percent of the mass emitted from gasoline vehicles was less than 2.5 µm in 

diameter. For smoking (gasoline) and diesel vehicles, the percent mass less than 2.5 µm 
increased to 97 percent and 98 percent, respectively. The smaller the particle size, the less likely 
it is to be affected by gravitational settling. 

In addition to the particle size fractions, information on particle bulk density is also required. In 
this assessment, it was assumed that all particle sizes have a bulk density of 1.0 g/cm3, as per the 
EPA's urban air toxics modeling guidance. A sensitivity analysis performed on diesel PM 
emissions in Denver County using a bulk density of 2.0 g/cm3 shows that diesel PM 
concentrations and deposition totals changed by less than 0.1 percent. 

5.12.3 Emission Factors 

The use of emission factors by season and hour-of-day also introduces some uncertainty into the 
results. The use of emission factors is expected to lower the predicted concentrations because 
the majority of emissions are emitted during the daytime hours, when meteorological conditions 
support increased dispersion. Without the use of emission factors, it is assumed that emissions 
are constant throughout each hour of the day. Assuming equal hourly area and mobile source 
benzene emissions results in a 23 percent increase in the predicted annual median benzene 
concentration. 

5.12.4 Non-Default NOCALM Meteorological Processing Routine 

The regulatory default option in ISC3 is to set hourly average concentrations to zero in the event 
of a calm meteorological hour. This is necessary because the gaussian plume equation, which is 
used to calculate pollutant concentrations, contains wind speed as a variable in the denominator. 
Including zero wind speeds would cause the model to abort. The five-year meteorological data 
set used for this assessment had approximately six percent calm hours. 

Hourly zero concentrations are used to calculate annual averages. It is not logical to conclude 
that concentrations are zero during calm hours. During calm hours, dispersion processes are 
minimized and erratic and in many circumstances it is these conditions that produce worst-case 
dispersion results for many types of sources. ISC3 allows the user to override the regulatory 
default option. A sensitivity analysis conducted for benzene in Denver County indicates that 
gaseous air toxic concentrations increase by approximately 11 percent at all receptors when zero 
concentrations are not factored into the annual average calculations. Bypassing the calms routine 
only eliminates zero concentrations from the annual averages; it does not realistically represent 
dispersion under calm conditions. 

The same sensitivity analysis was not conducted for particulates, though an increase similar to 
gaseous air toxics is assumed. 
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5.12.5 Physical/Chemical Parameters 

Sensitivity analyses were also performed on physical/chemical parameters (see section 2.3) such 
as the solubility enhancement factor and reactivity parameter, which affect deposition and 
removal rates. Published values were not available for the pollutants in this assessment, so a 
solubility enhancement factor of 1.0 for SO2 was utilized, as suggested in the ISC3 user guide. 
Increasing this value to 5.0 resulted in concentration differences of less than one percent. The 
reactivity parameter used in this assessment was 10, which was the value used in the Phoenix 
and Houston case studies (EPA, 1999a) and is considered a moderate value. Increasing the 
reactivity parameter to 25 resulted in differences of less than one percent. 

Decay coefficients or half-life values can also be specified for each pollutant being modeled. 
These variables fluctuate over the course of a day and year but the model accepts only one value 
for each model run. Benzene has an estimated half-life of six days in the summer and 39 days in 
the winter, and DDEH used the summer values (shorter half-lives) to predict annual average 
concentrations. Model runs using the winter value (39 days) for benzene indicate that the 
predicted annual average concentration differed by no more than 0.1 percent at any receptor. At 
the other extreme, using a half-life of two hours for benzene, predicted concentrations differed 
by 1.5 – 8 percent. ISC3 is not very sensitive to vastly differing half-life values. 

There were several other parameters that were required as input to the meteorological files, such 
as albedo, surface roughness length at both the meteorological site and application site, and leaf 
area index. Appropriate values were used where data was available; otherwise values used in the 
USEPA's Phoenix and Houston case studies were applied to Denver. A sensitivity analyses was 
conducted for surface roughness and ISC3 was found to be insensitive to this parameter. 

5.12.6 Meteorological Parameters 

As discussed in section 2.6.2, a minimum mixing height of 100 m was applied to the 
meteorological data based on USEPA modeling guidance for urban air toxics; this is the 
recommended value for cities with tall buildings. While downtown Denver has many tall 
buildings, much of the modeling domain is more suburban or rural in nature. Personal 
communication with air dispersion modelers at CDPHE indicated that they use 20 m as a 
minimum mixing height. Approximately 25-30 percent of the original mixing height values in 
the meteorological files were less than 100 m, whereas only 10 percent of the original mixing 
height values were below 50 m. 

Sensitivity analyses were conducted for benzene emissions in Denver County using minimum 
mixing heights of 25 m and 50 m. Results show less than a one percent difference between the 
predicted median concentration using 25 m and 100 m minimum mixing heights. This is not 
surprising because area and mobile source emissions are assumed to emanate from a height of 2-
3 m and greatly exceed point source emissions of benzene. Since the majority of mobile and 
area source pollutants are emitted beneath either mixing height, it is expected that predicted 
concentrations will not vary much. 
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5.13 ISC3ST VERSUS AERMOD 

The AERMOD dispersion model has been proposed to replace ISC3 for similar modeling 
applications. AERMOD contains many new state-of-the-science concepts and approaches over 
ISC3, especially with regards to wind, turbulence, and temperature profiles. However, all but one 
of the AERMOD evaluation databases involved tall, non-downwashed, highly buoyant power 
plant stacks. The majority of ISC3 applications involve modest stacks with modest buoyancy 
flux values, most of which are subject to some degree of aerodynamic downwash, as well as area 
and volume source configurations that were not evaluated or tested to determine how AERMOD 
predictions compare to ISC3. Therefore, it would be of value and interest to test AERMOD in 
an urban air toxics application. 

AERMOD (beta version 02222) was run for the same sources modeled in ISC3. The beta 
version included the SCIM option employed in ISC3. While AERMOD is not yet able to predict 
deposition, sensitivity analyses using ISC3 indicate the model was not sensitive to these 
parameters. In addition, AERMOD does not accept many of the air toxics parameters 
incorporated into ISC3, but again the sensitivity analyses showed only minimal differences with 
or without these parameters. AERMOD does accept the same temporal emission factors as 
ISC3; sensitivity analysis for this variable showed the largest difference and its inclusion in 
AERMOD is important. 

Using many of the same inputs, AERMOD predicts a median concentration for benzene that is 
seven percent lower than ISC3. AERMOD also shows tighter concentration gradients. As with 
ISC3, AERMOD accepts inputs for surface roughness at both the meteorological measurement 
site and the application site. Whereas ISC3 was not sensitive to these inputs, AERMOD is quite 
sensitive to these inputs. 

The representation of surface roughness is a critical first step in many meteorological and 
pollutant dispersion modeling activities. It provides an estimate of the drag and turbulent mixing 
associated with the underlying surface. Friction velocity is a measure of the stress due to wind 
shear at the earth’s surface. Friction velocity is calculated in part from surface roughness. 

Past urban modeling has assumed a surface roughness of 1.0 m in urban areas, whereas the 
meteorological site in Denver (Stapleton Airport) is in an area with an assumed surface 
roughness of 0.15 m. This range of surface roughness values in AERMOD results in predicted 
concentrations that differ by more than factor of two (the smaller the surface roughness, the 
higher the predicted concentrations). Metro Denver has a heterogeneous mix of tall buildings 
(downtown Denver), small to medium size structures (industrial, commercial, and suburban 
areas), grassland, and farmland. 

DDEH conducted research to identify surface roughness parameters in Metro Denver and/or 
other cities and to evaluate the changes in the local meteorological data set using different values 
of surface roughness. 

Burian et al. (2002) derived morphological properties for Los Angeles, Phoenix, and Salt Lake 
City. Surface roughness was calculated for a 12-km2 section of downtown Los Angeles, a 16-
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km2 section of downtown Phoenix, and 6-km2 section of downtown Salt Lake City. Using three 
different methods, weighted average surface roughness ranged from 0.8-1.27 m in Los Angeles, 
0.3-0.6 m in Phoenix, and 1.2-1.4 m in Salt Lake City. In Phoenix, surface roughness values 
range from 0.2 m in the industrial area to 2.1 m in the downtown core area. Areas with large 
quantities of impervious surfaces have almost no surface roughness. While this provides a range 
of potential values, the areas selected were rather small and all encompass an area surrounding 
the downtown core area. It is assumed that over the entire Metro Denver domain, the weighted 
surface roughness is less than 1 m. 

Surface roughness and friction velocity can be estimated from wind measurements. 
Meteorological data collected at six heights on an 82 m tower at the National Wind Technology 
Center are used to estimate the friction velocity and surface roughness at the site. The site is 
about 14 miles NW of downtown Denver and is 1855 m above sea level, which is approximately 
250 m higher than Denver. The site is two miles east of the foothills of the Rocky Mountains 
and is surrounded mostly by rolling, undeveloped terrain; most of the vegetation consists of 
prairie grass. This site is probably representative of rural areas throughout Metro Denver, though 
is sometimes subject to drainage flows emanating from the nearby mountains. 

10-minute average data from January 1997 through March of 1998 was downloaded and 
analyzed. The median and mean friction velocity over the entire period was 0.21 and 0.27 m/s, 
respectively. Median and mean surface roughness lengths were 0.03 m and 0.51 m, respectively. 
The large difference between median and mean roughness lengths highlights the fact that 
drainage flows from the mountains occasionally affect the site, thereby increasing the estimated 
roughness lengths significantly. 80 percent of the observations show the roughness length to be 
less than or equal to 0.24 m. The median value of 0.03 m is in good agreement with suggested 
values of 0.001 to 0.1 m for grassland areas, depending on the season (EPA, 1996). 

Figures 5-17 through 5-19 show the estimated average mixing height, friction velocity, and 
Monin-Obukhov length calculated by MRPM and AERMET, the meteorological pre-processors 
used to format data for use by ISC and AERMOD. The MPRM data set was produced assuming 
a surface roughness of 1 m whereas the AERMET data sets were generated using surface 
roughness lengths of 0.5 m and 1.0 m. MPRM is not sensitive to surface roughness so values 
other than 1 m are not discussed here. 

Figure 5-17 shows diurnal average mixing heights for the winter and summer seasons. 
AERMET, with an assumed surface roughness of 1 m shows significantly higher mixing heights 
between midnight and 6 am. MPRM mixing heights are greater than either AERMET mixing 
height between 6 am and noon as well as 6 pm and midnight. This is most likely the result of 
linear interpolation between twice daily (morning and evening) upper air measurements; mixing 
heights are calculated differently in AERMET. Mixing heights from noon-6 pm are 
approximately the same for all scenarios. The twice-daily mixing heights in the upper air data 
file result in median and mean morning (5-6 am) mixing heights of 107 and 354 m in winter and 
212 and 358 m, respectively. 
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Figure 5-17. Seasonal and diurnal mixing heights from MRPM and AERMET for different 
surface roughness values. For MPRM, little difference is observed for varying roughness lengths 
(Zo), therefore only values for Zo = 1m are shown. 
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Figure 5-18. Seasonal and diurnal friction velocity from MRPM and AERMET for different 
surface roughness values. For MPRM, little difference is observed for varying roughness lengths 
(Zo), therefore only values for Zo = 1m are shown. 
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Figure 5-19. Seasonal and diurnal Monin-Obukhov length from MRPM and AERMET for 
different surface roughness values. For MPRM, little difference is observed for varying 
roughness lengths (Zo), therefore only values for Zo = 1m are shown. 
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Figure 5-18 indicates that the friction velocity calculated by AERMET for an assumed surface 
roughness of 0.5 m better approximates output from MPRM. Figure 5-19 also indicates that 
AERMET at 0.5 m better approximates MPRM results for Monin-Obukhov lengths, although 
6 am-noon AERMET estimates indicate greater atmospheric stability in the winter. Monin-
Obukhov lengths close to zero indicate highly stable (positive) or unstable (negative) conditions. 

It appears a weighted average surface roughness 0.5 m across Metro Denver as input to the 
AERMET meteorological processor is reasonable, as a better match with measured twice-daily 
mixing heights and MPRM output is obtained. Using AERMOD with AERMET output and a 
surface roughness length of 0.5 m results in predicted benzene concentrations that are 13 percent 
greater than concentrations obtained using ISC3. Ideally, model runs would be conducted for 
varying surface roughness lengths throughout Metro Denver. How the values transition 
throughout the area would be difficult to model accurately. Without a more thorough 
understanding of the spatial and temporal variations in the vertical structure of the atmosphere in 
Denver, different surface roughness values may not add value to the model predictions. 

5.14 SUMMARY 

In this chapter, historical observed data in Metro Denver were summarized and compared with 
predicted concentrations for several air toxics and carbon monoxide. DDEH predicted 
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concentrations were also compared with modeled 1996 NATA concentrations. For the most part 
predicted concentrations are within a factor of 2.5 of observed concentrations, this is considered 
a good result. The importance of photochemistry and the problem it poses was also discussed. 

Sensitivity analyses were conducted, as was a comparison of ISC3 and AERMOD, the proposed 
next generation model to succeed ISC3. For the same surface roughness parameters, median 
concentrations predicted by AERMOD were 7 percent lower ISC3. AERMET, the 
meteorological pre-processor to AERMOD, is sensitive to surface roughness. Using a surface 
roughness value for AERMET that produces output similar to output from MPRM results in 
AERMOD predicted concentrations that are 13 percent higher than ISC3. 

How the predicted and observed concentrations compare to established health benchmarks and 
what risks, if any, ambient concentrations pose is discussed in chapter 6. 
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6. AIR INHALATION RISK ESTIMATES BASED ON MODELED AND 

MONITORED CONCENTRATIONS 

Many of the air toxics modeled in this assessment have been classified by the U.S. 
Environmental Protection Agency (USEPA) as known, probable, or possible human carcinogens 
(i.e., cancer causing substances). Air toxics are also associated with a wide variety of other 
adverse health effects that include neurological, cardiovascular, liver, kidney, and respiratory 
effects as well as effects on the immune and reproductive systems. Severity of effect varies with 
the amount and duration of exposure, the toxicity of the chemical, and the sensitivity of the 
person and/or age group. 

To evaluate a chemical’s potential to cause cancer or other adverse health effects, the USEPA 
and other government agencies examine adverse effects caused by a particular chemical (hazard 
identification), determine the exposure to the population (exposure assessment; modeling or 
monitoring), and evaluate the specific exposure levels at which these effects might occur (dose-
response assessment). The evaluations are based on studies of humans, animals, and/or 
microorganisms that usually have been published in peer-reviewed scientific journals. 

To maintain consistency with other air toxics assessments, including the USEPA’s National Air 
Toxics Assessment, DDEH utilized toxicity benchmarks (i.e., health benchmarks) developed or 
adopted by the USEPA. Where USEPA has not yet established toxicity benchmarks, 
benchmarks established by the California EPA were utilized. Chemicals without established 
USEPA toxicity benchmarks include diesel particulate matter (PM), lead, tetrachloroethylene 
(a.k.a. perchloroethylene or perc), and ethylene oxide. 

6.1 CANCER EFFECTS 

The USEPA typically expresses the dose-response relationship for cancer in terms of a “unit risk 
estimate” (URE). For inhalation exposures, the URE is an upper-bound estimate of an 
individual's likelihood of contracting cancer over a lifetime of exposure to one microgram of the 

chemical per cubic meter (µg/m3) of air. Risks from exposures to concentrations other than one 
microgram per cubic meter are assumed to be linear, meaning one-half the concentration 
produces one-half the estimated risk and so on. UREs are expressed in terms of probability. For 
example, the USEPA may determine the URE of a particular toxic air pollutant to be one-in-ten-
thousand per microgram per cubic meter. This means that a person who inhales an average 

concentration of 1 µg/m3 for 70 years would have (as an upper bound) one chance in ten 
thousand (also expressed as 10-4 or 1E-04) of contracting cancer as a result of the exposure. 
These risks are considered excess lifetime cancer risks, i.e., the risks are in addition to those from 
any other sources of exposure. The chance of an individual’s developing cancer from all other 
causes has been estimated to be as high as one in three. 

The process of unit risk estimation includes several important sources of uncertainty. First, 
many of the chemicals modeled in this assessment are classified as probable carcinogens, which 
means that data were not sufficient to prove that these substances definitely cause cancer in 
humans. Second, all unit risk estimates are based on linear extrapolation from high doses to low 
doses. It is possible that true dose-response relationships for some air toxics are less than linear, 
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in which case risk estimates will be significantly over-estimated. Third, most unit risk estimates 
were developed from animal data using conservative methods to extrapolate between species. 
Actual human responses may differ from the predicted responses. Fourth, different statistical 
methods can be used to perform a statistical best fit of the dose-response curve, which affects the 
URE. Considering the assumptions used in all four facets of uncertainty, the USEPA considers 
all UREs to be upper-bound estimates. 

Because excess lifetime cancer risk estimates are probabilities, risks associated with different 
substances can be added together as long as the substances cause cancer by (1) similar 
mechanisms, or (2) completely independent mechanisms. Addition of cancer risk estimates is 
inappropriate only where substances interact in ways that either enhance or inhibit each other's 
carcinogenic potency. Although the USEPA recommends that non-additive interactions be 
considered, very little information exists on non-additive effects for most chemicals. Therefore, 
DDEH used the USEPA guidelines default independence formula and combined cancer risks for 
different substances by summing the risks. 

The USEPA uses a system called the weight-of-evidence (WOE) for carcinogenicity to 
characterize the extent to which available data support the hypothesis that a compound causes 
cancer in humans. Under the USEPA's 1986 risk assessment guidelines, the weight-of-evidence 
approach was described by classification of chemicals into groups (A through E). 

• Group A contains "known" carcinogens, or compounds for which evidence is sufficient 
to demonstrate a causal relationship between exposure and cancer incidence in humans. 

• Group B contains "probable" carcinogens, for which evidence of cancer in humans is 
suggestive (Group B1) or evidence of cancer in animals is conclusive (Group B2). 

• Group C contains "possible" carcinogens, for which animal evidence is suggestive but 
not conclusive. 

• Group D contains agents for which no evidence exists (so it cannot be said whether the 
compound is or is not a carcinogen). 

• Group E contains compounds for which adequate negative evidence exists (so it can be 
said that the compound is not a carcinogen). 

6.2 NON-CANCER EFFECTS 

For air toxics, the USEPA typically expresses the dose-response relationship for health effects 
other than cancer in terms of an inhalation “reference concentration” (RfC), a level thought to be 
without adverse effects in a chronically exposed population, including sensitive individuals 
(California EPA uses the term REL or Reference Exposure Level). In other words, exposures 
below the chronic RfC (REL) will probably not cause adverse non-cancer health effects over a 
lifetime of exposure. RfCs exist for both chronic (lifetime) and acute (short-term) exposures. 
The USEPA has not yet developed acute inhalation reference exposures for the urban air toxics 
but the CalEPA has. For almost all of the pollutants in this assessment, the acute REL is of 
minor concern because ambient concentrations are significantly lower than the acute REL. 
Chemicals approaching or exceeding the acute REL are discussed in section 6.6. 

To express non-cancer hazards, the USEPA uses the RfC as part of a calculation called the 
“hazard quotient” (HQ), simply the ratio between measured or modeled inhalation exposure and 
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The Denver Air Toxics Assessment 

the RfC. A HQ less than one indicates that the estimated exposure is lower than the RfC and that 
no adverse health effects would be expected. Conversely, a HQ greater than one indicates the 
inhalation exposure is higher than the RfC. Because many RfCs incorporate protective 
assumptions in the face of uncertain data, a HQ greater than one does not necessarily suggest a 
likelihood of adverse effects. Furthermore, the HQ cannot be translated to a probability that 
adverse effects will occur, and is not likely to be proportional to risk. A HQ greater than one 
can be best described as indicating that a potential may exist for adverse health effects. UREs 
and RfCs developed by the USEPA, along with the documentation regarding their development, 
can be found in EPA’s Integrated Risk Information System (IRIS; EPA, 2002c). 

Because different pollutants may cause similar adverse health effects on similar organs or organ 
systems, it is often appropriate to combine hazard quotients associated with different pollutants. 
The resulting summed value is termed the hazard index (HI). Ideally, hazard quotients should 
only be combined for pollutants that cause adverse effects by the same toxic mechanism. 
However, detailed information on toxic mechanisms is not available for most of the air toxics in 
this assessment. As with the HQ, a value of the HI below 1.0 will likely not result in adverse 
health effects over a lifetime of exposure. 

In their documentation for the 1996 National Air Toxics Assessment (NATA), the USEPA used 
a simpler and more conservative method to combine non-cancer HQs associated with respiratory 
irritation. They combined the HQs for eight pollutants that cause chronic respiratory irritation, 
including: acetaldehyde, acrolein, acrylonitrile, arsenic, 1,3-dichloropropene, ethylene 
dibromide, formaldehyde, and trichloroethylene. 

DDEH did not sum hazard quotients in this assessment because: 
1. acrolein and formaldehyde are the major risk drivers for the hazard quotient, and 
2. acrolein was not monitored (it is currently difficult to do so accurately) and the majority 

of the predicted concentration is estimated to come from secondary atmospheric 
formation. Without monitoring data to support the estimated secondary concentration, 
DDEH decided it was not appropriate to sum acrolein in the hazard index. Therefore, the 
hazard quotient for each pollutant is listed separately. 

6.3 IMPORTANT CAVEATS IN INTERPRETING HEALTH RISKS 

A complete exposure assessment of air toxics emissions includes not only an analysis of 
exposure via the inhalation pathway, but also via non-inhalation pathways of indirect exposure 
such as ingestion and dermal contact. For some compounds, much of the exposure occurs 
following the deposition of airborne material onto surface water, soils, edible plants, and through 
ingestion of breast milk. These compounds are usually associated with particulate matter and 
include metals and semi-volatile organic matter. 

The majority of the compounds for which UREs and RfCs have been developed are metals and 
volatile organic compounds (VOCs). VOCs emitted into the air tend to remain in the air and, 
therefore, it is logical to evaluate risks for VOCs only from the inhalation pathway. All 
estimated risks in this assessment are via the inhalation pathway only. The inhalation risk 
estimates assume a person weighs 70 kg (154 lbs) and breathes 20 m3 of air per day. Weights 
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The Denver Air Toxics Assessment 

and breathing rates vary throughout the population, and these factors can only be addressed in a 
more detailed risk assessment. 

As stated above, the USEPA has not established UREs and RfCs for all pollutants. The 
California EPA’s Office of Environmental Health Hazard Assessment (OEHHA) is required to 
develop risk assessment guidelines mandated by the state’s Air Toxics “Hot Spots” Information 
and Assessment Act. In order to quantify estimates of health risks, information on both dose-
response relationship and exposure are required. OEHHA has developed cancer potency factors 
(similar to UREs) and Reference Exposure Levels (RELs, similar to RfCs) for approximately 
120 chemicals. In some cases OEHHA adopted USEPA’s values, in others OEHHA’s and 
USEPA’s values differ considerably. The method used to develop health risk estimates at both 
agencies is similar, and incorporates a significant external peer review process. 

In the current assessment, USEPA inhalation unit risk estimates (URE) for cancer and USEPA 
reference concentrations (RfCs) for non-cancer effects were used as benchmark concentrations 
whenever they were available. When these values were not available, California EPA inhalation 
unit risks or RELs were used instead. 

The health risk assessment presented here assumes that ambient concentrations remain constant 
over the course of a lifetime (70 years). Concentrations for most pollutants have decreased 
substantially from past levels and are expected to continue to decrease as new emission control 
systems, especially those for mobile sources, take effect. 

The risk estimates presented in this chapter also assume that people are exposed to ambient, 
outdoor concentrations at all times. However, people often spend as much as 80-90 percent of 
their time indoors (Wiley et al., 1991). Indoor air concentrations have been studied on a much 
less extensive basis than ambient concentrations. Results from several studies measuring air 
toxics concentrations in various microenvironments are presented in section 6.5. 

6.4 CARCINOGENIC RISK ESTIMATES 

In this assessment, cancer risk estimates are expressed in terms of the probability of contracting 
cancer from a chronic lifetime exposure (70 years) at a constant ambient air concentration. 
Cancer risk is calculated by multiplying the exposure concentration (modeled and/or monitored) 
by the inhalation unit risk estimate (URE) of the pollutant. Cancer and/or non-cancer risks for 
pollutants with predicted concentrations are listed in Appendix D. 

Estimates of cancer risk are expressed as a probability. For example, an additional lifetime risk 
of contracting cancer of one-chance-in-one-million is expressed as 1 (in-a-million) in the tables 
in Appendix D. Numbers will be rounded to the nearest whole number following the normal 
convention. 

In many cases, excess cancer risks are assumed to be insignificant if the threshold of one-in-a-
million is not exceeded. Some regulatory entities assume that one-in-a-hundred-thousand is an 
insignificant excess cancer risk level. The USEPA’s generally acceptable risk range is from one-
in-a-million to one-in-ten-thousand (10-6 to 10-4). Language in the Denver Revised Municipal 
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The Denver Air Toxics Assessment 

Code (DRMC, section 4-22 (3)) specifies one-in-a-million (10-6) as a potential action level for air 
toxics. 

Assessing exposures and estimating excess cancer risks are critical to understanding where to 
best focus resources in reducing exposures to air toxics. DDEH is much more interested in risk 
reduction than in assumption-laden estimates of absolute risk levels. DDEH grouped air toxics 
with estimated excess lifetime cancer risks exceeding the one-in-a-million risk threshold into 
three priority categories: 

1. High – estimated excess cancer risks equal or exceed one hundred-in-a-million (one-in-
ten thousand or � 10-4); 

2. Medium – estimated excess cancer risks are less than one hundred-in-a-million but 
greater than ten-in-a-million (10-4 to 10-5); 

3. Low – estimated excess cancer risks are less than ten-in-a-million but greater than or 
equal to one-in-a-million (10-5 to 10-6). 

The priority categories also take into account whether or not an air toxic is a known or probable 
human carcinogen. An air toxic listed as a known human carcinogen was assigned the next 
highest priority after the initial priority was estimated; this applies to benzene and hexavalent 
chromium. A low priority does not equate to low concern, it only helps DDEH to prioritize 
which pollutants should be targeted to get maximum reductions in exposure and risks. 

Table 6-1 lists the air toxics that exceed a one-in-a-million excess risk of cancer threshold based 
on predicted concentrations. Diesel PM and benzene are classified as “high” priority air toxics. 
Therefore, options available to reduce diesel PM emissions should be evaluated first. Examples 
at the local government level might include anti-idling programs or encouraging the use of 
alternative fuels that result in diesel PM reductions. Formaldehyde and chromium are identified 
as medium priority air toxics. While strategies to reduce mobile source emissions would seem 
prudent to reduce exposures to formaldehyde, much of the ambient formaldehyde is assumed to 
be formed secondarily through photochemical reactions of other precursor pollutants. What the 
precursors are and how much they contribute to secondary formaldehyde formation (and 
acetaldehyde) is not well understood. 

For carbon tetrachloride, ethylene dichloride, and chloroform, predicted concentrations are 
attributed primarily to background concentrations. Background concentrations for most 
chemicals were obtained from sampling studies in remote areas of the United States, performed 
over a decade ago. It is possible that background levels have decreased for these pollutants, so 
considerable uncertainty is associated with the risks for pollutants where background 
concentrations constitute most of the predicted concentrations. It is likely beyond local 
governments ability to achieve reductions in global or regional background concentrations, hence 
the “low” priority ranking. 

Although carbon tetrachloride is rarely used in large volumes in the United States anymore, it 
has an estimated half-life of four years in the atmosphere. It is still commonly detected at 
concentrations at or above detection limits in many locations worldwide, including Denver. 
Based on local monitoring data, the estimated background concentration of 0.88 micrograms per 
cubic meter for carbon tetrachloride is supported (see Table 5-2). 
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The Denver Air Toxics Assessment 

Air toxics monitoring conducted by CDPHE since the year 2000 indicates ethylene dichloride 

has not been monitored at or above current detection limits (0.39 µg/m3) and chloroform has 

only been measured at or above detection limits (0.29 µg/m3) in fewer than 30 percent of the 
samples. However, the estimated background concentrations for ethylene dichloride and 

chloroform (0.061 and 0.083 µg/m3, respectively) are well below current detection limits. 

In addition to the CDPHE data, chloroform was analyzed in samples collected in 1996 at the 

Rocky Mountain Arsenal with much lower detection limits (0.046 µg/m3). The five perimeter air 
monitors recorded 24-hour average samples at or above detection limits in 63-88 percent of the 

samples with mean concentrations ranging from 0.07-0.22 µg/m3. These data lend support for 

the use of the estimated background concentration of 0.083 µg/m3 for chloroform, assuming 
monitored air concentrations were not exclusively the result of on-site remediation activities. It 
is unlikely the perimeter data are exclusively the result of site remediation activities, as the 
monitoring stations are located several kilometers from site remedial activities and were 
designed to measure offsite conditions based on the prevailing wind direction. No alternate local 
monitoring data exist for ethylene dichloride. 

Table 6-1 contains notation regarding the percentage of hexavalent chromium (Cr+6) in total 
chromium concentrations. Cr+6 is a known human carcinogen, while trivalent chromium (Cr+3) 
has not been classified as to its carcinogenicity. In the draft 1996 NATA, USEPA assumed 34 
percent of total ambient atmospheric chromium consists of Cr+6 . California EPA’s OEHHA 
assumes 15 percent of total chromium is in the hexavalent form (OEHHA, 1999a). Scott et al. 
(1997) sampled Cr+6 concentrations at background locations and found that 20-25 percent of 
total chromium was hexavalent. DDEH used the least conservative value of 15 percent to 
estimate risks from Cr+6; this risk estimate is considered a lower-bound for Cr+6 . There are 
several chromium electroplating facilities in Denver and the percentage of Cr+6 in the air near 
these facilities is likely to be greater than in ambient air for the rest of Denver; this could 
translate into higher risks than predicted for receptors near those facilities. 

For air toxics with predicted concentrations that are lower than monitored concentrations, 
inhalation risks based on model predictions may be under estimated. Table 6-2 lists the air 
toxics with monitored concentrations that exceed the one-in-a-million excess cancer threshold. 
Long term monitoring data were limited in 1996, while more data were available in 1999. 
Concentrations may have decreased somewhat for certain pollutants between 1996 and 1999; 
however, the data are presented primarily to illustrate risks based on actual (monitored) 
concentrations. 

From Chapter 5, model-to-monitor ratios at most sites were almost always less than one, 
meaning the model tends to under predict ambient concentrations and hence under predict risks. 
This highlights the importance of collecting monitoring data for ambient air toxics. However, 
monitoring is expensive and can usually only be performed at a few locations in an urban area. 
The limited areal extent of the monitoring network illustrates how dispersion models can play an 
important role. Understanding the relationships between modeled and monitored concentrations 
may allow agencies to reliably estimate exposures and risks across a much broader domain. 
Modeled data could also be used to better site ambient air toxics monitors in the future. 
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The Denver Air Toxics Assessment 

Table 6-1. Priority ranking of air toxics with estimated excess cancer risks greater than one-in-a-million based on predicted median 
concentrations (micrograms per m3). Risk based concentrations are concentrations that may result in a one-in-a-million additional 
chance of contracting cancer if exposed for a lifetime (70 years). See section 6.4 for priority ranking descriptions. 

Pollutant 

USEPA 

Carcinogen 

Classifcation 

USEPA 

Weight of 

Evidence 

Predicted 

Median 

Concentration 
3

(�g/m ) 

Predicted 95th 

Percentile 

Concentration 
3

(�g/m ) 

Risk Based 
3

Concentration 
3

(�g/m ) 

Priority Ranking for Reducing Exposures 

Based on Predicted Concentrations 

Median 95th Percentile 

Benzene known A 1.6 2.4 0.13 high high 
2

Chromium Compounds known A 2.7E-04 4.3E-04 8.3E-05 medium medium 
5

Acetaldehyde probable B2 2.5 2.8 0.45 low low 

1,3-Butadiene probable B2 0.13 0.23 0.03 low low 
1

Carbon Tetrachloride probable B2 0.88 0.88 0.07 
6

low
6

low
1

Chloroform probable B2 0.085 0.088 0.04 low low 
4

Diesel PM probable n/a 0.9 1.7 0.0033 high high 
1

Ethylene Dichloride probable B2 0.061 0.061 0.038 low low 
4

Ethylene Oxide probable n/a 0.002 0.013 0.011 low low 
5

Formaldehyde probable B1 3.8 4.2 0.08 medium medium 
4

Perchloroethylene probable n/a 0.26 0.44 0.17 low low 

1 
Estimated background concentrations constitute nearly all of the total concentration, including modeled emissions, and are subject to uncertainty. 

2 
USEPA and CalEPA risk based concentrations (RBCs) are for hexavalent chromium. USEPA generally assumed 34 % of total chromium is 

in the hexavalent form. CalEPA estimates 15 % of total chromium is hexavalent (OEHHA, 1999). DDEH assumed the less conservative 

assumption of 15 % ; therefore total chromium concentrations were multiplied by 0.15 to estimate risks. If the USEPA value of 0.34 were selected, 

estimated risks would be approximately double those shown in the table. 
3 

The risk based concentration is calculated by dividing 1 x 10-6 (one-in-a-million chance) by the inhalation unit risk estimate (URE). 
4 

USEPA has not established a unit risk estimate for these pollutants; the values shown are from California EPA. 
5 

80% and 86% of predicted forrmaldehyde and acetaldehyde concentrations, respectively, are estimated to be formed from secondary 

photochemical production (see chapter 5 for details). 
6 

Carbon Tetrachloride exceeds a ten-in-a-million risk threshold but is assumed to be mostly from global background concentrations. 

1
0
9

 



     

 

                    
                 

                    
 

     

     

   

   

      

      

     

     

 
        

     

 
        

     

 
        

   

 

 
             

     
             

     

      
 

   

                     

                        

                          

             
  

                 

                  

  

 

 

   

 

  

  

  

 

 
   

  

  

 

 

 

The Denver Air Toxics Assessment 

Table 6-2. Priority ranking of air toxics with estimated excess cancer risks greater than one-in-a-million based on observed annual 
average concentrations (micrograms per m3). Risk based concentrations are concentrations that may result in a one-in-a-million 
additional chance of contracting cancer if exposed for a lifetime (70 years). See section 6.4 for priority ranking descriptions. 

Pollutant 

USEPA 

Carcinogen 

Classification Site Location 

Monitor ID and 

fraction of 

Samples > MDL 

Monitored Annual 

Average 

Concentration 
3

(�g/m ) 

Risk Based 

Concentration 
3

(�g/m ) 

Priority Ranking for 

Reducing 

Exposures Based 

on Observed 

Concentrations 
1

Benzene known Rocky Mtn Arsenal NW AQ2 - 24/24 1.7 0.13 high 
2

Benzene known Rocky Mtn Arsenal NW AQ2 - 53/53 1.3 0.13 high 
2

Benzene known Commerce City CMFS - 26/26 2.7 0.13 high 
2

Benzene known Rocky Flats X1 - n/a 0.6 0.13 medium 
2,3 

Chromium Compounds known Rocky Mtn Arsenal W AQ1 - 32/56 2.8E-03 8.3E-05 medium 
2,3 

Chromium Compounds known Rocky Mtn Arsenal NW AQ2 - 35/54 3.3E-03 8.3E-05 medium 
2

Arsenic known Rocky Mtn Arsenal W AQ1 - 26/26 6.2E-04 2.3E-04 medium 
1

Arsenic known 54th Av & Washington AIRS2 - n/a 1.9E-03 2.3E-04 medium 
1

Carbon Tetrachloride probable Rocky Mtn Arsenal NW AQ2 - 26/26 1.7 0.067 
5

low
1

Carbon Tetrachloride probable Rocky Mtn Arsenal SW AQ5 - 23/24 1.2 0.067 
5

low
2

Carbon Tetrachloride probable Rocky Flats X1 - n/a 1.0 0.067 
5

low
1

Formaldehyde probable Auraria Campus n/a 3.6 0.08 medium 
1

Acetaldehyde probable Auraria Campus n/a 2.9 0.45 low 
1,4 

Perchloroethylene
1,4 

Perchloroethylene

probable 

probable 

Rocky Mtn Arsenal NW 

Rocky Mtn Arsenal SW 

AQ1 - 21/24 

AQ5 - 20/24 

0.47 

0.32 

0.17 

0.17 

low 

low 
1 

Monitoring data from 1996. 
2 

Monitoring data from 1999. 
3 

USEPA and CalEPA risk based concentrations (RBCs) are for hexavalent chromium. USEPA generally assumed 34 % of total chromium is 

in the hexavalent form. CalEPA estimates 15 % of total chromium is hexavalent (OEHHA, 1999). DDEH assumed the less conservative 

assumption of 15 % ; therefore total chromium concentrations were multiplied by 0.15 to estimate risks. If the USEPA value of 0.34 were 

selected, estimated risks would be approximately double those shown in the table. 
4 

USEPA has not established a unit risk estimate for this pollutant; the values shown are from California EPA. 
5 

Carbon Tetrachloride exceeds a ten-in-a-million risk threshold but is assumed to be mostly from global background concentrations. 

1
1
0

 



     

 

     

 
               

            
               

                
           

 
             

               
                

                 
           

              
 

            

             
            

              
                  

                  
                

               
                   

                
                

               
              

             
               

            
 

                  
             

             
                  

  

The Denver Air Toxics Assessment 

6.5 CHRONIC, NON-CARCINOGENIC RISK ESTIMATES 

Long-term exposure to air toxics may also cause adverse, non-cancer health effects. As was 
stated previously, the USEPA typically expresses the dose-response relationship for effects other 
than cancer in terms of an inhalation “reference concentration” (RfC). Exposures below the RfC 
are not expected to cause adverse non-cancer health effects over a lifetime of exposure, even in 
sensitive subpopulations such as the aged, infirm, or young children. 

Table 6-3 lists the estimated hazard quotients (HQ) for predicted median air toxics 
concentrations. A HQ greater than one indicates the potential for adverse health effects from 
chronic exposure. Of the air toxics, acrolein and formaldehyde have HQs greater than 1. 
However, acrolein was not monitored (it is difficult to do so) and the majority of the predicted 
concentration consists of estimated secondary photochemical formation. For this reason, 
extreme caution should be applied when interpreting the hazard quotient for acrolein. 

The predicted median acrolein concentration in Denver County (0.24 µg/m3) includes an 

estimated secondary concentration of 0.2 µg/m3 (EPA, 1999b). Even without the secondary 
contribution, the predicted primary acrolein concentration still exceeds the USEPA’s RfC. 
However, there is an uncertainty factor (UF) of 1,000 associated with acrolein. Uncertainty 
factors are used in determining the RfC for each pollutant and large UFs could be a key factor 
that drives the risk estimate. Take the example of acrolein; the USEPA assigns an UF of 1,000 
to its RfC due to uncertainty from interspecies extrapolation (animal to human, an UF of 10), 
lack of chronic studies (another UF of 10), and accounting for sensitive human populations (an 
additional UF of 10). The large HQ for acrolein implies a high risk, however, this is mainly due 
to the large UF and not necessarily the inherent potency of acrolein to cause non-cancer health 
effects. The California EPA’s REL is three times less conservative than the USEPA’s RfC due 
to a 33 percent lower uncertainty factor (300 versus 1,000). Uncertainty factors typically range 
between 10 (to account for sensitive populations) and 1,000 (e.g., incorporating all three factors 
listed above). The USEPA may also include additional uncertainty factors (termed modifying 
factors (MF)), between 1 and 10, because of insufficiencies in the toxicity database not already 
specifically addressed by the UFs. The MF for acrolein is 1. 

Table 6-3 indicates that formaldehyde is the only other pollutant with a HQ greater than 1. The 
USEPA has not established a RfC for formaldehyde, therefore the California EPA reference 
value was used instead. Both the predicted and measured formaldehyde concentrations indicate 
a HQ greater than 1. All other pollutants, whether modeled or monitored, did not produce a HQ 
greater than 1. 
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The Denver Air Toxics Assessment 

Table 6-3. Estimated chronic hazard quotients in Denver County based on predicted median concentrations and monitored annual 

average concentrations (µg/m3). 

Pollutant 

Critical 

Effect 

Target 

Predicted Median 

Concentration 
3

(ug/m ) 

Monitored Annual 

Avg Concentration 
3

(ug/m ) 

Inhalation RfC 
3

(ug/m ) 

Uncertainty 

Factor 

Predicted 

Concentration 

Hazard Quotient 

Monitored 

Concentration 

Hazard Quotient 

Acrolein 1,2 0.24 not measured 0.02 1000 12.1 not measured 
A

Formaldehyde 1,2 3.8 3.6 3 10 1.3 1.2 

Acetaldehyde 1 1.9 2.9 9 1000 0.2 0.3 

Benzene 3 1.8 2.7 60 10 0.03 0.05 

1,3 Butadiene 4 0.2 not measured 8 300 0.02 not measured 

Carbon Tetrachloride 5 0.88 1.2 40 300 0.02 0.03 

Hazard Index (HI) = 13.6 1.6 

Critical Effect Target: 

1: Respiratory Tract 

2: Eyes 

3: Lowered red and white blood cell counts in occupationally exposed humans 

4: Female reproductive system 

5: Liver 

A
 USEPA has not established an RfC for formaldehyde; the value shown is from California EPA. 

1
1
2

 



     

 

     

 
              

                  
              
             

             
             

             
 

 
             

                
                

             
                

              
        

 
               

               

               
               
   

 
             

               
                 

                 
              

                  
               

             
                 

                
             

 

                                                 
                  

The Denver Air Toxics Assessment 

6.6 ACUTE, NON-CARCINOGENIC RISK ESTIMATES 

Annual average concentrations form the basis for chronic cancer and non-cancer risk evaluation. 
In reality, exposure over an averaging period of one day or one year does not occur at a 
continuous level. Emissions and air dispersion can fluctuate considerably throughout the day. 
Therefore, toxicity values are required that reflect short term exposures. Acute reference 
concentrations (RfCs) or exposure levels (RELs) indicate concentrations that are not likely to 
cause adverse effects in sensitive human subgroups exposed to that concentration on an 
intermittent or infrequent basis. Adverse health effects from acute exposures are often 
reversible. 

Acute RfCs are established at much higher concentrations than chronic RfCs because the 
exposure is of a much shorter duration. Exposure to concentrations nearing acute RfCs is usually 
experienced at or very close to the location where chemicals are being used or released. 
Ambient concentrations of pollutants rarely approach the acute RfCs but, on occasion, process 
upsets or spills at an industrial facility can lead to high short-term concentrations in the vicinity 
of the release. In the baseline assessment, only annual average concentrations were modeled, 
therefore, modeling-based acute risk estimates were not developed. 

After reviewing the current literature on acute RfCs and RELs, only acrolein was identified as 
potentially exceeding an acute toxicity value. The California EPA established an acute REL of 

0.19 µg/m3 for acrolein, based on eye irritation in healthy human volunteers as the critical 
endpoint of concern (OEHHA, 1999c). The USEPA has not established an acute RfC for 
acrolein. 

DDEH conducted modeling for one-hour average concentrations of acrolein using the subset of 
150 block groups in Denver that were used for the model sensitivity analyses (see section 
5.11.1). These model runs took into account only area and mobile source emissions of acrolein. 
Point sources are expected to minimally contribute to the total, as they emitted only 0.03 tons of 
acrolein per year in Denver County. The ten highest one-hour average modeled concentrations 

of acrolein were all 0.5 µg/m3 or greater; this exceeds the California EPA acute REL by a factor 
of over 2.5. The predicted exceedance may be even greater because the modeled one-hour 
average concentrations do not include any secondary contribution.1 Similar to chronic toxicity 
values, there is an uncertainty factor of 60 associated with the acute REL for acrolein. The 
potential for acrolein to produce a HQ greater than 1 for both chronic and acute exposures 
underscores the need for improved methods to monitor for ambient levels of acrolein. 

1 As noted in Section 6.5, there is an estimated annual average secondary concentration of 0.2 µg/m3 for acrolein 
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The Denver Air Toxics Assessment 

6.7 FURTHER DISCUSSION REGARDING RISKS ASSOCIATED WITH DIESEL 

PARTICULATE MATTER 

The MATES-II study conducted in Southern California in 1998 and 1999 was one of the first 
comprehensive air toxics assessments conducted in an urban environment. One of the major 
findings from MATES-II was that diesel particulate matter (DPM) was the major contributor to 
cancer risk in the South Coast air basin. 

Agencies such as the International Agency for Research on Cancer (IARC) and the National 
Institute of Occupational Safety and Health (NIOSH) regard diesel exhaust as a probable human 
carcinogen. California EPA’s OEHHA has classified DPM as a carcinogen with a unit risk level 

of 300-in-a-million per µg/m3 (estimates ranged from 140- to 3,300-in-a-million, in the studies 
evaluated; Lloyd and Cackette, 2001). The USEPA has classified diesel exhaust as a probable 
human carcinogen but has not established a risk level for DPM. 

Lloyd and Cackette (2001) report on the environmental effects and control of diesel engines, 
which includes a section on the health effects of diesel exhaust. A large majority of the cited 
studies show that long-term occupational exposure to diesel exhaust is associated with a 20–50 
percent increase in the relative risk of lung cancer, even after accounting for confounding factors 
such as tobacco smoking. 

Although there is strong evidence demonstrating the carcinogenic effects from exposure to diesel 
exhaust, many uncertainties exist. This is due to gaps in data and knowledge about human 
exposures to diesel exhaust and the mechanisms by which diesel exhaust causes cancer in 
humans and animals. Specific uncertainties include: 

• how the physical and chemical nature of past exposures to diesel exhaust compare with 
present day exposures; 

• risk levels are extrapolated from high occupational exposures to lower environmental 
exposures; as with many other chemicals, the low-dose effects are not proven; and 

• potential confounding factors such as smoking and estimates of past exposure or dose can 
bias the risk levels and may result in under or over estimates of risk. 

Should the health effects from DPM exposure be considered separately from those of generic 
urban particulate matter? If the National Ambient Air Quality Standards (NAAQS) for PM2.5 are 
protective of human health, and if DPM constitutes a fraction of PM2.5, then do the potential 
health effects from DPM exposure need to be considered separately? These questions have not 
been answered. 

Epidemiological studies (Wichmann et al., 2000; Peters et al., 1997) have linked mortality and 
respiratory illness (i.e., chronic bronchitis, asthma) with exposure to ambient concentrations of 
ultrafine particles, a subset of PM2.5, raising concern that diesel exhaust could contribute to the 
observed health effects. However, the contribution of DPM to the ultrafine particle fraction was 
not analyzed in these studies. 

A study conducted from November 1994 through March 1995 reported DPM concentrations in 

Phoenix, AZ averaged 2.4 µg/m3 and reached 5.3 µg/m3 (Maricopa Association of Governments, 
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The Denver Air Toxics Assessment 

1999). Using extended species chemical mass balance modeling (CMB), primary DPM 
emissions accounted for an average 15 percent of ambient PM2.5. Extended species CMB results 
obtained from the NFRAQS (see section 5.6) indicate that DPM accounted for an average of 10 
percent of ambient wintertime PM2.5. DPM concentrations near “hot spots” such as heavily 
traveled roadways, train stations, and bus stations can constitute a much greater percentage of 
ambient PM2.5, but little data exists for these types of environments. 

Evidence from studies of non-cancer human health effects that result from exposure to ambient 
DPM is not as consistent or strong as that for lung cancer. Animal studies show that diesel 
exhaust is capable of causing a variety of adverse, non-cancer health effects. However, these 
effects have typically resulted from exposures well in excess of typical ambient concentrations 
(Lloyd and Cackette, 2001). Additional research is needed at concentration levels more typical 
of urban environments. 

6.8 MICROENVIRONMENTAL EXPOSURES 

The aforementioned risk estimates assume continuous exposure to ambient concentrations of air 
toxics only. However, people may spend 80-90 percent of their time indoors. To more 
accurately assess the true inhalation risks, pollutant concentrations in microenvironments (i.e., 
car, office, and home) should also be assessed. Unfortunately, this large portion of human 
exposure and risk has not been systematically addressed. 

Emissions from manufactured furniture, paints, carpets, cleaning products, tobacco smoke, and 
wood burning can result in elevated indoor concentrations of both gaseous and particulate 
pollutants (Miller et. al, 1998; Kelly, 1996). Mobile source related air toxics concentrations 
inside automobiles have also been found to be much higher than ambient concentrations (Rodes 
et. al, 1998), as have indoor concentrations at homes with attached garages (Graham et al., 
2004). 

It is generally assumed that there is 100 percent penetration of ambient gaseous pollutants into 
the indoor environment. While the penetration rate of ambient particulate air toxics is probably 
less than 100 percent, the indoor sources mentioned above also generate particulates that result in 
elevated indoor concentrations. Due to the various microenvironmental exposures described 
above, personal exposure to many of the HAPs modeled in this assessment may be greater, in 
fact, than exposure to ambient concentrations alone. It is likely that inhalation risks from 
exposure to ambient concentrations for many of the HAPs represent lower bound risk estimates. 

The following sections describe microenvironment exposures to benzene, a known human 
carcinogen. Benzene was not the only air toxic evaluated in these studies, but for ease of 
comparison, only the results for benzene are discussed. 
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The Denver Air Toxics Assessment 

6.8.1 Total Exposure Assessment Methodology (TEAM) Studies 

Much of the knowledge of non-occupational exposure to benzene was developed throughout the 
1980’s by the USEPA TEAM studies of VOCs (Wallace et al., 1987). These studies utilized 
personal air quality monitors to measure direct personal exposures of 800 people in eight urban 
areas of the United States from 1980-1987. The studies were statistically designed so that the 
selected participants represented about 800,000 people in the geographic study areas. 
Measurements were made of indoor and outdoor air, drinking water, and exhaled breath were 
made to supplement the personal air measurements. 

The basic results of the TEAM study as they apply to benzene are summarized as follows 
(Wallace, 1996): 

• More than 99 percent of the total personal exposure was through inhalation. 

• Mean personal air exposures exceeded indoor air concentrations, which in turn 
exceed outdoor air (ambient) concentrations. Personal exposure includes all 
microenvironments, not just in-home exposure. The average personal exposure for 

all participants was about 15 µg/m3. Indoor air concentrations were measured only in 
the 1987 TEAM studies in Los Angeles, Baltimore, and Bayonne, New Jersey, and 

were approximately 10 µg/m3. Outdoor concentrations averaged about 6 µg/m3. 

• No effect on personal exposure from living close to major fixed sources of benzene 
(oil refineries, storage tanks, chemical plants) could be detected in Beaumont, TX; 
Bayonne and Elizabeth, NJ; or Los Angeles, Antioch, and Pittsburg, CA. 

• The overwhelming source of benzene exposure for smokers was mainstream (i.e. 
directly inhaled) cigarette smoke. Smokers had an average benzene body burden 
about 6 to 10 times that of nonsmokers, and received about 90 percent of their 
benzene exposure from smoking. Roughly one-half of the total benzene exposure in 
the United States was borne by smokers. 

• For nonsmokers, most benzene exposure ultimately was derived from auto exhaust or 
gasoline vapor emissions. This includes most of the benzene exposure due to outdoor 
air, indoor exposures due to intrusion of evaporative gasoline fumes from attached 
garages, and personal activities such as driving motor vehicles. A portion of the 
exposure was due to second hand tobacco smoke. A small portion (about 6 percent) 
of the exposure was due to major point sources of benzene, such as petrochemical 
plants or refineries. 

Although only benzene exposure has been discussed here, the TEAM studies found that personal 
air exposures for eleven target HAPs were almost always greater than mean outdoor 
concentrations, which suggests significant indoor air exposures at home, at work, and inside 
motor vehicles. 
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The Denver Air Toxics Assessment 

6.8.2 More Recent Studies 

A 1991 study (Sheldon et al., 1991) was conducted in 128 homes in Woodland, California, a 
community in a largely agricultural region. Personal, indoor, and outdoor mean benzene 

concentrations were 5.0, 4.0, and 1.2 µg/m3, respectively. 

Day and night 12-hr average concentrations of benzene were measured for 58 residents of 
Valdez, Alaska (Goldstein et al., 1992). The daily mean benzene concentrations in the personal, 

indoor, and outdoor samples were 20, 16, and 5 µg/m3 respectively during the summer and 28, 

25, and 11 µg/m3 during the winter. 

A nationwide Canadian study (Fellin et al., 1993) measured 24-hr average indoor air 
concentrations of benzene in 754 randomly selected homes. Benzene mean indoor 

concentrations were 6.4, 5.6, 2.7, and 7.0 µg/m3 in the winter, spring, summer, and fall seasons, 
respectively. 

Brown and Crump (1996) reported on a study of 173 homes in Avon, England. Passive Tenax 
tubes (Perkin-Elmer) collected 28-day samples in the living room and main bedroom of the 
homes for one year. Thirteen sets of 12-month outdoor samples were also collected over the 
course of the study (November 1990-February 1993). The mean indoor concentration was 8 

µg/m3 (n=3000 samples) compared to an outdoor mean of 5 µg/m3 (n=125). 

Rodes et al. (1998) characterized the concentration levels of selected pollutants, including 
benzene, inside and outside of commuting vehicles in Los Angeles and Sacramento, CA to 
evaluate the influences of: 

1) freeway conditions (rush hour versus non-rush hour); 
2) roadway types; 
3) vehicle types; 
4) vent settings; 
5) time of day (am versus pm); 
6) relationships inside and outside vehicles compared to roadside and the nearest fixed-

site ambient monitored concentrations. 

Results from this study showed that: 
a) most pollutant levels, especially the VOCs, were elevated inside and directly outside 

the vehicle, relative to either the ambient or roadside concentrations; 
b) particle concentrations were typically much higher outside the vehicle than inside, 

presumable due to losses of particulates in the vehicle ventilation systems – while 
significant differences were not observed between inside and outside concentrations 
of gaseous pollutants for the same vehicle; 

c) in-vehicle pollutant concentrations for some vehicles were substantially influenced by 
the tailpipe emissions from a single polluting lead vehicle; 

d) Sacramento in-vehicle benzene levels ranged from 3 to 15 µg/m3 while ambient 

levels ranged from 1 to 3 µg/m3. Los Angeles in-vehicle benzene levels ranged from 

10 to 22 µg/m3 while ambient levels ranged from 3 to 7 µg/m3. 
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The Denver Air Toxics Assessment 

Since 1986, 24-hour average benzene levels have been measured every 12th day at about 20 sites 
throughout California. Statewide annual average concentrations fluctuated between 5 and 7 

µg/m3 until 1993 and 1994, when they dropped to about 4 µg/m3 and have declined even further 
since 1996. This decline is due to one or more of several factors: 

a) the 50 percent reduction in hydrocarbon emissions mandated for new cars (Tier 1 
standards); 

b) the Stage II vapor recovery controls recently in effect; 
c) a reduction in benzene content below one percent volume due to Phase 1 (1992) 

and Phase 2 (1996) reformulated gasoline (RFG). 

The aforementioned studies indicate that personal exposures to benzene are typically greater than 
exposures to ambient concentrations alone. This suggests that risk estimates based only on 
ambient exposures likely underestimate the true risks, especially for benzene and similar other 
VOCs. 

In the mid-1990’s, the USEPA initiated the National Human Exposure Assessment Survey 
(NHEXAS) to address some of the limitations of single chemical and single media exposure 
route studies. The purpose of NHEXAS is to evaluate comprehensive human exposure to 
multiple chemicals on a community and regional scale. Ultimately, the EPA anticipates that the 
information gained from NHEXAS will help individuals, communities, states, the EPA, and 
other organizations understand the relative health risks from various chemicals, and provide 
information on whether risk reduction steps are required. 

NHEXAS consists of three phases, the first of which has been completed. Data from phase I 
recently became available. It is likely the NHEXAS data will be discussed in more detail in 
future assessments. 
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The Denver Air Toxics Assessment 

7. CONCLUSIONS AND RECOMMENDATIONS 

7.1 SUMMARY 

Since the release of the U.S. Environmental Protection Agency’s (USEPA) Cumulative Exposure 
Project (CEP) in 1999 and National Air Toxics Assessment (NATA) in 2000, air toxics have 
garnered increased attention from the public and the regulatory community. While national scale 
air toxics assessments such as the CEP and NATA are excellent first steps toward understanding 
human health exposures and risks from air toxics, refined assessments at the regional and local 
level are needed. 

The Denver Department of Environmental Health (DDEH) conducted a baseline urban air toxics 
assessment for the Denver metropolitan region using 1996 emission inventories available for 
point, area and mobile sources. Most of this information was obtained from the USEPA 
National Toxics Inventory (NTI), now referred to as the National Emissions Inventory (NEI). 
Much of this data was developed using national default data and emission factors, but state and 
local air agencies also provide USEPA with data developed at the state, regional, or local level. 

This emissions data was analyzed and processed by DDEH for input into an air dispersion model 
that predicted annual average concentrations. The predicted concentrations were then compared 
with measured concentrations to test the validity of the modeled results. Finally, risk estimates 
and air toxic priority rankings were calculated to enable DDEH to focus limited resources in the 
most meaningful way. 

Overall, the modeling methodology and dispersion model results indicate that the air dispersion 
model results can be used to reliably estimate air toxics exposures in areas with little or no 
monitoring data. While the model bias is to under predict, the ability of the model to 
approximate the monitored spatial distribution is encouraging. 

Mobile source emissions are estimated to generate a majority of the human health risks 
associated with ambient air toxics exposures. Therefore, measures to reduce mobile source 
emissions of air toxics provide the most effective means to reduce risks associated with air 
toxics. Of course, other considerations such as cost effectiveness and the time necessary to 
implement reduction measures should also be weighed. 

7.1.1 Dispersion Model Selection 

Dispersion models predict ambient (outdoor) concentrations based on information collected by 
the user and supplied in the model input file. The currently recommended plume dispersion 
model for estimating urban-wide concentrations of toxic air pollutants is the Industrial Source 
Complex Short Term model (ISC3ST) model, because of its good performance against field 
measurements, and because it is computationally efficient relative to other types of models, such 
as grid and puff models. The version of ISC3ST (02035) used in this assessment included 
enhancements for air toxics applications. 
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The Denver Air Toxics Assessment 

AERMOD, the next generation dispersion model for urban air toxics applications, was tested to 
compare with ISC3ST, but was not used extensively. At the time, AERMOD did not include 
many of the urban air toxics enhancements included in ISC3ST. 

7.1.2 Emission Inventories 

DDEH analyzed and processed the 1996 NTI for input into the dispersion model. In some cases, 
DDEH and the Colorado Department of Public Health and Environment (CDPHE) found errors 
in the NTI that required changes, most notably with regards to mobile source emissions. 

DDEH ran the MOBILE6.2 on-road mobile emissions model using a wide variety of local data. 
MOBILE6.2 was not available during the development of the 1996 NTI. Using MOBILE6.2, 
emissions for most mobile source air toxics decreased compared to the 1996 NTI. 

Fuel based emission inventories for benzene, diesel particulate matter, and carbon monoxide 
were also developed and compared with MOBILE6.2 results. 

• For benzene, the fuel based inventory was 11 percent higher than MOBILE6.2. 

• For diesel particulate matter, the fuel based inventory is 19 percent less than MOBILE6.2 
using EPA default fractions for vehicle miles traveled (VMT) for each vehicle class. 
Using VMT data from local sources, the fuel based diesel PM inventory was 24 percent 
higher than MOBILE6.2. 

• Fuel based carbon monoxide (CO) emissions were also generated because of the high 
density of CO monitors in the Denver area. This allowed for a more thorough 
comparison of predicted and observed concentrations in the urban core. The fuel based 
CO inventory was 28 percent lower than MOBILE6.2 hot-stabilized running emissions, 
considered to best represent vehicle operating conditions captured by remote sensing. 

The biggest difference between fuel based emission inventories and the 1996 NTI occurred with 
off-road diesel PM emissions; fuel based emissions were approximately 70 percent lower than 
1996 NTI estimates. The 1999 NEI listed a 58 percent reduction in off-road diesel emissions as 
compared to the 1996 NTI, closer to the fuel based inventory but still 38 percent higher than the 
1996 fuel based estimate. 

Stationary (point) source emissions were provided by CDPHE and were quality checked for 
locational accuracy. Approximately 20 percent of the source coordinates were adjusted using in-
house geographical information system (GIS) data. 

Area source emissions were for the most part accepted as reported in the 1996 NTI, with care 
taken to minimize double-counting of emissions between the area and point source inventories. 

7.1.3 Spatial and Temporal Allocation of Emissions 

One of the most significant outcomes of the DDEH assessment was the development of a GIS-
based methodology to gather emissions data from various sources and process the data such that 
it could be input into an air dispersion model (Industrial Source Complex short term model, 
ISC3ST). 
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The Denver Air Toxics Assessment 

Mobile and area source emissions were spatially allocated to census block group polygons. 
Doing so provided fine spatial resolution in the densely populated urban core; areas of census 
polygons averaged less than 1 km2 in the urban core. A variety of spatial surrogates was utilized 
to allocate emissions and were developed using census and land use attributes. Several GIS data 
layers developed locally were utilized. 

Emissions were also temporally allocated by season, hour, and day of week. Again, local data 
including traffic counts and facility operating schedules were utilized to calculate temporal 
surrogates. 

7.1.4 Air Monitoring Data 

Overall, a moderate volume of long-term and short-term air toxics monitoring data was available 
throughout Metro Denver, including: 

• long-term monitoring data for gaseous and particulate air toxics on and nearby the Rocky 
Mountain Arsenal; 

• long-term carbonyl (acetaldehyde, formaldehyde) monitoring data was available for 
downtown Denver; 

• several short-term monitoring studies were conducted in the region and provided data for 
VOCs, aldehydes, and metals at various locations throughout Metro Denver; and 

• several months of speciated PM2.5 data obtained from the Northern Front Range Air Quality 
Study (NFRAQS) conducted in Metropolitan Denver in 1996-97, from which diesel PM 
concentrations were estimated using a chemical mass balance model approach. 

Long term carbon monoxide concentrations were also available at numerous locations and were 
utilized to validate the model results in the urban core. 

7.2 FINDINGS 

7.2.1 Comparison of Predicted and Observed Concentrations 

Dispersion model predictions were in the form of annual average concentrations. Most air toxics 
are assumed to cause adverse health effects due to long-term exposure to low-level 
concentrations. In order to validate the dispersion model results, monitored or measured data are 
required to compare with predicted concentrations. 

Model-to-monitor comparisons were made for several air toxics of concern. In practice, model-
to-monitor ratios within a factor of two are considered very good performance in air dispersion 
modeling. Overall, the dispersion model predicted the correct spatial variation in pollutant 
concentrations across Metropolitan Denver, though the model bias is to under predict 
concentrations at most receptors in the urban core. 
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Highlights of the model-to-monitor comparisons are as follows: 

• Predicted benzene concentrations compared very well with monitored data, with a nearly 1:1 
ratio at AQ3 (urban/rural interface) to an under prediction by just over a factor of two at 
CMFS (near the urban core). Unfortunately, annual average benzene concentrations in the 
urban core, where predicted concentrations are highest, were not measured until 2000. 

• Monitored carbon monoxide was found to have a very good correlation with monitored 
benzene in the 1996-1997 and 2000-2001 monitoring campaigns. Therefore, carbon 
monoxide was also modeled in 1996 because there were several monitors in the urban core 
with data available to evaluate the model results. Model-to-monitor ratios ranged from 1:1 to 
1:2.5. As with benzene, the dispersion model bias is to under predict concentrations in the 
urban core. 

• Predicted diesel PM concentrations were lower by 36 and 17 percent at Welby and CAMP, 
respectively, when compared to estimates obtained from chemical mass balance (CMB) 
modeling as part of the NFRAQS. Predicted diesel PM concentrations utilized fuel-based 
emission inventories detailed in Chapter 3. As with benzene and carbon monoxide, the 
dispersion model predicted the approximate spatial variation in diesel PM concentrations 
with an under prediction bias in the urban core. 

• Formaldehyde and acetaldehyde are directly emitted as well as formed secondarily through 
photochemical reactions in the atmosphere. The USEPA OZIPR model predicts 80-90 
percent of observed annual average formaldehyde and acetaldehyde are formed through 
secondary photochemical reactions. In downtown Denver, predicted concentrations of 
formaldehyde and acetaldehyde, including background and secondary formation, were 20 
percent higher and 14 percent lower, respectively, than annual average concentrations. These 
results support the use of background and secondary concentrations, though perhaps not to 
the same degree as estimated from the USEPA OZIPR results for Denver. Future updates to 
the DDEH air toxics assessment will attempt to further clarify this issue using long-term 
monitoring data collected since 2000. 

• Predicted concentrations of perchloroethylene and chromium compounds, emitted primarily 
from stationary sources, are high near the source, but drop off quite quickly with distance. 
Unless monitors are sited accordingly, model-to-monitor comparisons for “hot-spots” cannot 
be evaluated. 

• Predicted concentrations of metal compounds classified as air toxics are generally much 
lower than observed concentrations. This is likely due to emission inventory deficiencies 
such as re-suspension of historical emissions, which were not included in the emission 
inventory. It could also be related to differences in the model calculations for particulates 
and gases, though diesel PM concentrations were modeled with good comparison to chemical 
mass balance model derived estimates. 
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The Denver Air Toxics Assessment 

The dispersion model under predicts ambient concentrations at most receptors for all pollutants. 
This was an expected result due to the unique meteorological conditions frequently experienced 
throughout Metropolitan Denver. With the occasional back and forth movement of air masses in 
the South Platte River drainage, aged air emissions mix with fresh emissions, especially during 
high pollution episodes. The air dispersion models utilized in this assessment do not address 
these types of air mass interactions. Assuming the emission inventories are “in the ballpark”, the 
model is expected to under predict ambient concentrations in Denver. 

7.2.2 Estimated Risks from Exposure to Air Toxics 

The majority of the estimated human health risks from predicted exposure to ambient air toxics 
in Denver are from mobile source emissions (cars, trucks, buses, etc.). Risk estimates were 
developed using health benchmarks from both the USEPA and California EPA’s Office of 
Environmental Health Hazard Assessment (OEHHA). Carcinogenic, chronic non-carcinogenic, 
and acute non-carcinogenic risk estimates were presented in Chapter 6. Risk estimates were 
developed using both predicted and observed concentrations. 

7.2.2.1 Carcinogenic Risk Estimates 

Estimated excess cancer risks from predicted concentrations in Denver County were calculated 
to develop priority rankings that identify where to focus existing resources in order to most 
effectively reduce exposures to air toxics. Table 7-1 lists the priority rankings for air toxics with 
estimated excess cancer risks exceeding of a “one-in-a-million” threshold based on predicted 
annual average concentrations. Priority rankings using monitored air toxics concentrations result 
in similar rankings (see Table 6-2). A description of the priority rankings is listed in section 6.4 
of Chapter 6. 

Similar to information reported in the MATES-II study (SCAQMD, 2000) diesel PM exposure in 
Denver generates the largest estimated excess cancer risks. The diesel PM risk estimate is based 
on a health benchmark developed by CalEPA’s Office of Environmental Health Hazard 
Assessment. The USEPA has classified diesel exhaust as a probable human carcinogen but has 
not established a risk level for DPM. 

123 



     

 

 

               
          

 
 

               
                

               
             

              
      

 
     

 
           
              

                 
             

                 
 

            
         

             
           

              
           

              
 

     

 
                

              
                

 

 

 

   

        

        

        

            

 
       

     

     

 
 

 

 

 

  

 

 
 

  

 

 

 

The Denver Air Toxics Assessment 

Table 7-1. Priority ranking of air toxics with estimated excess cancer risks greater than one-in-
a-million based on predicted concentrations (micrograms per cubic meter). 

Pollutant 

USEPA 

Carcinogen 

Classifcation 

USEPA 

Weight of 

Evidence 

Predicted 

Median 

Concentration 
3

(’ g/m ) 

Predicted 95th 

Percentile 

Concentration 
3

(’ g/m ) 

Risk Based 
3

Concentration 
3

(’ g/m ) 

Priority Ranking for Reducing Exposures 

Based on Predicted Concentrations 

Median 95th Percentile 

Benzene known A 1.6 2.4 0.13 high high 

Diesel PM probable n/a 1.6 2.4 0.0033 high high 

Chromium Compounds known A 2.7E-04 4.3E-04 8.3E-05 medium medium 

Formaldehyde probable B1 3.8 4.2 0.08 medium medium 

Acetaldehyde probable B2 2.5 2.8 0.45 low low 

1,3-Butadiene probable B2 0.13 0.23 0.03 low low 

Carbon Tetrachloride probable B2 0.88 0.88 0.07 low low 

Chloroform probable B2 0.085 0.088 0.04 low low 

Ethylene Dichloride probable B2 0.061 0.061 0.038 low low 

Ethylene Oxide probable n/a 0.002 0.013 0.011 low low 
Perchloroethylene probable n/a 0.26 0.44 0.17 low low 

Carbon tetrachloride, an air toxic with few local emissions but a very long atmospheric lifetime, 
shows estimated excess cancer risks of up to 25 incidences per million people. This should 
decrease over time with the continued phase out of carbon tetrachloride as an industrial solvent 
but the result demonstrates that background concentrations (global or regional) are not always 
negligible and must be considered. Local strategies to reduce carbon tetrachloride exposures are 
not likely to reduce local concentrations. 

7.2.2.2 Chronic, Non-Carcinogenic Risk Estimates 

Based on predicted median concentrations and using the USEPA’s reference concentrations 
(RfCs) for chronic, non-carcinogenic effects, only acrolein is identified as having a potential to 
cause adverse health effects with a hazard quotient (HQ) of 12 (see Table 6-3). Using CalEPA’s 
reference exposure levels (RELs) for chronic effects, acrolein and formaldehyde are identified as 
having the potential to cause adverse health effects with HQs of 4 and 1.3, respectively. 

Both acrolein and formaldehyde are known to have significant contributions from secondary 
photochemical formation, therefore correctly determining the secondary contribution is 
paramount for an accurate portrayal of risk estimates. Both monitored and predicted 
formaldehyde concentrations in Denver exceed CalEPA’s REL. However, extreme caution 
should be applied in interpreting the results for acrolein since no monitored concentrations were 
available and the majority of the predicted concentrations include estimated secondary 
formation. Research is currently underway to improve the methods used to monitor acrolein. 

7.2.2.3 Acute, Non-Carcinogenic Risk Estimates 

The USEPA has not established an acute RfC for acrolein. The CalEPA established an acute 

REL for acrolein of 0.19 µg/m3 (1-hour average). Only annual average concentrations were 
modeled in the initial assessment so risks from acute exposures could not be estimated. 
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The Denver Air Toxics Assessment 

Reviewing available data for acute risk levels, only acrolein appeared to warrant further 
investigation. EPD subsequently modeled hourly average concentrations for a subset of 151 
census block groups in Denver County and found that the ten highest predicted hourly average 

concentrations were greater than 0.5 µg/m3, which is higher than the CalEPA acute REL by a 
factor of at least 2.5. 

The potential for acrolein to produce a HQ greater than 1 for both chronic and acute exposures 
underscores the need for improved methods to monitor for ambient levels of acrolein. 

7.3 RECOMMENDATIONS 

7.3.1 Need for Further Assessment 

7.3.1.1 Air Toxics Monitoring 

Prior to 2000, limited long-term air toxics monitoring data was available in the urban core of 
metropolitan Denver. Most of the long-term data was associated with CERCLA remediation 
activities at the Rocky Mountain Arsenal and Rocky Flats. While this data was useful, it was not 
altogether sufficient for evaluating dispersion model predictions in the urban core where the 
predicted concentrations are highest. 

The Colorado Department of Public Health and Environment (CDPHE) was able to secure 
federal grant monies for air toxics monitoring at one site in downtown Denver during 2000-2001 
and at 3 sites during 2002-2003. This data yielded some surprising results and will prove useful 
for additional model validation in future updates to the baseline assessment. 

1. The usefulness of previous air toxics monitoring data underscores the need for at least 
one permanent air toxics monitor in metropolitan Denver, funded as part of the urban air 
toxics monitoring program (UATMP). The data generated from said monitor(s) would be 
useful for tracking trends and upcoming mobile source air toxics reductions from new 
emissions standards and lower sulfur fuels. 

In 2004, DDEH received a USEPA community based air toxics monitoring grant to conduct 24-
hour average as well as short term average (4-hour and 1-hour) air toxics monitoring at six sites 
in Denver beginning in 2005. This data will shed light on the spatial and temporal variation of 
air toxics concentrations throughout Denver County. It will also allow for a more thorough 
evaluation of the dispersion model results. 

7.3.1.2 Air Toxics Modeling 

The 1996 baseline assessment should be updated periodically, preferably every three years to 
coincide with updates to the National Emissions Inventory (NEI). Future updates will 
incorporate the latest available data (i.e. census data, vehicle miles traveled, land use, etc.) and 
the modeling methodology will be revised as needed. 
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The Denver Air Toxics Assessment 

2. Update the air toxics emission inventories to 1999 levels for the follow-up assessment. 
This will be accomplished through normal work schedules and in-house resources. 
DDEH will use Census 2000 data. 

3. Update the on-road mobile source emissions to 2002 levels and to allocate the emissions 
to the roadway polygons themselves, not the census block group polygons. This will be 
accomplished through a grant DDEH received in 2003 and will serve as a sensitivity 
analysis to evaluate the difference in the predicted concentration gradients, especially 
near major roadways. The results will be of use to others who consider conducting urban 
or neighborhood scale air toxics assessments. 

4. The modeling assessment predicted concentrations in and around Denver County but 
could be expanded to include predictions for all of metropolitan Denver. Further model 
validation is necessary before this is recommended and will occur through the community 
based air toxics monitoring to be conducted in 2005-2006. 

7.3.2 Reducing Exposures to Air Toxics 

Air pollution in Denver is both a local and regional scale issue. Understanding the sources that 
contribute to air toxic exposures is only the first step; the ultimate goal is reducing exposure to 
air toxics. While this is expected to occur as federal and state requirements are phased in over 
the next five to ten years, innovation and education and outreach at the state and local 
government level can produce more immediate reductions in air toxics exposures. 

5. Much of the education and outreach could be targeted at behavioral changes (i.e. driving 
habits, consumer product usage, wood burning), which have traditionally been difficult to 
implement. A more effective message may be required to achieve these goals. A 
regional coalition of federal, state, and local agencies would enhance these efforts. 

6. National and local scale assessments typically focus on ambient (outdoor) air quality. 
However, most people spend 80-90 percent of their time indoors. Numerous studies in 
indoor microenvironments indicate pollutant concentrations can equal or exceed outdoor 
concentrations. Education and outreach targeting indoor air quality should be a priority. 

The City and County of Denver has anti-idling and smoking vehicle ordinances it can enforce. 
While DDEH does occasionally enforce these ordinances, it is certainly not the first choice for 
achieving compliance. In addition, it is not cost effective to conduct the surveillance necessary 
to enforce these regulations. 

7. Increase education and outreach to the community, industry, and trade and convention 
groups to raise awareness of idling and smoking vehicle issues and how they relate to 
increased operating costs (fuel, maintenance) and diminished air quality. This is 
especially important as metropolitan Denver strives to attain ozone air quality standards 
prior to 2008. Regional collaboration is encouraged to leverage effective methods for 
education and outreach. 
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The Denver Air Toxics Assessment 

The City and County of Denver has several programs in place to encourage mobile source 
emission reductions from its 12,000 employees, including a) the Green Fleets program which 
encourages fuel-efficient and alternative fuel vehicle purchases, b) discount bus passes for its 
employees, and c) a pilot program to use biodiesel (B20) in select Public Works vehicles from 
May-December of 2004. 

8. DDEH will partner with Public Works to seek grants to help convert more or all of the 
diesel fleet to biodiesel and/or install retrofit technology on older diesel engines. The 
biodiesel initiative is expected to cost between $300,000 and $400,000 for the 
incremental per gallon fuel costs. 

9. DDEH will also provide assistance to Denver Public Schools to seek additional funds for 
school bus retrofits. These funds will likely be available through upcoming grant 
solicitations or through the Regional Air Quality Council (RAQC). DDEH can serve as a 
liaison between these groups. 

7.3.3 Holistic Approach to Air Quality 

Air pollution programs have traditionally operated independent from one another. For example, 
programs such as criteria pollutants/air toxics have often been treated separately as have 
ozone/air toxics and ozone/regional haze. These programs have common emissions sources and 
common mechanisms for pollutant formation, but how changes to one program affect other 
programs often are not thoroughly considered. 

10. Air pollution programs at all levels of government should take a more holistic approach 
to addressing air quality issues. For example air toxics and ozone programs could be 
effectively integrated, especially in areas that focus on volatile organic compound (VOC) 
reductions, of which many are air toxics. Not only would this broaden the understanding 
of how these programs relate, but would also improve our ability to communicate why 
reductions of these pollutants are important. The same could be said for cross-media 
programs (air, water, soil), as too often there are disconnects between the different facets 
of environmental programs. Cross-media programs are especially suitable for local 
government implementation. 
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The Denver Air Toxics Assessment 

Table A-1. ISC3ST model options utilized in the Denver Air Toxics Assessment. 

ISC3ST Model Options Utilized Description 

Toxics Options (non-regulatory) Allows the use of air toxics enhancements 

Sampled Chronological Input Model (SCIM) Reduces model run time; met data sampled every 25 hours 

Averaging Period Annual average must be selected to use SCIM option 

Effective Area Source Depletion Factor Optimized area source dry depletion algorithm for use with non-point sources 

Include Calm Meteorological Hours 

Bypasses calm wind processing routine that sets concentrations to zero during 

calm wind hours 

Terrain Options Both simple and complex terrain algorithms selected 

Plume Depletion 

Both dry and wet selected for point sources; dry depletion not needed when 

using effective depletion factor for area sources 

Dry and Wet Deposition Both selected to produce least conservative estimates of concentrations 

Land Use 

Urban selected for entire modeling domain; sensitivity analysis also performed 

using rural dispersion 

Halflife/Decay Halflife was used; varies by pollutant 

Flagpole Receptors 1.5 meters above each receptor elevation used to simulate breathing zone 

Dry Deposition Parameters Model default parameters were utilized 

State of Vegetation Active and Unstressed; affects rate of deposition to vegetative surfaces 

Liquid and Frozen Precipitation Gas Scavenging Is a function of particle/molecule size 

Gas Dry Deposition Variables Vary by pollutant 

1
3
8

 



     

 

 

            

        

  

 

  

 

  

 

   

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

  

  

  

 

  

 

The Denver Air Toxics Assessment 

Table A-2. Physical and chemical parameters used in the ISC3ST dispersion model. 

Pollutant 

Solubility 

(mg/l or ppm) 

Mesophyll 

Resistance 

(RSUBM) 

Diffusivity in 
2

air (cm /sec) 

Henry's Law 

coefficient 

(dimensionless) 

Half Life in 

Atmosphere 

(seconds) 

1,1 Dichloroethane 5057 7 0.07 0.234 5348160 

1,1 Dichloroethylene 2250 10 0.09 1.086 172800 

1,1,2,2 Tetrachloroethane 3000 9 0.07 0.01 80000000 

1,1,1 Trichloroethane 1334 15 0.08 0.7 100000000 

1,3 Dichloropropene 2800 9 0.0726 0.7362 151200 

1,3 Butadiene 735 20 0.1158 2.95 7200 

1,4 Dioxane miscible 0 0.09 0.0002 21600 

1,4 Dichlorobenzene 74 0 0.0605 0.1 1728000 

16-PAH VERY LOW 100 0.059 0.02 10800 

2,2,4 Trimethyl Pentane assumed low 100 0.08 0.2 380160 

2-Butoxyethanol miscible 0 0.1 0 77760 

7-PAH VERY LOW 100 0.032 0.004 10800 

Acetaldehyde miscible 0 0.1325 0.0033 32400 

Acetonitrile miscible 0 0.13 0.0004 51840 

Acrylonitrile 80000 0 0.1173 0.004 100800 

Ammonia miscible 0 0.1698 0 7200 

Benzene 1780 10 0.0912 0.24 518400 

Carbon disulfide 1200 15 0.1 1 2592000 

Carbonyl Sulfide 1220 15 0.1 2.046 2592000 

Carbon Tetrachloride 790 20 0.0587 1.07 116000000 

Chlorine 7300 5 0.1 0.3 43200 

Chlorobenzene 470 45 0.07 0.2 11232000 

Chloroform 7920 5 0.0692 0.156 5529600 

Methyl chloride (chloromethane) 8200 5 0.0864 0.369 12787200 

Cumene (isopropyl benzene) 61.3 97 0.075 48.2 216000 

Di (2-EthylHexyl) Phthalate 0.34 100 0.0326 0 300000 

Dibutyl Phthalate 11.2 100 0.09 0 151200 

Dichloromethane (methylene chloride) 13000 2 0.1 0.09 3326400 

Diethanolamine miscible 0 0.11 0 14400 

DIOXINS/FURANS 3.1 100 0.06 0.0005 5000000 

ETHYLBENZENE 170 90 0.075 0.3 198720 

Ethyl Chloride 5700 6 0.1 0.5 3456000 1
3
9
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Pollutant 

Solubility 

(mg/l or ppm) 

Mesophyll 

Resistance 

(RSUBM) 

Diffusivity in 
2

air (cm /sec) 

Henry's Law 

coefficient 

(dimensionless) 

Half Life in 

Atmosphere 

(seconds) 

Ethylene Dichloride 8524 5 0.1 0.04 2592000 

Ethylene Glycol miscible 0 0.1 0 181440 

Ethylene Oxide miscible 0 0.1323 0.003 72000 

Formaldehyde 550000 0 0.1698 0 7200 

Glycol Ethers miscible 0 0.1 0 10000 

Hydrochloric Acid 7300 5 0.1 0.3 43200 

Hydrogen Cyanide miscible 0 0.18 0.005 60480 

Hydrogen Flouride 1780 10 0.0912 0.24 518400 

Hydroquinone 72000 0 0.1 0 172800 

Isophorone 12000 2 0.09 0.0003 3600 

MDI (methylene diphenyl diisocyanate) decomposed by water 0 0.09 0 21600 

Methanol miscible 0 0.09 0.00019 1537920 

Methy Ethyl Ketone 223000 0 0.09 0.001 198720 

Methyl Bromide 15223 2 0.09 0.259 24969600 

Methyl Isobutyl Ketone 19000 2 0.08 0.006 95040 

Methyl Mercaptan 15390 2 0.09 0.13 43200 

Methyl Methacrylate 15000 2 0.077 0.014 233280 

MTBE 51000 0 0.088 0.024 388800 

N-HEXANE 18 100 0.2 5 250560 

NNDimethylformamide miscible 0 0.1 0 7200 

Tetrachloroethylene 200 85 0.072 0.76 8294400 

Phenol 82800 0 0.09 0 51840 

Propionaldehyde 306000 0 0.1325 0.0031 69120 

Quinoline 6110 6 0.1 0.0001 86400 

Styrene 310 50 0.0555 0.103 18000 

Toluene 500 40 0.09 0.3 233280 

Trichloroethylene 1472 15 0.08 0.4 587520 

Triethylamine 1000000 0 0.12 0.004 17280 

Vinyl Chloride 2800 9 0.11 1.1 129600 

Xylenes (use m-xylene, shortest 1/2 life) 160 70 0.07 0.3 60480 

Data sources are numerous and are listed elsewhere in the body of the report. 1
4
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The Denver Air Toxics Assessment 

Exhibit A-1. Example portion of ISC3ST input file for benzene area and mobile source 

emissions in Denver County. 

CO STARTING 

CO TITLEONE Denver Metro Air Toxics Baseline Modeling Assessment 

CO TITLETWO All Polygon Area Sources Included 

CO MODELOPT CONC DDEP WDEP WETDPLT URBAN TOXICS AREADPLT SCIM 

NOCALM 

CO AVERTIME ANNUAL 

CO POLLUTID BENZENE 

CO HALFLIFE 518400.0 

CO TERRHGTS ELEV 

CO FLAGPOLE 0 

CO RUNORNOT RUN 

CO VEGSTATE UNSTRESSED 

CO FINISHED 

SO STARTING 

SO ELEVUNIT METERS 

SO LOCATION 31001011 AREAPOLY 497859.50 4404550.00 1639.4 

SO SRCPARAM 31001011 7.83E-08 2.0000 8 1.0000 

SO AREAVERT 31001011 497859.50 4404550.00 

SO AREAVERT 31001011 497859.41 4404161.50 

SO AREAVERT 31001011 497859.31 4403795.00 

SO AREAVERT 31001011 497088.62 4403740.00 

SO AREAVERT 31001011 497088.78 4404161.50 

SO AREAVERT 31001011 497088.94 4404550.00 

SO AREAVERT 31001011 497088.97 4404661.00 

SO AREAVERT 31001011 497345.84 4404672.00 

SO EMISFACT 31001011 SHRDOW 0.271 0.179 0.108 0.107 

SO EMISFACT 31001011 SHRDOW 0.129 0.264 1.250 1.481 

SO EMISFACT 31001011 SHRDOW 1.412 1.337 1.334 1.424 

SO EMISFACT 31001011 SHRDOW 1.480 1.479 1.544 1.622 

SO EMISFACT 31001011 SHRDOW 1.812 1.874 1.225 1.202 

SO EMISFACT 31001011 SHRDOW 1.144 0.963 0.685 0.493 

SO EMISFACT 31001011 SHRDOW 0.167 0.131 0.116 0.114 

SO EMISFACT 31001011 SHRDOW 0.137 0.248 1.703 1.908 

SO EMISFACT 31001011 SHRDOW 1.813 1.726 1.710 1.767 

SO EMISFACT 31001011 SHRDOW 1.802 1.763 1.801 1.871 

SO EMISFACT 31001011 SHRDOW 2.050 2.008 0.821 0.699 

SO EMISFACT 31001011 SHRDOW 0.606 0.534 0.316 0.236 

SO EMISFACT 31001011 SHRDOW 0.172 0.139 0.130 0.128 

SO EMISFACT 31001011 SHRDOW 0.153 0.275 1.921 2.147 

SO EMISFACT 31001011 SHRDOW 2.038 1.939 1.919 1.978 

SO EMISFACT 31001011 SHRDOW 2.015 1.966 2.004 2.081 

SO EMISFACT 31001011 SHRDOW 2.281 2.219 0.858 0.709 

SO EMISFACT 31001011 SHRDOW 0.600 0.534 0.303 0.229 
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SO EMISFACT 31001011 SHRDOW 0.186 0.142 0.120 0.118 

SO EMISFACT 31001011 SHRDOW 0.141 0.261 1.678 1.896 

SO EMISFACT 31001011 SHRDOW 1.800 1.710 1.694 1.757 

SO EMISFACT 31001011 SHRDOW 1.796 1.759 1.802 1.876 

SO EMISFACT 31001011 SHRDOW 2.066 2.033 0.897 0.781 

SO EMISFACT 31001011 SHRDOW 0.686 0.599 0.370 0.275 

SO EMISFACT 31001011 SHRDOW 0.453 0.323 0.124 0.122 

SO EMISFACT 31001011 SHRDOW 0.074 0.130 0.439 0.533 

SO EMISFACT 31001011 SHRDOW 0.649 1.063 1.364 1.570 

SO EMISFACT 31001011 SHRDOW 1.383 1.219 1.090 1.081 

SO EMISFACT 31001011 SHRDOW 1.181 1.245 0.973 1.019 

SO EMISFACT 31001011 SHRDOW 0.967 0.722 0.614 0.567 

SO EMISFACT 31001011 SHRDOW 0.345 0.271 0.128 0.126 

SO EMISFACT 31001011 SHRDOW 0.077 0.111 0.641 0.709 

SO EMISFACT 31001011 SHRDOW 0.800 1.201 1.489 1.661 

SO EMISFACT 31001011 SHRDOW 1.455 1.252 1.095 1.079 

SO EMISFACT 31001011 SHRDOW 1.168 1.129 0.538 0.485 

SO EMISFACT 31001011 SHRDOW 0.397 0.262 0.241 0.306 

SO EMISFACT 31001011 SHRDOW 0.370 0.295 0.143 0.141 

SO EMISFACT 31001011 SHRDOW 0.087 0.121 0.723 0.796 

SO EMISFACT 31001011 SHRDOW 0.893 1.339 1.659 1.846 

SO EMISFACT 31001011 SHRDOW 1.613 1.382 1.203 1.184 

SO EMISFACT 31001011 SHRDOW 1.283 1.225 0.540 0.467 

SO EMISFACT 31001011 SHRDOW 0.366 0.228 0.219 0.307 

SO EMISFACT 31001011 SHRDOW 0.373 0.289 0.133 0.131 

SO EMISFACT 31001011 SHRDOW 0.080 0.118 0.621 0.695 

SO EMISFACT 31001011 SHRDOW 0.793 1.215 1.519 1.703 

SO EMISFACT 31001011 SHRDOW 1.489 1.280 1.119 1.102 

SO EMISFACT 31001011 SHRDOW 1.197 1.167 0.607 0.563 

SO EMISFACT 31001011 SHRDOW 0.475 0.321 0.293 0.349 

SO EMISFACT 31001011 SHRDOW 0.453 0.323 0.124 0.122 

SO EMISFACT 31001011 SHRDOW 0.074 0.130 0.439 0.533 

SO EMISFACT 31001011 SHRDOW 0.649 1.063 1.364 1.570 

SO EMISFACT 31001011 SHRDOW 1.383 1.219 1.090 1.081 

SO EMISFACT 31001011 SHRDOW 1.181 1.245 0.973 1.019 

SO EMISFACT 31001011 SHRDOW 0.967 0.722 0.614 0.567 

SO EMISFACT 31001011 SHRDOW 0.345 0.271 0.128 0.126 

SO EMISFACT 31001011 SHRDOW 0.077 0.111 0.641 0.709 

SO EMISFACT 31001011 SHRDOW 0.800 1.201 1.489 1.661 

SO EMISFACT 31001011 SHRDOW 1.455 1.252 1.095 1.079 

SO EMISFACT 31001011 SHRDOW 1.168 1.129 0.538 0.485 

SO EMISFACT 31001011 SHRDOW 0.397 0.262 0.241 0.306 

SO EMISFACT 31001011 SHRDOW 0.370 0.295 0.143 0.141 

SO EMISFACT 31001011 SHRDOW 0.087 0.121 0.723 0.796 

SO EMISFACT 31001011 SHRDOW 0.893 1.339 1.659 1.846 

SO EMISFACT 31001011 SHRDOW 1.613 1.382 1.203 1.184 

SO EMISFACT 31001011 SHRDOW 1.283 1.225 0.540 0.467 
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SO EMISFACT 31001011 SHRDOW 0.366 0.228 0.219 0.307 

SO EMISFACT 31001011 SHRDOW 0.373 0.289 0.133 0.131 

SO EMISFACT 31001011 SHRDOW 0.080 0.118 0.621 0.695 

SO EMISFACT 31001011 SHRDOW 0.793 1.215 1.519 1.703 

SO EMISFACT 31001011 SHRDOW 1.489 1.280 1.119 1.102 

SO EMISFACT 31001011 SHRDOW 1.197 1.167 0.607 0.563 

SO EMISFACT 31001011 SHRDOW 0.475 0.321 0.293 0.349 

SO GAS-SCAV 31001011 LIQ .00005E-04 

SO GAS-SCAV 31001011 ICE .000017 

SO GASDEPOS 31001011 .088 1 10 10 .233 

SO SRCGROUP ALL 

SO FINISHED 

RE STARTING 

RE ELEVUNIT METERS 

RE DISCCART 511110.9436 4399165.936 1628 1.5 

RE DISCCART 512729.6196 4399056.353 1641.6 1.5 

RE DISCCART 510121.3648 4399147.919 1622.8 1.5 

RE FINISHED 

ME STARTING 

ME INPUTFIL "C:\CEPProject\ISC3\ModelFiles\WX886_90.txt" 

ME ANEMHGHT 10.0000 

ME SURFDATA 52220 1986 

ME UAIRDATA 23062 1986 DENVER,CO 39.767 104.867 

ME SCIMBYHR 12 25 08 25 

ME FINISHED 

OU STARTING 

OU PLOTFILE ANNUAL ALL 

""C:\CEPProject\ISC3\ModelFiles\Benzene\Denver\BenzDenver.plt"" 

OU FINISHED 
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APPENDIX B --- EMISSION INVENTORY DATA 
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The Denver Air Toxics Assessment 

Table B-1. Original and final emission totals by source category (tons). Bold values indicate inventories used in current assessment 
(see footnotes on following page). 

Pollutant 

Six County Metro Denver Emission Totals (tons per year) 

Point 

Sources Area Sources 

Original NTI 

On-road Mobile 

Sources 

Revised NTI 

On-road Mobile 

Sources 

MOBILE6.2 

On-road Mobile 

Sources 

1996 NTI 

Non-Road 

Mobile 

Sources 

Modeled 

Metro Total 

1,3 Butadiene 0.8 
a 

47 336 173 189 80 317 

1,1,2,2 Tetrachloroethane 0 1.6 0 n/a 0 0 1.6 

1,3 Dichloropropene 0 170 0 0 0 0 170 

7-PAH 0 0.8 0.2 n/a 0 0.1 1.1 

16-PAH 9 53 0.6 n/a 0 0.3 63 

Acetaldehyde 8.1 
a 

289 498 341 265 346 908 

Acrolein 0.1 
a 

36 28 n/a 28 68 132 

Acrylonitrile 0.3 3.1 0 n/a 0 0 3.4 

Arsenic Compounds 0.9 0.1 0.015 n/a 0.001 0.0016 1.0 

Benzene 139 
a 

161 2229 1265 1335 625 2260 

Berylium Compounds 0 0.02 0 n/a 0 0 0.02 

Cadmium Compounds 0.01 0.04 0 n/a 0 0 0.05 

Carbon Tetrachloride 0.4 
b 

0.7 0 n/a 0 0 1.1 

Chloroform 10.2 
b 

4.6 0 n/a 0 0 14.8 

Chromium Compounds 2.1 
d 

0.1 0.08 n/a 0.1 0.2 2.5 

Coke Oven Emissions 0 0 0 n/a 0 0 0 

Diesel PM (Exhaust) 0 0 1042 n/a 844 3387 
c 

2130 

Ethylene Oxide 4.7 
b 

10.1 0 n/a 0 0 14.8 

Ethylene Dibromide 0 0.002 0 n/a 0 0 0 

Ethylene Dichloride 0.1 
b 

0.4 0 n/a 0 0 0.5 

Formaldehyde 96.7 
a 

315 1017 771 581 753 1746 

Hexachlorobenzene 0 0 0 n/a 0 0 0 

Hydrazine 0 0 0 n/a 0 0 0 

Lead Compounds 3.7 0.8 0.1 n/a 0 9.6 14.2 

Manganese Compounds 0.4 7.4 0.03 n/a 0.1 0.2 8.1 

Mercury Compounds 0.17 0.05 0.0003 n/a n/a 0.012 0.22 

Methylene Chloride 78 282 0 n/a 0 0 360 

1
4
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Pollutant 

Six County Metro Denver Emission Totals (tons per year) 

Point 

Sources Area Sources 

Original NTI 

On-road Mobile 

Sources 

Revised NTI 

On-road Mobile 

Sources 

MOBILE6.2 

On-road Mobile 

Sources 

1996 NTI 

Non-Road 

Mobile 

Sources 

Modeled 

Metro Total 

Nickel Compounds 0.7 1.1 0.1 n/a 0.07 0.1 2.0 

Perchloroethylene 311 
d 

35 0 n/a 0 0 346 

Polychlorinated Biphenyls (PCBs) 0 0 0 n/a 0 0 0 

Propylene Dichloride 0 0 0 n/a 0 0 0 

Quinoline 0.07 0 0 n/a 0 0 0 

Trichloroethylene 35.7 
d 

3.2 0 n/a 0 0 38.9 

Vinyl Chloride 2.1 4 0 n/a 0 0 6.1 

a 
1996 NTI did not contain area source woodburning emissions for these pollutants or were significantly underestimated. See section 3.2. 

b 
Totals as reported in the 1996 NTI. Emissions were excluded from modeling because area source categories were not selected. 

c 
Final diesel emissions were calculated as reported in Chapter 3. 

d 
Area source emission totals after excluding source categories that were likely included in the point source database. 

1
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Table B-2. 1996 NTI area source categories in Metropolitan Denver and those used in the Denver Air Toxics Assessment. 

Are a Source Ca tegory 

Utilize d 

by 

DDEH? Are a Source Ca te gory 

Utilize d 

by 

DDEH? 

Adhesives and Sealants N Miscellaneous Organic Chemical Processes N 

Animal Cremation N Municipal Landfills Y 

Asphalt Concrete Manufacturing N Natural Gas Transmissions and Storage N 

Asphalt Paving: Cutback Asphalt Y Oil and Natural Gas Production Y 

Asphalt Roofing Manufacturing N Open Burning: Forest and W ildfires Y 

Autobody Refinishing Paint Application N Open Burning: Prescribed Burnings Y 

Aviation Gasoline Distribution: Stage I & II N Open Burning: Scrap Tires Y 

Cement, Hydraulic N Paint Stripping Operations Y 

Chemicals and Allied Products, nec N Perchloroethylene Dry Cleaning N 

Chromic Acid Anodizing N Pesticide Application N 

Commercial Sterilization Facilities (Ethylene Oxide) N Pharmaceuticals Production N 

Consumer Products Usage Y Plastic Parts and Products (Surface Coating) N 

Decorative Chromium Electroplating N Polishes and Sanitation Goods Manufacturing N 

Dental Preparation and Use N Polyvinyl Chloride and Copolymers Production N 

Fabricated Metal Products, nec N Primary Batteries, Dry and W et, Manufacturing N 

Flexible Polyurethane Foam Fabrication N Printing/Publishing (Surface Coating) N 

Flexible Polyurethane Foam Production N Public ly Owned Treatment W orks (POTW s) Y 

Gasoline Distribution Stage I (excluding benzene) Y Pumps and Pumping Equipment Manufacturing N 

Gasoline Distribution Stage II (excluding benzene) Y Refractories Manufacturing N 

General Laboratory Activities N Residential Heating: Anthracite Coal N 

Halogenated Solvent Cleaners N Residential Heating: B ituminous and Lignite Coal N 

Hard Chromium Electroplating N Residential Heating: Distillate Oil N 

Hospital Sterilizers N Residential Heating: Natural Gas N 

Human Cremation N Residential Heating: W ood/W ood Residue Y 

Industrial Boilers: Distillate Oil N Service Industry Machinery Y 

Industrial Boilers: Natural Gas N Softwood Drying Kilns N 

Industrial Boilers: Residual Oil N Special Industry Machinery, nec Y 

Industrial Boilers: W aste Oil N Stationary Internal Combustion Engines - Diesel Y 

Industrial Inorganic Chemical Manufacturing N Stationary Internal Combustion Engines - Natural Gas N 

Institutional/Commercial Heating: Distillate Oil N Stationary Turbines N 

Institutional/Commercial Heating: Natural Gas N Steel Pickling HCl Process N 

Institutional/Commercial Heating: Residual Oil N Structure Fires Y 

Institutional/Commercial Heating: W ood/W ood Residue Y Surface Coatings: Architectural Y 

Lamp Breakage N Surface Coatings: Industrial Maintenance N 

Lubricating Oils and Greases N Surface Coatings: Traffic Markings Y 

Metal coating and allied services (3479) N Telephone and Telegraph Apparatus Y 

W ood Kitchen Cabinets N 

1
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The Denver Air Toxics Assessment 

Table B-3. Emission factors for residential wood combustion (pounds of pollutant per ton of wood burned). 

Data Source 

Emission Factors in Pounds per Ton of Wood Burned 

Benzene Formaldehyde Acetaldehyde 1,3 Butadiene Carbon Monoxide 

EPA Fireplace (ERG, 2001) 1.94 n/a n/a n/a 252.6 

EPA Catalytic Woodstove (ERG, 2001) 1.46 n/a n/a n/a 107 

Houck et al. (2001) Fireplace 1.86 3.32 n/a n/a 127.9 

Cass et al. (2001) Fireplace 0.77 2.33 3.40 0.23 n/a 

Zielinska et al. (2000) Fireplace 0.55 0.28 0.71 0.13 258 

Selected Emission Factor 
a a a a b 

0.66 0.48 0.98 0.18 255.3 

Emission Factors in Pounds per Ton of Wood Burned 

Data Source Toluene o-Xylene m+p-Xylene Acetone Ethylbenzene 

EPA Fireplace (ERG, 2001) 0.73 0.20 0.67 n/a n/a 

EPA Catalytic Woodstove (ERG, 2001) 0.52 0.19 0.63 n/a n/a 

Houck et al. (2001) Fireplace n/a n/a n/a n/a n/a 

Cass et al. (2001) Fireplace 0.32 0.04 0.12 1.50 0.05 

Zielinska et al. (2000) Fireplace 0.26 0.03 0.09 0.53 n/a 

Selected Emission Factor 
a a a a 

0.29 0.03 0.10 0.63 0.05 

a 
Emission factor is average of Cass et al. and Zielinska et al. emission factors 

b 
Emission factor is average of Zielinska et al. and EPA Fireplace emission factors 
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The Denver Air Toxics Assessment 

Table B-4. Wood burning emission totals for Metropolitan Denver (tons). 

County Name 

Wood Burning Emission Totals (tons per year) 

Benzene Formaldehyde Acetaldehyde 1,3 Butadiene Carbon Monoxide 

Adams 11.5 8.5 17.2 3.2 4475 

Arapahoe 17.1 12.6 25.5 4.8 6643 

Boulder 10.4 7.7 15.5 2.9 4046 

Denver 21.9 16.1 32.6 6.1 8485 

Douglas 5.5 4.1 8.2 1.5 2137 

Jefferson 18.5 13.6 27.5 5.2 7171 

Metro Denver Total 84.9 62.6 126.4 23.7 32957 

Wood Burning Emission Totals (tons per year) 

County Name Toluene o-Xylene m+p-Xylene Acetone Ethylbenzene 

Adams 5.1 0.6 1.8 11.0 0.8 

Arapahoe 7.5 0.9 2.7 16.3 1.2 

Boulder 4.6 0.5 1.7 9.9 0.7 

Denver 9.6 1.1 3.5 20.8 1.5 

Douglas 2.4 0.3 0.9 5.2 0.4 

Jefferson 8.1 0.9 2.9 17.6 1.3 

Metro Denver Total 37.4 4.3 13.6 80.9 5.9 

1
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The Denver Air Toxics Assessment 

Table B-5. Statewide and Metropolitan Denver fuel sales data for 1996 (gallons). The 
surrogates used to apportion statewide fuel sales to Metro Denver included a combination of 
population, VMT, and registered vehicles (diesel only). 

Month 

Conventional 

Statewide 

Gasoline 

Metro Denver 

Gasohol (Oxygenated) 

Statewide Metro Denver 

Di

Statewide 

esel 

Metro Denver 

January 2,124,135 54,796 2,191,484 1,918,231 1,003,441 361,239 

February 2,302,716 97,610 2,296,046 2,009,756 931,360 335,290 

March 4,323,255 2,250,254 333,496 291,913 879,635 316,669 

April 4,408,386 2,294,565 261,100 228,543 931,040 335,175 

May 4,615,627 2,402,434 255,967 224,051 906,523 326,348 

June 4,745,783 2,470,180 182,455 159,705 933,652 336,115 

July 5,664,925 2,948,594 140,552 123,027 738,421 265,831 

August 4,745,783 2,515,265 182,455 159,705 933,652 336,115 

September 4,659,482 2,425,261 122,960 107,629 809,996 291,598 

October 4,362,458 1,826,818 925,635 810,219 876,643 315,591 

November 2,931,667 793,086 1,581,711 1,384,490 803,846 289,385 

December 3,430,186 956,859 1,727,951 1,512,495 795,326 286,317 
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The Denver Air Toxics Assessment 

Figure B-1. Central Business District Driving cycle for heavy-duty vehicles. Duration = 560 secs, 
average speed = 12.6 miles per hour, driving distance = 2 miles. 

Figure B-2. Urban Dynamometer Driving Schedule (UDDS, aka the HDT driving cycle) for 
heavy-duty vehicles. Duration = 1060 secs, average speed = 18.9 miles per hour, driving distance 
= 5.5 miles. 
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The Denver Air Toxics Assessment 

Figure B-3. The West Virginia 5-peak truck cycle (WVT). Duration = 900 secs, driving distance 
= 5 miles. 
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The Denver Air Toxics Assessment 

Exhibit B-1. MOBILE6.2 input file used for EPD revised mobile source air toxics 

inventory. Lines beginning with a “*” are commented out and do not affect model results. 

MOBILE6 INPUT FILE : Estimated Emissions for 1996; includes EPD modified 

files 

****************************** HEADER SECTION 

********************************** 

POLLUTANTS : HC CO NOx 

PARTICULATES : 

AIR TOXICS : 

SPREADSHEET : DENVER96 

****************************** RUN DATA SECTION 

******************************** 

RUN DATA 

EXPRESS HC AS TOG : 

EXPAND EXHAUST : 

* TOG output given as start emissions and running/stabilized emissions 

EXPAND EVAPORATIVE : 

STARTS PER DAY : stperday.d 

* ST PER DAY a significant change from (less than) EPA Defaults per 98 DRCOG 

* travel survey 

START DIST : sdist.d 

* ST DIST is also quite different, modified based on DRCOG 98 travel survey 

NO REFUELING : 

REG DIST : REGDATA.D 

* The registration distribution used is the EPA default; originally went with 

* DMV spreadsheet data from 1999 but it’s not broken out by vehicle type (car 

vs 

* truck) so cant say for sure. 1999 DMV data possessed by EPD showed an 

older 

* fleet, which agrees with DRCOG 1998 travel behavior survey data. 

VMT BY FACILITY : fvmt.def 

* The facility by VMT shows DRCOG TDM estimates for each road class in Denver 

* County 

VMT BY HOUR : hvmt.def 

* The VMT BY HOUR shows DRCOG TDM AM-, PM-, and OFF- peak fractions of VMT 

* Hourly data was derived using hour-to-hour ratios from EPA default data 

file 

*WE DA TRI LEN DI : WEDATRIP.D 
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---

The Denver Air Toxics Assessment 

* Mobile 6 uses weekday distribution as default, cannot use both week-day/end 

* Weekday Trip Dist file is significantly different from EPA defaults 

* Modifications based on DRCOG 98 travel survey using median travel times 

*WE EN TRI LEN DI : WEENTRIP.D 

* Modified distributions based loosely on DRCOG 98 Travel Survey Weekday Data 

* Slightly different from weekday file because of no peak travel slowdowns 

* -------------------------------- I/M Program Data -------------------------

-

* First I/M program is I/M 240 

I/M PROGRAM : 1 1982 2020 2 T/O IM240 

I/M MODEL YEARS : 1 1982 1996 

I/M VEHICLES : 1 22222 22222222 1 

I/M STRINGENCY : 1 20.0 

I/M COMPLIANCE : 1 98.0 

I/M WAIVER RATES : 1 0.0 0.0 

I/M GRACE PERIOD : 1 4 

I/M CUTPOINTS : 1 EXAMPLES/MYCUTS1.D 

NO I/M TTC CREDITS : 1 

* SECOND I/M program is Idle/2500 

I/M PROGRAM : 2 1982 2020 2 T/O 2500/IDLE 

I/M MODEL YEARS : 2 1952 1981 

I/M VEHICLES : 2 22222 22222222 1 

I/M STRINGENCY : 2 35.0 

I/M COMPLIANCE : 2 98.0 

I/M WAIVER RATES : 2 2.0 2.0 

ANTI-TAMP PROG : 82 75 95 22222 22222222 1 12 098. 22111112 

******************************* SCENARIO SECTION 

******************************* 

*----------------------------------------------------------------------------

SCENARIO REC : Denver HC Output as TOG - Winter 

*----------------------------------------------------------------------------

FUEL PROGRAM : 3 

ALTITUDE : 2 

PARTICULATE EF : PMGZML.CSV PMGDR1.CSV PMGDR2.CSV PMDZML.CSV PMDDR1.CSV 

PMDDR2.CSV 

PARTICLE SIZE : 10.0 

DIESEL SULFUR : 343.00 

GAS AROMATIC% : 30.1 

GAS OLEFIN% : 14.3 

GAS BENZENE% : 0.9 

E200 : 60.0 

E300 : 85.0 

OXYGENATE : MTBE 0.0 0.00 
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34.1 

The Denver Air Toxics Assessment 

: ETBE 0.0 0.00 

: ETOH 10.0 1.00 

: TAME 0.0 0.00 

ADDITIONAL HAPS : otherhap.csv 

SULFUR CONTENT : 190 

* Average sulfur content by season modified from data in CRC LDGV NFRAQS 

Report 

* based on fuel analyses; also from 1998 CDPHE oxyfuel analyses report 

HOURLY TEMPERATURES: 24.0 26.0 31.1 35.0 38.1 41.1 42.0 43.1 42.0 41.1 37.0 

32.0 31.1 30.0 29.1 28.0 28.0 27.1 26.0 26.0 26.0 25.1 25.1 

* Hourly temps are median temps by hour & season calculated from 1986-1990 

* meteorological data file used in ISC3 - 6-7 am is the first hour listed!! 

*MIN/MAX TEMP : 19. 43. 

CALENDAR YEAR : 1996 

EVALUATION MONTH : 1 

*AVERAGE SPEED : 23.0 Areawide 

* Can use this function to model individual road type or all road types if 

avg 

* speed is known. Mobile 6 composite avg speed over all roads is about 28.4 

* miles per hour. 

*OXYGENATED FUELS : .050 .950 .027 .035 1 

* Specifies that 95% of gas sold has ethanol with 3.5% oxygen by weight. The 

* remainder of the fuel (5%) is assumed here to have MTBE with 2.7% oxygen 

wt. 

FUEL RVP : 13.6 

ABSOLUTE HUMIDITY : 45.0 

* default is 75 grains/lb 

SUNRISE/SUNSET : 7 5 

* default is 6 am and 9 pm 

*WE VEH US : 

* This command directs Mobile6 to apply weekend activity information in 

* calculating emissions that depend on vehicle usage rates. 

*----------------------------------------------------------------------------

SCENARIO REC : Denver HC Output as TOG - Spring 

*----------------------------------------------------------------------------

FUEL PROGRAM : 3 

* Post 1999 Fuel Sulfur Phase in program for Conventional Gasoline West 

ALTITUDE : 2 

* 1 = low altitude, 2 = high altitude 
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58.1 

The Denver Air Toxics Assessment 

SULFUR CONTENT : 240 

* sulfur content in ppmw 

PARTICULATE EF : PMGZML.CSV PMGDR1.CSV PMGDR2.CSV PMDZML.CSV PMDDR1.CSV 

PMDDR2.CSV 

PARTICLE SIZE : 10.0 

DIESEL SULFUR : 343.00 

GAS AROMATIC% : 31.1 

GAS OLEFIN% : 14.3 

GAS BENZENE% : 1.1 

E200 : 52.0 

E300 : 81.0 

OXYGENATE : MTBE 0.0 0.00 

: ETBE 0.0 0.00 

: ETOH 10.0 0.10 

: TAME 0.0 0.00 

ADDITIONAL HAPS : otherhap.csv 

HOURLY TEMPERATURES: 44.0 48.0 52.1 55.0 59.1 61.1 62.0 63.1 62.0 62.0 61.1 

54.1 51.0 50.1 48.0 47.1 45.1 43.1 42.0 41.1 40.1 39.0 40.1 

* Hourly temps are median temps by hour & season calculated from 1986-1990 

* meteorological data file used in ISC3 - 6-7 am is the first hour !! 

*MIN/MAX TEMP : 36.5 63.0 

CALENDAR YEAR : 1996 

EVALUATION MONTH : 7 

* can select July or January - difference will be slightly newer fleet in 

July 

FUEL RVP : 9.0 

* Fuel RVP is adjusted to account for slight use of ethanol still occurring 

* occurring in March 

ABSOLUTE HUMIDITY : 55.0 

* default is 75 grains/lb 

SUNRISE/SUNSET : 6 8 

* default is 6 am and 9 pm 

*WE VEH US : 

* This command directs Mobile6 to apply weekend activity information in 

* calculating emissions that depend on vehicle usage rates. 

*----------------------------------------------------------------------------

SCENARIO REC : Denver HC Output as TOG - Summer 

*----------------------------------------------------------------------------
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78.0 

The Denver Air Toxics Assessment 

FUEL PROGRAM : 3 

* Post 1999 Fuel Sulfur Phase in program for Conventional Gasoline West 

ALTITUDE : 2 

* 1 = low altitude, 2 = high altitude 

SULFUR CONTENT : 270 

* sulfur content in ppmw 

PARTICULATE EF : PMGZML.CSV PMGDR1.CSV PMGDR2.CSV PMDZML.CSV PMDDR1.CSV 

PMDDR2.CSV 

PARTICLE SIZE : 10.0 

DIESEL SULFUR : 343.00 

GAS AROMATIC% : 32.3 

GAS OLEFIN% : 14.2 

GAS BENZENE% : 1.3 

E200 : 50.0 

E300 : 80.0 

OXYGENATE : MTBE 0.0 0.00 

: ETBE 0.0 0.00 

: ETOH 10.0 0.04 

: TAME 0.0 0.00 

*ETOH above mean 4% of metro area fuel sold in summer contained 10% ethanol 

ADDITIONAL HAPS : otherhap.csv 

HOURLY TEMPERATURES: 66.0 70.1 74.1 78.0 80.0 83.1 84.0 84.0 83.1 83.1 81.1 

75.0 72.1 70.1 68.1 66.0 64.0 63.1 62.0 61.1 60.0 59.1 61.1 

* Hourly temps are median temps by hour & season calculated from 1986-1990 

* meteorological data file used in ISC3 - 6-7 am is the first hour !! 

*MIN/MAX TEMP : 58. 87. 

CALENDAR YEAR : 1996 

EVALUATION MONTH : 7 

* can select July or January - difference will be slightly newer fleet in 

July 

FUEL RVP : 8.7 

ABSOLUTE HUMIDITY : 70.0 

* default is 75 grains/lb 

SUNRISE/SUNSET : 6 9 

* default is 6 am and 9 pm 

*WE VEH US : 

* This command directs Mobile6 to apply weekend activity information in 

* calculating emissions that depend on vehicle usage rates. 

*----------------------------------------------------------------------------
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56.1 

The Denver Air Toxics Assessment 

SCENARIO REC : Denver HC Output as TOG - Fall 

*----------------------------------------------------------------------------

FUEL PROGRAM : 3 

* Post 1999 Fuel Sulfur Phase in program for Conventional Gasoline West 

ALTITUDE : 2 

* 1 = low altitude, 2 = high altitude 

SULFUR CONTENT : 230 

* sulfur content in ppmw 

PARTICULATE EF : PMGZML.CSV PMGDR1.CSV PMGDR2.CSV PMDZML.CSV PMDDR1.CSV 

PMDDR2.CSV 

PARTICLE SIZE : 10.0 

DIESEL SULFUR : 343.00 

GAS AROMATIC% : 31.6 

GAS OLEFIN% : 14.3 

GAS BENZENE% : 1.2 

E200 : 53.0 

E300 : 82.0 

OXYGENATE : MTBE 0.0 0.00 

: ETBE 0.0 0.00 

: ETOH 10.0 0.28 

: TAME 0.0 0.00 

ADDITIONAL HAPS : otherhap.csv 

HOURLY TEMPERATURES: 43.1 48.0 53.0 58.1 61.1 63.1 66.0 66.0 66.0 65.1 61.1 

53.0 51.0 49.1 48.0 47.1 45.1 44.0 44.0 43.1 43.1 42.0 41.1 

* Hourly temps are median temps by hour & season calculated from 1986-1990 

* meteorological data file used in ISC3 - 6-7 am is the first hour !! 

*MIN/MAX TEMP : 38. 65. 

CALENDAR YEAR : 1996 

EVALUATION MONTH : 7 

* can select July or January - difference will be slightly newer fleet in 

July 

*OXYGENATED FUELS : .000 .350 .000 .035 1 

* Specifies that 35% of gas sold has ethanol with 3.5% weight. 

FUEL RVP : 10.5 

* Fuel RVP is adjusted to account for 5 weeks of ethanol beginning in Nov, 

with * 1 week in October also included for introduction 

ABSOLUTE HUMIDITY : 55.0 

* default is 75 grains/lb 

SUNRISE/SUNSET : 6 7 
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The Denver Air Toxics Assessment 

* default is 6 am and 9 pm 

*WE VEH US : 

* This command directs Mobile6 to apply weekend activity information in 

* calculating emissions that depend on vehicle usage rates. 

END OF RUN 
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The Denver Air Toxics Assessment 

APPENDIX C --- AIR DISPERSION MODEL PREDICTED 

CONCENTRATIONS 
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The Denver Air Toxics Assessment 

Table C-1. Predicted concentrations (micrograms per cubic meter) for Denver County comparing DDEH results with EPA 1996 
NATA results. Median and 95th percentile concentrations are listed. 

EPD1996 Background Secondary EPDMedian 1996NATA Ratioof EPD95% 

Pollutant 
1 

MedianConc 
2 

Conc 
3 

Conc 
3 

Total (ug/m ) EPAMedian MedianEPD/EPA Total Conc 

Acetaldehyde 2.40E-01 0 1.38 1.62E+00 1.06E+00 1.53 2.10E+00 

Acrolein 4.00E-02 0 0.2 2.40E-01 1.30E-01 1.85 2.72E-01 

ArsenicCompounds 8.00E-05 0 0 8.00E-05 1.21E-04 0.66 1.20E-04 

Benzene 1.36E+00 4.80E-01 0 1.84E+00 2.54E+00 0.72 2.86E+00 

BerylliumCompounds 1.00E-05 0 0 1.00E-05 1.93E-05 0.52 3.00E-05 

1,3-Butadiene 1.68E-01 0 0 1.68E-01 1.74E-01 0.97 3.17E-01 

CadmiumCompounds 2.00E-05 0 0 2.00E-05 1.03E-04 0.19 5.00E-05 

CarbonTetrachloride 0 8.80E-01 0 8.80E-01 8.81E-01 1.00 8.81E-01 

Chloroform 1.87E-03 8.30E-02 0 8.49E-02 9.59E-02 0.88 8.81E-02 

ChromiumCompounds 2.70E-04 0 0 2.70E-04 2.34E-03 0.12 4.30E-04 

1,3-Dichloropropene 8.50E-02 0 0 8.50E-02 1.05E-01 0.81 1.65E-01 

Diesel PM 9.10E-01 0 0 9.10E-01 1.82 0.50 1.71E+00 

EthyleneOxide 2.00E-03 0 0 2.00E-03 8.11E-03 0.25 1.30E-02 

Formaldehyde 5.20E-01 2.50E-01 3.01 3.78E+00 1.35E+00 2.80 4.22E+00 

LeadCompounds 8.70E-04 0 0 8.70E-04 4.06E-03 0.21 1.90E-03 

ManganeseCompounds 2.73E-03 0 0 2.73E-03 2.07E-03 1.32 4.83E-03 

MercuryCompounds 2.00E-05 1.50E-03 0 1.52E-03 1.76E-03 0.86 1.53E-03 

MethyleneChloride 1.60E-01 1.50E-01 0 3.10E-01 5.36E-01 0.58 4.70E-01 

Nickel Compounds 1.00E-03 0 0 1.00E-03 1.95E-03 0.51 1.89E-03 

Perchloroethylene 1.16E-01 1.40E-01 0 2.56E-01 4.76E-01 0.54 4.40E-01 

PolycyclicOrganicMatter (16-PAH) 2.50E-02 0 0 2.50E-02 9.40E-02 0.27 5.00E-02 

PolycyclicOrganicMatter (7-PAH) 1.50E-04 0 0 1.50E-04 5.01E-03 0.03 2.60E-04 

Trichloroethylene 1.03E-01 8.10E-02 0 1.84E-01 1.62E-01 1.14 2.61E-01 

Acrylonitrile 5.00E-05 0 0 5.00E-05 5.58E-03 0.01 1.40E-04 

Quinoline 2.00E-05 0 0 2.00E-05 8.30E-05 0.24 7.00E-05 

Vinyl Chloride 1.08E-03 0 0 1.08E-03 9.08E-03 0.12 7.68E-03 

EthyleneDichloride 0 6.10E-02 0 6.10E-02 6.12E-02 1.00 6.10E-02 

1,1Dichloroethane 8.00E-05 0 0 8.00E-05 not modeled n/a 1.30E-04 

1,1Dichloroethylene 2.00E-05 0 0 2.00E-05 not modeled n/a 4.00E-05 

1,4Dichlorobenzene 4.30E-02 0 0 4.30E-02 not modeled n/a 8.40E-02 

1,4Dioxane 1.50E-04 0 0 1.50E-04 not modeled n/a 3.20E-04 

2,2,4Trimethylpentane 3.90E-02 0 0 3.90E-02 not modeled n/a 7.90E-02 

2-Butoxyethanol (EGBE) 2.57E-02 0 0 2.57E-02 not modeled n/a 6.20E-02 

Acetonitrile 1.80E-04 0 0 1.80E-04 not modeled n/a 2.80E-04 

Antimony 4.00E-05 0 0 4.00E-05 not modeled n/a 9.40E-04 

Carbondisulfide 4.70E-02 0.047 0 9.40E-02 not modeled n/a 4.70E-02 

Carbonyl sulfide 1.20E+00 1.2 0 2.40E+00 not modeled n/a 1.20E+00 

Chlorine 5.70E-04 0 0 5.70E-04 not modeled n/a 1.16E-03 

Chlorobenzene 4.68E-02 0 0 4.68E-02 not modeled n/a 8.42E-02 
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The Denver Air Toxics Assessment 

EPD 1996 Background Secondary EPD Median 1996 NATA Ratio of EPD 95% 1996 NATA 

Pollutant 
1 

Median Conc 
2 

Conc 
3 

Conc 
3 

Total (ug/m ) EPA Median Median EPD/EPA Total Conc EPA 95% Conc 

Cumene 1.10E-03 0 0 1.10E-03 not modeled n/a 2.20E-03 not modeled 

Cyanide (as Hydrogen Cyanide gas) 5.74E-02 0 0 5.74E-02 not modeled n/a 1.04E-01 not modeled 

Dibutyl phthalate 1.03E-03 0.001 0 2.03E-03 not modeled n/a 1.09E-03 not modeled 

Di (2-Ethylhexyl) phthalate (DEHP) 2.29E-03 0 0 2.29E-03 not modeled n/a 3.82E-03 not modeled 

Diethylamine 7.00E-05 0 0 7.00E-05 not modeled n/a 1.30E-04 not modeled 

Ethylbenzene 4.74E-01 0 0 4.74E-01 not modeled n/a 7.65E-01 not modeled 

Ethyl chloride 5.37E-03 0 0 5.37E-03 not modeled n/a 9.62E-03 not modeled 

Ethylene glycol 1.49E-02 0 0 1.49E-02 not modeled n/a 2.61E-02 not modeled 

Glycol ethers 3.45E-02 0 0 3.45E-02 not modeled n/a 6.13E-02 not modeled 

Hydrogen chloride 4.14E-02 0 0 4.14E-02 not modeled n/a 7.54E-02 not modeled 

Hydroquinone 1.77E-03 0 0 1.77E-03 not modeled n/a 4.96E-03 not modeled 

Hexane (n-Hexane) 7.26E-01 0 0 7.26E-01 not modeled n/a 1.21E+00 not modeled 

Hydrogen fluoride 3.99E-02 0 0 3.99E-02 not modeled n/a 7.99E-02 not modeled 

Isophorone 1.50E-04 0 0 1.50E-04 not modeled n/a 3.90E-04 not modeled 

Methylene diphenyl diisocyanate (MDI) 2.25E-03 0 0 2.25E-03 not modeled n/a 9.36E-03 not modeled 

Methyl ethyl ketone 1.55E-01 0 0 1.55E-01 not modeled n/a 2.70E-01 not modeled 

Methanol 4.91E-01 0 0 4.91E-01 not modeled n/a 8.57E-01 not modeled 

Methyl bromide 1.85E-01 0.039 0 2.24E-01 not modeled n/a 3.00E-01 not modeled 

Methyl chloride (Chloromethane) 1.21E+00 1.2 0 2.41E+00 not modeled n/a 1.21E+00 not modeled 

Methyl mercaptan 1.10E-03 0 0 1.10E-03 not modeled n/a 2.12E-03 not modeled 

Methyl methacrylate 7.00E-05 0 0 7.00E-05 not modeled n/a 3.68E-04 not modeled 

Methyl tert butyl ether (MTBE) 1.14E-01 0 0 1.14E-01 not modeled n/a 2.05E-01 not modeled 

Methyl isobutyl ketone 2.15E-02 0 0 2.15E-02 not modeled n/a 4.34E-02 not modeled 

N,N dimethylformamide 5.23E-03 0 0 5.23E-03 not modeled n/a 9.87E-03 not modeled 

Phenol 6.00E-04 0 0 6.00E-04 not modeled n/a 9.28E-04 not modeled 

Propionaldehyde 3.49E-02 0 0 3.49E-02 not modeled n/a 5.66E-02 not modeled 

Selenium compounds 1.00E-05 0 0 1.00E-05 not modeled n/a 6.00E-05 not modeled 

Styrene 5.00E-02 0 0 5.00E-02 not modeled n/a 9.00E-02 not modeled 

1,1,1 Trichloroethane (methyl chloroform 1.36E+00 1.1 0 2.46E+00 not modeled n/a 1.56E+00 not modeled 

Toluene 2.51E+00 0 0 2.51E+00 not modeled n/a 4.36E+00 not modeled 

Triethylamine 2.00E-05 0 0 2.00E-05 not modeled n/a 3.00E-05 not modeled 

Xylenes 1.70E+00 0.17 0 1.87E+00 not modeled n/a 2.88E+00 not modeled 
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The Denver Air Toxics Assessment 

Table D-1. Estimated inhalation cancer risk estimates based on predicted 1996 annual median concentrations (micrograms per cubic 
meter). Risk estimates are presented for both USEPA and California EPA Office of Environmental Health Hazard Assessment risk 
based concentrations (RBCs). RBCs are derived by dividing 10-6 by the unit risk estimate (URE). 

Pollutant 

DDEH1996 
3

Median(Ÿ g/m) 

DDEH1996 

95%Conc. 
3

(Ÿ g/m) 

USEPACancer 

RiskBased 
3

Conc. (Ÿ g/m) 

CalEPACancer 

RiskBased 
3

Conc. (Ÿ g/m) 

USEPA 

Estimated 

MedianCancer 

Risk(per 

million) 

CalEPA 

Estimated 

MedianCancer 

Risk(per 

million) 

Acetaldehyde 1.88E+00 2.07E+00 4.50E-01 3.70E-01 4 5 

Acrolein 2.43E-01 2.74E-01 n/a n/a n/a n/a 

ArsenicCompounds 8.00E-05 1.20E-04 2.33E-04 3.03E-04 0 0 

Benzene 1.84E+00 2.86E+00 1.28E-01 3.45E-02 14 53 

BerylliumCompounds 1.00E-05 3.00E-05 4.17E-04 4.17E-04 0 0 

1,3-Butadiene 1.68E-01 3.17E-01 3.33E-02 5.88E-03 5 29 

CadmiumCompounds 2.00E-05 5.00E-05 5.56E-04 2.38E-04 0 0 

CarbonTetrachloride 8.80E-01 8.81E-01 6.67E-02 2.38E-02 13 37 

Chloroform 8.49E-02 8.81E-02 4.30E-02 1.89E-01 2 0 

ChromiumCompounds 2.70E-04 4.40E-04 8.33E-05 6.67E-06 3 41 

1,3-Dichloropropene 8.50E-02 1.65E-01 2.50E-01 6.25E-02 0 1 

Diesel PM 9.10E-01 1.71E+00 n/a 3.33E-03 n/a 273 

EthyleneOxide 2.00E-03 1.30E-02 n/a 1.14E-02 n/a 0 

Formaldehyde 3.78E+00 4.22E+00 7.70E-02 1.67E-01 49 23 

LeadCompounds 8.70E-04 1.90E-03 n/a 8.33E-02 n/a 0 

ManganeseCompounds 2.73E-03 4.83E-03 n/a n/a n/a n/a 

MercuryCompounds 1.52E-03 1.53E-03 n/a n/a n/a n/a 

MethyleneChloride 3.10E-01 4.70E-01 2.13E+00 1.00E+00 0 0 

Nickel Compounds 1.00E-03 1.89E-03 2.78E-03 3.85E-03 0 0 

Perchloroethylene 2.56E-01 4.40E-01 n/a 1.69E-01 n/a 2 

PolycyclicOrganicMatter (16-PAH) 2.50E-02 5.00E-02 1.82E-02 n/a 1 n/a 

PolycyclicOrganicMatter (7-PAH) 1.50E-04 2.60E-04 5.00E-03 n/a 0 n/a 

Trichloroethylene 1.84E-01 2.61E-01 n/a 5.00E-01 n/a 0 

Acrylonitrile 5.00E-05 1.40E-04 1.47E-02 3.45E-03 0 0 

Quinoline 2.00E-05 7.00E-05 2.80E-04 n/a 0 n/a 

Vinyl Chloride 1.08E-03 7.68E-03 1.14E-01 1.28E-02 0 0 

EthyleneDichloride 6.10E-02 6.10E-02 3.85E-02 4.55E-02 2 1 

1,1Dichloroethane 8.00E-05 1.30E-04 n/a 6.25E-01 n/a 0 

1,1Dichloroethylene 2.00E-05 4.00E-05 n/a n/a n/a n/a 

1,4Dichlorobenzene 4.30E-02 8.40E-02 n/a 9.09E-02 n/a 0 

1,4Dioxane 1.50E-04 3.20E-04 n/a 1.30E-01 n/a 0 

2,2,4Trimethylpentane 3.90E-02 7.90E-02 n/a n/a n/a n/a 

2-Butoxyethanol (EGBE) 2.57E-02 6.20E-02 n/a n/a n/a n/a 

Acetonitrile 1.80E-04 2.80E-04 n/a n/a n/a n/a 

Antimony 4.00E-05 9.40E-04 n/a n/a n/a n/a 

Carbondisulfide 9.40E-02 4.70E-02 n/a n/a n/a n/a 

Carbonyl sulfide 2.40E+00 1.20E+00 n/a n/a n/a n/a 
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The Denver Air Toxics Assessment 

Pollutant 

DDEH 1996 
3

Median ( g̈/m ) 

DDEH 1996 

95% Conc. 
3

( g̈/m ) 

USEPA Cancer 

Risk Based 
3

Conc. ( g̈/m ) 

CalEPA Cancer 

Risk Based 
3

Conc. ( g̈/m ) 

USEPA 

Estimated 

Median Cancer 

Risk (per 

million) 

CalEPA 

Estimated 

Median Cancer 

Risk (per 

million) 

Chlorine 5.70E-04 1.16E-03 n/a n/a n/a n/a 

Chlorobenzene 4.68E-02 8.42E-02 n/a n/a n/a n/a 

Copper 0.00E+00 1.00E-05 n/a n/a n/a n/a 

Cumene 1.10E-03 2.20E-03 n/a n/a n/a n/a 

Cyanide (as Hydrogen Cyanide gas) 5.74E-02 1.04E-01 n/a n/a n/a n/a 

Dibutyl phthalate 2.03E-03 1.09E-03 n/a n/a n/a n/a 

Di (2-Ethylhexyl) phthalate (DEHP) 2.29E-03 3.82E-03 n/a 0.42 n/a 0 

Diethylamine 7.00E-05 1.30E-04 n/a n/a n/a n/a 

Ethylbenzene 4.74E-01 7.65E-01 n/a n/a n/a n/a 

Ethyl chloride 5.37E-03 9.62E-03 n/a n/a n/a n/a 

Ethylene glycol 1.49E-02 2.61E-02 n/a n/a n/a n/a 

Glycol ethers 3.45E-02 6.13E-02 n/a n/a n/a n/a 

Hydrogen chloride 4.14E-02 7.54E-02 n/a n/a n/a n/a 

Hydroquinone 1.77E-03 4.96E-03 n/a n/a n/a n/a 

Hexane (n-Hexane) 7.26E-01 1.21E+00 n/a n/a n/a n/a 

Hydrogen fluoride 3.99E-02 7.99E-02 n/a n/a n/a n/a 

Isophorone 1.50E-04 3.90E-04 n/a n/a n/a n/a 

Methylene diphenyl diisocyanate (MDI) 2.25E-03 9.36E-03 n/a n/a n/a n/a 

Methyl ethyl ketone 1.55E-01 2.70E-01 n/a n/a n/a n/a 

Methanol 4.91E-01 8.57E-01 n/a n/a n/a n/a 

Methyl bromide 2.24E-01 3.00E-01 n/a n/a n/a n/a 

Methyl chloride (Chloromethane) 2.41E+00 1.21E+00 n/a n/a n/a n/a 

Methyl mercaptan 1.10E-03 2.12E-03 n/a n/a n/a n/a 

Methyl methacrylate 7.00E-05 3.68E-04 n/a n/a n/a n/a 

Methyl tert butyl ether (MTBE) 1.14E-01 2.05E-01 n/a n/a n/a n/a 

Methyl isobutyl ketone 2.15E-02 4.34E-02 n/a n/a n/a n/a 

N,N dimethylformamide 5.23E-03 9.87E-03 n/a n/a n/a n/a 

Phenol 6.00E-04 9.28E-04 n/a n/a n/a n/a 

Propionaldehyde 3.49E-02 5.66E-02 n/a n/a n/a n/a 

Selenium compounds 1.00E-05 6.00E-05 n/a n/a n/a n/a 

Styrene 5.00E-02 9.00E-02 n/a n/a n/a n/a 

1,1,1 Trichloroethane (methyl chloroform 2.46E+00 1.56E+00 n/a n/a n/a n/a 

Toluene 2.51E+00 4.36E+00 n/a n/a n/a n/a 

Triethylamine 2.00E-05 3.00E-05 n/a n/a n/a n/a 

Xylenes 1.87E+00 2.88E+00 n/a n/a n/a n/a 
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The Denver Air Toxics Assessment 

Table D-2. Estimated non-cancer hazard quotients based on predicted 1996 annual median concentrations (micrograms per cubic 
meter). Risk estimates are presented for both USEPA and California EPA Office of Environmental Health Hazard Assessment risk 
based concentrations (RBCs). RBCs are derived by dividing 10-6 by the unit risk estimate (URE). 

Pollutant 

DDEH1996 
3

Median(Ÿ g/m) 

DDEH1996 

95%Conc. 
3

(Ÿ g/m) 

USEPANon-

CancerReference 

Concentration 
3

(Ÿ g/m) 

CalEPANon-

CancerReference 

ExposureLevel 
3

(Ÿ g/m) 

USEPA 

Estimated 

Hazard 

Quotient 

CalEPA 

Estimated 

Hazard 

Quotient 

Acetaldehyde 1.88E+00 2.07E+00 9 9 0.3 0.3 

Acrolein 2.43E-01 2.74E-01 0.02 0.06 12.1 4.0 

ArsenicCompounds 8.00E-05 1.20E-04 0.03 0.03 0.0 0.0 

Benzene 1.84E+00 2.86E+00 60 60 0.0 0.0 

BerylliumCompounds 1.00E-05 3.00E-05 0.02 0.007 0.0 0.0 

1,3-Butadiene 1.68E-01 3.17E-01 2 20 0.1 0.0 

CadmiumCompounds 2.00E-05 5.00E-05 0.02 0.02 0.0 0.0 

CarbonTetrachloride 8.80E-01 8.81E-01 40 40 0.0 0.0 

Chloroform 8.49E-02 8.81E-02 98 300 0.0 0.0 

ChromiumCompounds 2.70E-04 4.40E-04 0.1 0.2 0.0 0.0 

1,3-Dichloropropene 8.50E-02 1.65E-01 20 n/a 0.0 n/a 

Diesel PM 9.10E-01 1.71E+00 n/a 5 n/a 0.2 

EthyleneOxide 2.00E-03 1.30E-02 30 30 0.0 0.0 

Formaldehyde 3.78E+00 4.22E+00 n/a 3 n/a 1.3 

LeadCompounds 8.70E-04 1.90E-03 1.5 n/a 0.0 n/a 

ManganeseCompounds 2.73E-03 4.83E-03 0.05 0.2 0.1 0.0 

MercuryCompounds 1.52E-03 1.53E-03 0.3 0.09 0.0 0.0 

MethyleneChloride 3.10E-01 4.70E-01 3000 400 0.0 0.0 

Nickel Compounds 1.00E-03 1.89E-03 n/a 0.05 n/a 0.0 

Perchloroethylene 2.56E-01 4.40E-01 n/a 35 n/a 0.0 

PolycyclicOrganicMatter(16-PAH) 2.50E-02 5.00E-02 3 n/a 0.0 n/a 

PolycyclicOrganicMatter(7-PAH) 1.50E-04 2.60E-04 n/a n/a n/a n/a 

Trichloroethylene 1.84E-01 2.61E-01 n/a 600 n/a 0.0 

Acrylonitrile 5.00E-05 1.40E-04 2 5 0.0 0.0 

Quinoline 2.00E-05 7.00E-05 n/a n/a n/a n/a 

Vinyl Chloride 1.08E-03 7.68E-03 100 n/a 0.0 n/a 

EthyleneDichloride 6.10E-02 6.10E-02 2400 400 0.0 0.0 

1,1Dichloroethane 8.00E-05 1.30E-04 n/a n/a n/a n/a 

1,1Dichloroethylene 2.00E-05 4.00E-05 200 70 0.0 0.0 

1,4Dichlorobenzene 4.30E-02 8.40E-02 800 800 0.0 0.0 

1,4Dioxane 1.50E-04 3.20E-04 n/a 3000 n/a 0.0 

2,2,4Trimethylpentane 3.90E-02 7.90E-02 n/a n/a n/a n/a 

2-Butoxyethanol (EGBE) 2.57E-02 6.20E-02 13000 n/a 0.0 n/a 

Acetonitrile 1.80E-04 2.80E-04 60 n/a 0.0 n/a 

Antimony 4.00E-05 9.40E-04 n/a n/a n/a n/a 

Carbondisulfide 9.40E-02 4.70E-02 700 800 0.0 0.0 

Carbonyl sulfide 2.40E+00 1.20E+00 n/a n/a n/a n/a 
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The Denver Air Toxics Assessment 

Pollutant 

DDEH 1996 
3

Median (ug/m ) 

DDEH 1996 

95% Conc. 
3

(ug/m ) 

USEPA Non-Cancer 

Reference 

Concentration 
3

(ug/m ) 

CalEPA Non-

Cancer Reference 

Exposure Level 
3

(ug/m ) 

USEPA 

Estimated 

Hazard 

Quotient 

CalEPA 

Estimated 

Hazard 

Quotient 

Chlorine 5.70E-04 1.16E-03 n/a 0.20 n/a 0.0 

Chlorobenzene 4.68E-02 8.42E-02 n/a 1000 n/a 0.0 

Copper 0.00E+00 1.00E-05 n/a n/a n/a n/a 

Cumene 1.10E-03 2.20E-03 400 n/a 0.0 n/a 

Cyanide (as Hydrogen Cyanide gas) 5.74E-02 1.04E-01 3 9 0.0 0.0 

Dibutyl phthalate 2.03E-03 1.09E-03 n/a n/a n/a n/a 

Di (2-Ethylhexyl) phthalate (DEHP) 2.29E-03 3.82E-03 n/a n/a n/a n/a 

Diethylamine 7.00E-05 1.30E-04 n/a n/a n/a n/a 

Ethylbenzene 4.74E-01 7.65E-01 1000 2000 0.0 0.0 

Ethyl chloride 5.37E-03 9.62E-03 10000 30000 0.0 0.0 

Ethylene glycol 1.49E-02 2.61E-02 n/a 400 n/a 0.0 

Glycol ethers 3.45E-02 6.13E-02 n/a 60 n/a 0.0 

Hydrogen chloride 4.14E-02 7.54E-02 20 9 0.0 0.0 

Hydroquinone 1.77E-03 4.96E-03 n/a n/a n/a n/a 

Hexane (n-Hexane) 7.26E-01 1.21E+00 200 7000 0.0 0.0 

Hydrogen fluoride 3.99E-02 7.99E-02 n/a n/a n/a n/a 

Isophorone 1.50E-04 3.90E-04 n/a 2000 n/a 0.0 

Methylene diphenyl diisocyanate (MDI) 2.25E-03 9.36E-03 0.60 0.70 0.0 0.0 

Methyl ethyl ketone 1.55E-01 2.70E-01 1000 500 0.0 0.0 

Methanol 4.91E-01 8.57E-01 n/a 4000 n/a 0.0 

Methyl bromide 2.24E-01 3.00E-01 5 5 0.0 0.0 

Methyl chloride (Chloromethane) 2.41E+00 1.21E+00 90 n/a 0.0 n/a 

Methyl mercaptan 1.10E-03 2.12E-03 n/a n/a n/a n/a 

Methyl methacrylate 7.00E-05 3.68E-04 700 n/a 0.0 n/a 

Methyl tert butyl ether (MTBE) 1.14E-01 2.05E-01 3000 8000 0.0 0.0 

Methyl isobutyl ketone 2.15E-02 4.34E-02 n/a n/a n/a n/a 

N,N dimethylformamide 5.23E-03 9.87E-03 30 80 0.0 0.0 

Phenol 6.00E-04 9.28E-04 n/a 200 n/a 0.0 

Propionaldehyde 3.49E-02 5.66E-02 n/a n/a n/a n/a 

Selenium compounds 1.00E-05 6.00E-05 n/a 20 n/a 0.0 

Styrene 5.00E-02 9.00E-02 1000 900 0.0 0.0 

1,1,1 Trichloroethane (methyl chloroform 2.46E+00 1.56E+00 n/a 1000 n/a 0.0 

Toluene 2.51E+00 4.36E+00 400 300 0.0 0.0 

Triethylamine 2.00E-05 3.00E-05 7 200 0.0 0.0 

Xylenes 1.87E+00 2.88E+00 n/a 700 n/a 0.0 
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	EXECUTIVE SUMMARY 
	EXECUTIVE SUMMARY 
	BACKGROUND 
	The Clean Air Act Amendments of 1990 define two classes of pollutants: criteria pollutants and hazardous air pollutants (HAPs), also referred to as air toxics). Criteria pollutants include particulate matter less than 10 microns (PM), carbon monoxide (CO), ozone (O), lead (Pb), nitrogen dioxide (NO), and sulfur dioxide (SO). The criteria pollutants are regulated with standards that govern their ambient levels. An extensive amount of health and welfare information regarding criteria pollutants has been compi
	10
	3
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	2

	In contrast, much less information is available on the health effects and ambient concentrations of air toxics. The 1990 Clean Air Act Amendments list 188 air toxics; they come from both natural (biogenic) and man-made (anthropogenic) sources. An example of a natural source is a forest fire. The majority of toxic pollutants, however, come from man-made sources such as commercial and industrial facilities and motor vehicle emissions that release chemical compounds into the atmosphere. The U.S. Environmental 
	In the fall of 1999, the Environmental Protection Division (EPD) for the Denver Department of Environmental Health (DDEH) began conducting an urban air toxics assessment for the six-county Denver metropolitan area consisting of Adams, Arapahoe, Boulder, Denver, Douglas, and Jefferson counties. The assessment was designed to include: 
	• 
	• 
	• 
	emission inventory data for stationary, mobile, and area sources; 

	• 
	• 
	air dispersion modeling; and 

	• 
	• 
	ambient air toxics monitoring data 


	DDEH's need to conduct an air toxics assessment is due to 1990 amendments to Denver’s zoning provisions of the Denver Revised Municipal Code. The changes apply to new or expanding industrial facilities and established criteria under which city agencies must complete reviews. Specifically, all proposed conditional uses shall be reviewed on the basis of potential environmental problems and/or detrimental effects including: 
	• 
	• 
	• 
	air pollution caused by a stationary source; 

	• 
	• 
	the presence of toxic or hazardous materials and/or wastes; and 

	• 
	• 
	undue concentration of uses that create the environmental problems and external effects listed in the ordinance. 


	To adequately address these issues, DDEH had to establish baseline concentrations in the Denver area. Air toxics monitors in Denver are scarce and are not usually located near facilities emitting hazardous air pollutants. However, through the use of air dispersion models, the impact of a source's emissions on certain receptors can be estimated. 
	In urban areas, similar air toxics are emitted from numerous sources, so in order to fully estimate the impact from a new or expanding facility's emissions, the cumulative impacts from all sources must first be determined. By understanding the cumulative impacts, estimates of the risks associated with the existing concentrations can be inferred; any additional risk(s) from the emissions at new or expanding facilities can then be evaluated. 
	Only relative comparisons between the DDEH air toxics assessment and the USEPA’s 1996 National Air Toxics Assessment are recommended (NATA; EPA, 2002b). The NATA predicted air toxics concentrations at the census tract level in the 48 contiguous states, which were then aggregated to the county level. The NATA methodology differed in many ways from the DDEH assessment and the DDEH assessment utilized a large volume of local data not available for the NATA. In addition, several errors identified in the Nationa
	MODELING METHODOLOGY 
	Air Dispersion Model Selection 
	Dispersion models predict ambient (outdoor) concentrations based on information collected by the user and supplied in the model input file. Data used in the dispersion model include: 
	• 
	• 
	• 
	location of pollution source(s); 

	• 
	• 
	physical data describing each pollution source (e.g. stack height, stack gas temperature, etc.); 

	• 
	• 
	emission rate of each pollutant (e.g. tons per year); 

	• 
	• 
	spatial and temporal variation of emissions; 

	• 
	• 
	chemical properties of the pollutant(s); and 

	• 
	• 
	meteorological data. 


	The currently recommended dispersion model for estimating urban-wide concentrations of toxic air pollutants is the Industrial Source Complex Short Term model (ISC3ST) model. The ISC3ST model is a steady-state Gaussian plume model that can be used to assess pollutant impacts from a wide variety of sources. Gaussian plume modeling is a widely used technique for estimating the impacts of non-reactive pollutants because of its good performance against field measurements, and because it is computationally effici
	The ISC3ST model is recommended when source-to-receptor distances are less than 50 km. The version of ISC3ST (02035) used in this assessment included enhancements for air toxics applications. AERMOD, the next generation model expected to succeed ISC3, was also utilized for comparison purposes and will be utilized in future updates to the air toxics assessment. In 2002, air toxics enhancements to AERMOD were not complete so ISC3ST was utilized to generate the results presented in this report. 
	Emissions Inventory 
	The essential variables in any air dispersion model are the type of pollutants and the quantities emitted into the air. Often, precise quantities of what is emitted are not known. Emission factors are used to build emission inventories for different categories of sources, such as cars, trucks, and industrial facilities. The quality of emission factors varies widely and is usually tied to how much testing has been done to develop those factors. 
	The bulk of the emissions inventory data used in the DDEH air toxics assessment comes from the USEPA 2002 National Toxics Inventory (NTI). The NTI contained emissions estimates for point, area, and mobile sources at the county level. The DDEH assessment did not utilize point source emissions from the NTI because the Colorado Department of Public Health and Environment (CDPHE) maintains a separate air toxics emissions inventory for point sources statewide. 
	In some cases, errors were discovered in the NTI that required correction. These errors pertained to mobile source emissions, namely on-road mobile source benzene and off-road diesel particulate matter (they were too high). DDEH ran the MOBILE6.2 emissions model to correct the benzene error, incorporating local data where available. DDEH also utilized other research conducted nationally to develop fuel-based emissions inventories, which serve as a comparison to the NTI and MOBILE6.2 estimates. In several ca
	While accurate county level emissions are important, how and when the emissions are distributed in space and time is also an important factor in the air dispersion model. DDEH used a geographic information system (GIS) to develop spatial surrogates at the census block group level. Temporal emission factors by season, day of week, and hour of day were developed using a variety of sources. Assuming emissions that are constant throughout the year/month/day usually leads to over prediction by the dispersion mod
	PREDICTED VERSUS OBSERVED CONCENTRATIONS 
	Air dispersion model runs were completed for approximately 70 air toxics. Table ES-1 lists the median and 95percentile predicted concentrations for 23 air toxics modeled in both the DDEH and USEPA assessments. In general, DDEH predicted concentrations are lower than NATA concentrations. Formaldehyde, acetaldehyde, and acrolein are higher in the DDEH assessment because the dispersion model used in the NATA does not appropriately account for secondary formation. 
	th 

	Acetaldehyde and formaldehyde are produced and destroyed in the atmosphere primarily through photochemical reactions with sunlight and hydrocarbons. DDEH ran a separate model (OZIPR) to estimate the degree of secondary formation of these pollutants. 
	Table ES-1. Predicted concentrations for Denver County comparing DDEH results with EPA 1996 NATA results. Median and 95percentile concentrations (micrograms per cubic meter) are listed. 
	th 

	Pollutant 
	Pollutant 
	Pollutant 
	DDEH 1996 Median 3(ug/m) 
	EPA 1996 NATA median 
	DDEH/EPA Median Ratio 
	DDEH 1996 95% Conc. 3(ug/m) 
	EPA 1996 95%Conc. 3(ug/m) 

	Acetaldehyde 
	Acetaldehyde 
	1.90 
	1.06 
	1.79 
	2.10 
	1.22 

	Acrolein 
	Acrolein 
	0.24 
	0.13 
	1.87 
	0.27 
	0.15 

	Arsenic Compounds 
	Arsenic Compounds 
	0.00008 
	0.00012 
	0.66 
	0.00012 
	0.00023 

	Benzene 
	Benzene 
	1.84 
	2.54 
	0.72 
	2.86 
	3.34 

	Beryllium Compounds 
	Beryllium Compounds 
	0.00001 
	0.00002 
	0.52 
	0.00003 
	0.00003 

	1,3-Butadiene 
	1,3-Butadiene 
	0.17 
	0.17 
	0.97 
	0.32 
	0.28 

	Cadmium Compounds 
	Cadmium Compounds 
	0.00002 
	0.00010 
	0.19 
	0.00005 
	0.00026 

	Carbon Tetrachloride 
	Carbon Tetrachloride 
	0.88 
	0.88 
	1.00 
	0.88 
	0.88 

	Chloroform 
	Chloroform 
	0.08 
	0.10 
	0.88 
	0.09 
	0.13 

	Chromium Compounds 
	Chromium Compounds 
	0.0003 
	0.0023 
	0.12 
	0.00044 
	0.00528 

	1,3-Dichloropropene 
	1,3-Dichloropropene 
	0.09 
	0.10 
	0.81 
	0.17 
	0.18 

	Diesel PM 
	Diesel PM 
	0.91 
	1.82 
	0.50 
	1.71 
	3.67 

	Ethylene Oxide 
	Ethylene Oxide 
	0.002 
	0.008 
	0.25 
	0.01300 
	0.02190 

	Formaldehyde 
	Formaldehyde 
	4.76 
	1.35 
	3.53 
	5.20 
	1.72 

	Lead Compounds 
	Lead Compounds 
	0.0009 
	0.0041 
	0.22 
	0.0019 
	0.0092 

	Manganese Compounds 
	Manganese Compounds 
	0.0027 
	0.0021 
	1.32 
	0.0048 
	0.0033 

	Mercury Compounds 
	Mercury Compounds 
	0.0015 
	0.0018 
	0.85 
	0.0015 
	0.0022 

	Methylene Chloride 
	Methylene Chloride 
	0.31 
	0.54 
	0.58 
	0.47 
	0.90 

	Nickel Compounds 
	Nickel Compounds 
	0.001 
	0.0019 
	0.51 
	0.0019 
	0.0043 

	Perchloroethylene 
	Perchloroethylene 
	0.26 
	0.48 
	0.54 
	0.43 
	0.92 

	Polycyclic Organic Matter (16-PAH) 
	Polycyclic Organic Matter (16-PAH) 
	0.03 
	0.09 
	0.27 
	0.05 
	0.15 

	Polycyclic Organic Matter (7-PAH) 
	Polycyclic Organic Matter (7-PAH) 
	0.0002 
	0.0050 
	0.03 
	0.00026 
	0.00780 

	Trichloroethylene 
	Trichloroethylene 
	0.18 
	0.16 
	1.12 
	0.17 
	0.25 


	Modeled or predicted concentrations produce an estimate of what the ambient conditions are based on the emissions inputs. Whether or not that estimate is correct can be verified using measured or observed concentrations. In theory, air dispersion models are performing well when modeled and predicted concentrations are within a factor of two. 
	Ideally, an area would have several air toxics monitors to adequately evaluate the dispersion model results. Denver did have several air toxics long-term monitoring sites in 1996, but none were located in the urban core where concentrations were predicted to be the highest. To address this, the model was evaluated using carbon monoxide (CO) due to its dense monitoring network in the urban core. CO is a good surrogate for mobile sources; mobile sources contribute the majority of emissions for several air tox
	Figure ES-1 shows the predicted and observed concentrations for carbon monoxide. Model-tomonitor ratios range from nearly one (1.0) in the southern domain to 0.4 in downtown Denver. A model-to-monitor ratio less than one indicates that the model is under predicting ambient concentrations. For reasons detailed in chapter five, this was an expected result. Overall, the model appears to be doing a very good job of predicting the ambient concentrations. Perhaps more importantly, the model appears to predict the
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	Figure ES-1. Predicted and observed 1996 annual average carbon monoxide concentrations (parts per million volume). Polygon represents the Denver County boundary and line theme represents major highways. 
	Bold outline indicates Denver County boundary Concentrations in parts per million volume Median Predicted Concentration = 0.47 
	Model-to-monitor ratios for benzene, a known human carcinogen, are shown is Table ES-2. The monitor locations were on the perimeter of the Rocky Mountain Arsenal in association with CERCLA remediation activities that were being conducted at the site. This site buffers urban and rural land uses. From Table ES-2, model-to-monitor benzene ratios range from 0.52 – 1.1 micrograms per cubic meter. In other words, all model-to-monitor ratios are within a factor of two, with a model bias to generally under predict.
	Table ES-2. Model-to-monitor comparisons of 1996 annual average benzene concentrations. 
	Monitor ID 
	Monitor ID 
	Monitor ID 
	Modeled Concentration 3(micrograms/m) 
	Monitored Concentration 3(micrograms/m) 
	Model-to-Monitor Ratio 

	CMFS AQ1 AQ2 AQ3 AQ4 AQ5 MBHS 
	CMFS AQ1 AQ2 AQ3 AQ4 AQ5 MBHS 
	1.42 1.21 0.99 0.8 1.1 1.2 1.7 
	2.72 1.9 1.68 0.89 1 1.34 n/a 
	0.52 0.64 0.59 0.90 1.10 0.90 n/a 


	Highlights for additional air toxics are as follows: 
	• 
	• 
	• 
	Diesel particulate matter, as compared to chemical mass balance (CMB) model derived concentrations from the 1996 Northern Front Range Air Quality Study (NFRAQS), ranges from a 23 percent over prediction near the southern boundary to an under prediction by almost a factor of 3 near the northern boundary. The correct spatial distribution is depicted by the model. 

	• 
	• 
	Including secondary and regional background concentrations, formaldehyde was over predicted by 20 percent and acetaldehyde was under predicted by 14 percent, well within the “factor of two” criteria. 

	• 
	• 
	Perchloroethylene annual average model-to-monitor ratios are within a factor of two at the Rocky Mountain Arsenal monitors. However, predicted “hot-spot” concentrations mainly near dry cleaning facilities cannot be evaluated as monitors were not sited to detect these occurrences. 

	• 
	• 
	For most metals, the model tends to under predict to a greater degree, from a factor of 3 
	-



	30. Much of this discrepancy can be ascribed to greater uncertainty in the emission factors used to develop the emissions inventories for various sources. Also, resuspension of historical emissions currently in surface soils is not contained in the emissions inventory or the dispersion model. 
	-

	Overall, the emissions estimates for carbon monoxide, benzene, and diesel particulate matter have medium to high confidence, based on alternate analyses and comparisons. The model-tomonitor ratios consistently range from 1.2 to 0.4 meaning the model is usually performing within the desired “factor-of-two” comparison, but the bias is for under prediction in the urban core. The model also predicts the appropriate spatial variation of air toxics concentrations. Being that these are predominantly mobile source 
	-

	INHALATION RISK ESTIMATES 
	Air toxics are associated with a wide variety of adverse health effects that include cancer, neurological, cardiovascular, liver, kidney, and respiratory effects as well as effects on the immune and reproductive systems. Severity varies with the amount and duration of exposure, the toxicity of the chemical, and the sensitivities of different people and/or age groups. 
	To evaluate a chemical’s potential to cause cancer or other adverse health effects, USEPA and other government agencies examine the adverse effects a particular chemical causes (hazard identification), determine the exposure to the population (exposure assessment; modeling or monitoring), and evaluate the specific exposures at which these effects might occur (doseresponse assessment). The evaluations are based on studies of humans, animals, and/or microorganisms, usually published in peer-reviewed scientifi
	-

	A complete exposure assessment of air toxics emissions includes not only an analysis of exposure via the inhalation pathway, but also via non-inhalation pathways of indirect exposure such as ingestion and dermal contact. Volatile organics compounds (VOCs) emitted into the air tend to remain in the air and, therefore, it is logical to evaluate risks for VOCs only from the inhalation pathway. . 
	All estimated risks in this assessment are calculated for the inhalation pathway only

	Cancer Risk Estimates 
	The USEPA typically expresses the dose-response relationship for cancer in terms of a “unit risk estimate” (URE). The URE is an upper-bound estimate of an individual's likelihood of contracting cancer over a lifetime of exposure to one microgram of the pollutant per cubic meter (µg/m) of air. Risks from exposures to concentrations other than one microgram per cubic meter are assumed to be linear, meaning half the concentration produces half the estimated risk and so on. UREs are expressed in terms of probab
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	For example, EPA may determine the URE of a particular toxic air pollutant to be one in ten thousand per microgram per cubic meter. This means that a person who inhales an average concentration of 1 µg/mfor 70 years would have (as an upper bound) a one chance in ten thousand (also expressed as 10) of contracting cancer as a result of the exposure. These risks are considered excess lifetime cancer risks, i.e., the risks are in addition to those from any other sources of exposure. The chance of an individual’
	3 
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	The health risk assessment presented here assumes that ambient concentrations remain constant over the course of a lifetime (70 years). Concentrations for most pollutants have decreased substantially from past levels and are expected to continue to decrease as new emission control systems, especially those for mobile sources, take effect. 
	The risk estimates presented in this report also assume that people are exposed to ambient (outdoor) concentrations at all times. However, people often spend as much as 80-90 percent of their time indoors (Wiley et al., 1991). Indoor air concentrations have been studied on a much less extensive basis than ambient concentrations, though numerous recent studies have indicated higher concentrations of air toxics in indoor environments. 
	In general, excess cancer risks are assumed to be insignificant if the threshold of one-in-a-million is not exceeded. Some regulatory entities assume that one-in-a-hundred-thousand is an 
	insignificant excess cancer risk level. The USEPA’s generally acceptable risk range is from one-in-a-million to one-in-ten-thousand (10to 10). Language in the Denver Revised Municipal Code [DRMC, section 4-22 (3)] specifies one-in-a-million (10) as a potential action level for air toxics emissions. 
	-6 
	-4
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	Assessing exposures and estimating excess cancer risks are critical to understanding where to best focus resources in reducing exposures to air toxics. DDEH is much more interested in risk reduction than in assumption-laden estimates of absolute risk levels. DDEH grouped air toxics with estimated excess lifetime cancer risks exceeding the one-in-a-million risk threshold into three priority categories: 
	1. 
	1. 
	1. 
	High – estimated excess cancer risks equal or exceed one hundred-in-a-million (one-inten thousand or . 10); 
	-
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	2. 
	2. 
	Medium – estimated excess cancer risks are less than one hundred-in-a-million but greater than or equal to ten-in-a-million (10to 10); 
	-4 
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	3. 
	3. 
	Low – estimated excess cancer risks are less than ten-in-a-million but greater than or equal to one-in-a-million (10to 10). 
	-5 
	-6



	The priority categories also take into account whether or not an air toxic is a known or probable human carcinogen. An air toxic listed as a known human carcinogen was assigned the next highest priority after the initial priority was estimated; this applies to benzene and hexavalent chromium. A low priority does not equate to low concern, it only helps DDEH to prioritize which pollutants should be targeted to get maximum reductions in exposure and risks. 
	Table ES-3 lists the air toxics that exceed a one-in-a-million excess risk of cancer threshold based on concentrations. Diesel PM and benzene are classified as “high” priority air toxics. Therefore, options available to reduce diesel PM and benzene emissions should be evaluated first. Examples at the local government level might include anti-idling programs or encouraging the use of alternative fuels that result in benzene or diesel PM reductions. For carbon tetrachloride, ethylene dichloride, and chlorofor
	predicted 

	For air toxics with predicted concentrations that are lower than monitored concentrations, inhalation risks based on model predictions may be under estimated. Recall that model-tomonitor ratios at most sites were almost always less than one, meaning the model under predicts ambient concentrations and hence under predicts risks. This highlights the importance of monitoring for ambient air toxics. However, monitoring is expensive and can usually only be performed at a few locations in an urban area. The limit
	-

	The Denver Air Toxics Assessment 
	Table ES-3. Priority ranking of air toxics with estimated excess cancer risks greater than one-in-a-million based on predicted concentrations (micrograms per m). Risk based concentrations are concentrations that may result in a one-in-a-million additional chance of contracting cancer if exposed to for a lifetime (70 years). 
	3

	Pollutant 
	Pollutant 
	Pollutant 
	USEPA Carcinogen Classifcation 
	USEPA Weight of Evidence 
	Predicted Median Concentration 3(.g/m) 
	Predicted 95th Percentile Concentration 3(.g/m) 
	Risk Based 3Concentration 3(.g/m) 
	Priority Ranking for Reducing Exposures Based on Predicted Concentrations 

	Median 
	Median 
	95th Percentile 

	Benzene 
	Benzene 
	known 
	A 
	1.6 
	2.4 
	0.13 
	high 
	high 

	2Chromium Compounds
	2Chromium Compounds
	known 
	A 
	2.7E-04 
	4.3E-04 
	8.3E-05 
	medium 
	medium 

	5Acetaldehyde 
	5Acetaldehyde 
	probable 
	B2 
	2.5 
	2.8 
	0.45 
	low 
	low 

	1,3-Butadiene 
	1,3-Butadiene 
	probable 
	B2 
	0.13 
	0.23 
	0.03 
	low 
	low 

	1Carbon Tetrachloride
	1Carbon Tetrachloride
	probable 
	B2 
	0.88 
	0.88 
	0.07 
	6low
	6low

	1Chloroform 
	1Chloroform 
	probable 
	B2 
	0.085 
	0.088 
	0.04 
	low 
	low 

	4Diesel PM 
	4Diesel PM 
	probable 
	n/a 
	0.9 
	1.7 
	0.0033 
	high 
	high 

	1Ethylene Dichloride
	1Ethylene Dichloride
	probable 
	B2 
	0.061 
	0.061 
	0.038 
	low 
	low 

	4Ethylene Oxide 
	4Ethylene Oxide 
	probable 
	n/a 
	0.002 
	0.013 
	0.011 
	low 
	low 

	5Formaldehyde 
	5Formaldehyde 
	probable 
	B1 
	3.8 
	4.2 
	0.08 
	medium 
	medium 

	4Perchloroethylene 
	4Perchloroethylene 
	probable 
	n/a 
	0.26 
	0.44 
	0.17 
	low 
	low 


	Estimated background concentrations constitute nearly all of the total concentration, including modeled emissions, and are subject to uncertainty. 
	1 

	USEPA and CalEPA risk based concentrations (RBCs) are for hexavalent chromium. USEPA generally assumed 34 % of total chromium is in the hexavalent form. CalEPA estimates 15 % of total chromium is hexavalent (OEHHA, 1999). DDEH assumed the less conservative assumption of 15 % ; therefore total chromium concentrations were multiplied by 0.15 to estimate risks. If the USEPA value of 0.34 were selected, estimated risks would be approximately double those shown in the table. 
	2 

	USEPA has not established a unit risk estimate for these pollutants; the values shown are from California EPA. 
	USEPA has not established a unit risk estimate for these pollutants; the values shown are from California EPA. 
	4 


	80% and 86% of predicted forrmaldehyde and acetaldehyde concentrations, respectively, are estimated to be formed from secondary photochemical production (see chapter 5 for details). 
	5 

	Carbon Tetrachloride exceeds a ten-in-a-million risk threshold but is assumed to be mostly from global background concentrations. 
	Carbon Tetrachloride exceeds a ten-in-a-million risk threshold but is assumed to be mostly from global background concentrations. 
	6 


	Chronic, Non-Carcinogenic Risk Estimates 
	Long-term exposure to air toxics may also cause adverse, non-cancer health effects. The USEPA typically expresses the dose-response relationship for effects other than cancer in terms of an inhalation “reference concentration” (RfC). Exposures below the RfC are not expected to cause adverse non-cancer health effects over a lifetime of exposure, even in sensitive subpopulations such as the aged, infirm, or young children. 
	To express non-cancer hazards, the USEPA uses the RfC as part of a calculation called the “hazard quotient” (HQ), simply the ratio between measured or modeled inhalation exposure and the RfC. A HQ less than one indicates that the estimated exposure is lower than the RfC and that no adverse health effects would be expected. Conversely, a HQ greater than one indicates the inhalation exposure is higher than the RfC. Because many RfCs incorporate protective assumptions in the face of uncertain data, a HQ greate
	Of the modeled air toxics concentrations, acrolein (HQ = 12.1) and formaldehyde (HQ = 1.3) have HQs greater than 1. The same is true for formaldehyde when evaluating measured concentrations (HQ = 1.2). However, acrolein was not monitored (it is difficult to do so) and the majority of the predicted concentration consists of estimated secondary photochemical formation. For this reason, extreme caution should be applied when interpreting the hazard quotient for acrolein. 
	Acute, Non-Carcinogenic Risk Estimates 
	In reality, exposure over an averaging period of one day or one year does not occur at a continuous level. Emissions and air dispersion can fluctuate considerably throughout the day. Therefore, toxicity values are required that reflect short term exposures. Acute reference concentrations (RfCs) or exposure levels (RELs) indicate concentrations that are not likely to cause adverse effects in sensitive human subgroups exposed to that concentration on an intermittent or infrequent basis. Adverse health effects
	Ambient concentrations of pollutants rarely approach the acute RfCs but, on occasion, process upsets or spills at an industrial facility can lead to high short-term concentrations in the vicinity of the release. 
	After reviewing the current literature on acute RfCs and RELs, only acrolein was identified as potentially exceeding an acute toxicity value. The California EPA established an acute REL of 
	0.19 µg/mfor acrolein, based on eye irritation in healthy human volunteers as the critical endpoint of concern (OEHHA, 1999c). The USEPA has not established an acute RfC for acrolein. 
	3 

	DDEH used modeling to predict one-hour average concentrations of acrolein using a subset of 150 contiguous block groups in Denver that were used in the model sensitivity analyses. These 
	model runs took into account only area and mobile source emissions of acrolein. Point sources are expected to minimally contribute to the total, as they emitted only 0.03 tons of acrolein per year in Denver County. The ten highest one-hour average modeled concentrations of acrolein were all 0.5 µg/mor greater; this exceeds the California EPA acute REL by a factor of over 2.5. The predicted exceedance may be even greater because the modeled one-hour average concentrations do not include any secondary contrib
	3 

	RECOMMENDATIONS 
	Additional Monitoring and Modeling 
	Prior to 2000, limited long-term air toxics monitoring data was available in the urban core of metropolitan Denver. Most of the long-term data was associated with CERCLA remediation activities at the Rocky Mountain Arsenal and Rocky Flats. While this data was useful, it was not altogether sufficient for evaluating dispersion model predictions in the urban core where the predicted concentrations are highest. 
	The Colorado Department of Public Health and Environment (CDPHE) was able to secure federal grant monies for air toxics monitoring at one site in downtown Denver during 2000-2001 and at 3 sites during 2002-2003. This data yielded some surprising results and will prove useful for additional model validation in future updates to the baseline assessment. 
	The usefulness of previous air toxics monitoring data underscores the need for at least one permanent air toxics monitor in metropolitan Denver, funded as part of the urban air toxics monitoring program (UATMP). The data generated from said monitor(s) would be useful in tracking trends and upcoming mobile source air toxics reductions from new emissions standards and lower sulfur fuels. 
	In 2004, DDEH received a USEPA community based air toxics monitoring grant to conduct 24hour average as well as short term average (4-hour and 1-hour) air toxics monitoring at six sites in Denver beginning in 2005. This data will shed light on the spatial and temporal variation of air toxics concentrations throughout Denver. It will also allow for a more thorough evaluation of the dispersion model results. 
	-

	The 1996 baseline assessment should be updated periodically, preferably every three years, to coincide with updates to the National Emissions Inventory (NEI). Future updates will incorporate the latest available data (i.e. census data, vehicle miles traveled, land use, etc.) and the modeling methodology will be revised as needed. 
	The modeling assessment predicted concentrations in and around Denver County but could be expanded to include predictions for all of metropolitan Denver. Further model validation is necessary before this is recommended and will occur through the community based air toxics monitoring to be conducted in 2005-2006. 
	Reducing Exposures to Air Toxics 
	Air pollution in Denver is both a local and regional scale issue. Understanding the sources that contribute to air toxic exposures is only the first step; the ultimate goal is reducing exposure to air toxics. While this is expected to occur as federal and state requirements are phased in over the next five to ten years, innovation and education and outreach at the state and local government level can produce more immediate reductions in air toxics exposures. 
	Much of the education and outreach could be targeted at behavioral changes (i.e. driving habits, consumer product usage, wood burning), which have traditionally been difficult to implement. A more effective message may be required to achieve these goals. A regional coalition of federal, state, and local agencies would enhance these efforts. 
	National and local scale assessments typically focus on ambient (outdoor) air quality. However, most people spend 80-90 percent of their time indoors. Numerous studies in microenvironments indicate pollutant concentrations can equal or exceed outdoor concentrations. Education and outreach for indoor air quality should be a priority. 
	Air pollution programs have traditionally operated independent from one another. For example, programs such as criteria pollutants/air toxics have often been treated separately as have ozone/air toxics and ozone/regional haze. These programs have common sources of emissions and common mechanisms for pollutant formation, but how changes in one program affect another are not thoroughly considered. 
	Air pollution programs at all levels of government should take a more holistic approach to addressing air quality issues. For example, air toxics and ozone programs could be effectively integrated, especially in ozone non-attainment areas that focus on volatile organic compound (VOC) reductions, of which many are air toxics. Not only would this broaden the understanding of how these programs relate, but would also improve the ability to communicate why reductions of these pollutants are important. The same 
	The risk based concentration is calculated by dividing 1 x 10-6 (one-in-a-million chance) by the inhalation unit risk estimate (URE). 
	The risk based concentration is calculated by dividing 1 x 10-6 (one-in-a-million chance) by the inhalation unit risk estimate (URE). 
	3 



	INTRODUCTION 
	INTRODUCTION 
	1.1 BACKGROUND 
	1.1 BACKGROUND 
	The Clean Air Act Amendments of 1990 define two classes of pollutants: criteria pollutants and Hazardous Air Pollutants (HAPs), also referred to as air toxics. Criteria pollutants include particulate matter less than 10 microns (PM), carbon monoxide (CO), ozone (O), lead (Pb), nitrogen dioxide (NO), and sulfur dioxide (SO). The criteria pollutants are regulated with standards that govern their ambient levels. An extensive amount of health and welfare information regarding criteria pollutants has been compil
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	In contrast, much less information is available on the health effects and ambient concentrations of air toxics. The Clean Air Act lists 188 air toxics and they come from both natural (biogenic) and man-made (anthropogenic) sources. An example of a natural source is radon gas originating from the earth’s crust. The majority of toxic pollutants, however, come from man-made sources such as commercial and industrial facilities and motor vehicle emissions that release chemical compounds into the atmosphere. The 
	In the fall of 1999, the Environmental Protection Division (EPD) for the Denver Department of Environmental Health (DDEH) began conducting an urban air toxics assessment for the six-county Denver metropolitan area consisting of Adams, Arapahoe, Boulder, Denver, Douglas, and Jefferson counties. The assessment was designed to include: 
	• 
	• 
	• 
	emission inventory data for stationary, mobile, and area sources; 

	• 
	• 
	air dispersion modeling; and 

	• 
	• 
	ambient air toxics monitoring data. 


	DDEH's need to conduct an air toxics assessment is due to 1990 amendments to the zoning provisions of the Denver Revised Municipal Code. The changes apply to new or expanding industrial facilities and established criteria under which city agencies must complete reviews. Specifically, all proposed conditional uses shall be reviewed on the basis of potential environmental problems and/or detrimental effects including: 
	• 
	• 
	• 
	air pollution caused by a stationary source; 

	• 
	• 
	the presence of toxic or hazardous materials and/or wastes; and 

	• 
	• 
	undue concentration of uses that create the environmental problems and external effects listed in the ordinance. 


	To adequately address these issues, DDEH had to establish baseline concentrations in the Denver area. Air toxics monitors in Denver are scarce and are not usually located near facilities emitting hazardous air pollutants. However, through the use of air dispersion models, the impact of a source's emissions on certain receptors can be estimated.. A receptor is any location where ambient concentration estimates are predicted. 
	In urban areas, similar air toxics are emitted from numerous sources, so in order to fully estimate the impact from a new or expanding facility's emissions, the cumulative impacts from all sources must first be determined. By understanding the cumulative impacts, estimates of the risks associated with the existing concentrations can be inferred; any additional risk(s) from the emissions at new or expanding facilities can then be evaluated. 

	1.2 PREVIOUS MODELING STUDIES 
	1.2 PREVIOUS MODELING STUDIES 
	Since modeling is often a necessary component of risk assessments, modeling guidance was needed that would identify the model(s) best suited for this task, the types of data required for an assessment of this scale, and where to find the data. An EPA document titled "Air Dispersion Modeling of Toxic Pollutants in Urban Areas -Guidance, Methodology and Example Applications" (EPA, 1999a) provided much of this information because to date, not many projects of this scale have been completed. Contained in this g
	Prior to DDEH beginning the Denver air toxics assessment, the EPA had already completed a national scale assessment titled the Cumulative Exposure Project (CEP) (SAI, 1999). The CEP estimated annual average ambient concentrations of 148 air toxics for over 60,000 census tracts in the continental United States, Puerto Rico, and the Virgin Islands for the year 1990. In addition, beginning in late 1999, the EPA began a similar modeling assessment titled the National-Scale Air Toxics Assessment (NATA; EPA 2002b
	The NATA uses the model predicted annual average concentrations to characterize the potential public health risks for both cancer and non-cancer effects. This is accomplished by comparing the modeled concentrations with existing health benchmark concentrations that were derived from existing toxicological data. If the predicted concentrations meet or exceed the health benchmark concentrations, this may indicate a potential health hazard. 
	It is important to note that air dispersion models predict outdoor concentrations at specific locations. If a person could remain at a location for the specified time period (e.g. one year), the predicted concentration would equal his/her "apparent" exposure. However, most people do not spend the majority of their time outdoors; 80 percent or more of our time is spent indoors (i.e. home, work, school, car) (Wiley et al., 1991). Indoor and outdoor field sampling studies have shown high rates of penetration o
	Another study conducted by the California South Coast Air Quality Management District (SCAQMD) titled the Multiple Air Toxics Exposure Study (MATES-II; SCAQMD, 2000), attempted to quantify the current magnitude of population exposure risk from existing sources of selected air contaminants. This study consisted of intensive air toxics monitoring, regional air toxics emissions inventory enhancements, and air dispersion modeling. Over 4,500 air samples were collected for the period from April 1998 through June
	1.3 SELECTION OF A MODELING APPROACH TO ESTIMATE AMBIENT CONCENTRATIONS OF AIR TOXICS 
	For both the CEP and the NATA, the EPA used an air dispersion model named Assessment System for Population Exposure Nationwide (ASPEN). The ASPEN model is based on EPA's Industrial Source Complex Long Term model (ISCLT2), which simulates the behavior of pollutants after they are emitted into the atmosphere. ASPEN uses toxic air pollutant emissions and meteorological data from National Weather Service stations to estimate air toxics concentrations nationwide. 
	The ASPEN model estimates toxic air pollutant concentrations for every census tract in the continental United States, Puerto Rico and the Virgin Islands. Census tracts are land areas defined by the U.S. Bureau of the Census and typically contain about 4,000 residents each. Census tracts are usually smaller than two square miles in area in cities, but are much larger in rural areas. 
	To enable the simulation of a large number of pollutants nationwide, a number of simplified approaches were incorporated into the model, such as: 
	• 
	• 
	• 
	simplified approaches used to simulate atmospheric deposition and chemical transformation; 

	• 
	• 
	terrain impacts were omitted; 

	• 
	• 
	daily emission patterns were held constant; 

	• 
	• 
	meteorological data were extrapolated from the nearest measurement site; and 

	• 
	• 
	area source emissions were modeled as if they occur in a number of discreet locations rather than using more complex area, volume or line source modeling algorithms that may better reflect the actual characteristics of the release. 


	While the CEP and NATA were conducted on a national scale, the DDEH air toxics assessment was conducted on an urban to neighborhood scale. As such, more detailed data available that at the urban scale could be incorporated into the modeling. The additional data was provided by the Colorado Department of Heath and Environment (CDPHE), the Denver Regional Council of Governments (DRCOG), and the Colorado Department of Transportation (CDOT) and was processed using Geographic Information System (GIS) software (E
	The next step was to evaluate the case studies included in the EPA air toxics modeling guidance document for Phoenix, AZ and Houston, TX. For those studies, the latest version of the USEPA Industrial Source Complex model (ISC3ST) model was selected and five potential cancer causing air toxics were examined: benzene, 1,3-butadiene, formaldehyde, polycyclic organic 
	matter (POM), and hexavalent chromium (chromium VI). 
	Key features of the ISC3ST dispersion model that makes it useful for urban air toxics applications include: 
	• 
	• 
	• 
	handles multiple point, area, and mobile sources; 

	• 
	• 
	contains considerable flexibility for specifying receptor locations and for grouping of source impacts; 

	• 
	• 
	algorithms to treat the effects of elevated and/or complex terrain; 

	• 
	• 
	treats the effects of deposition of gaseous and particulate emissions; 

	• 
	• 
	allows the option to vary emissions by season, day-of-week, and hour-of-day; and 

	• 
	• 
	allows the option to treat atmospheric transformations via reactive decay. 


	Another approach considered for the EPA case studies involved the use of a photochemical model, such as the EPA Urban Airshed Model (UAM), which was used in the modeling portion of the MATES-II study. However, this approach had the following drawbacks: 
	• 
	• 
	• 
	four of the five pollutants listed in the case studies were not treated specifically within UAM in the simulation of photochemical reactions (the exception is formaldehyde); 

	• 
	• 
	UAM was designed for use during the summer months, hence the photolysis rates affecting some reactions leading to conversion of benzene, 1,3-butadiene, and POM in winter are not well characterized; 

	• 
	• 
	UAM could not account for the effects of particle deposition, which are needed to treat hexavalent chromium; and 

	• 
	• 
	there was little experience running UAM for an entire year (UAM normally is used for one to three day episodic periods). 


	For benzene, 1,3-butadiene and POM, the use of the simpler ISC3ST model was justified since UAM did not contain photochemical reactions for these pollutants. For hexavalent chromium, UAM did not handle particulate deposition, while ISC3ST does include a particle deposition algorithm. While UAM did contain photochemical reactions for formaldehyde, due to the dissimilarity between the two models inputs and outputs, the time and effort required to use both the ISC3ST and the UAM was determined to be prohibitiv
	In the summer of 2002, AERMOD, the next-generation dispersion model scheduled to replace ISC was released and included key enhancements that made model run-times more feasible for air toxics assessments. DDEH has performed model runs using this draft model and results will be presented in Chapter 7 as part of the sensitivity analyses. 
	Since ISC3ST did not address the effects of secondary formation for pollutants such as formaldehyde, a screening level photochemical model (OZIPR; EPA, 1999b) was selected to estimate the magnitude of secondary formaldehyde concentrations. OZIPR can also be used to estimate secondary concentrations of acetaldehyde and acrolein. 

	1.4 EMISSION INVENTORY OVERVIEW 
	1.4 EMISSION INVENTORY OVERVIEW 
	After the appropriate dispersion model was identified, information pertaining to air toxics emissions were collected and reviewed. Several different databases were evaluated in this assessment. 
	Initially, the 1996 National Toxics Inventory (NTI) was utilized for the area and mobile source inventories. The stationary source database was obtained from the CDPHE. It is important to note that not all emissions data is from 1996. The stationary source database contained emission estimates for the years 1995-1998 and certain area source categories contained emission estimates for years other than 1996. 
	As this assessment evolved, errors or discrepancies for a few source categories were discovered. One such error was for on-road mobile source emissions of four mobile source pollutants including benzene. In fall 2001, a new version of the MOBILE emissions model, MOBILE6, became available for state and local agency preview. DDEH took advantage of this state-of-thescience model to generate new on-road emission estimates. This process was repeated in the spring of 2002 with the draft release of MOBILE6.2, whic
	-

	Additional research has been conducted locally and nationwide that can produce mobile source emission estimates using a combination of fuel sales and remote sensing data or emission factors from existing emissions models. DDEH generated emission estimates using these alternate methods to serve as a check against values provided in the inventories. More detail on emission inventories is discussed in Chapter 3. 

	1.5 BACKGROUND POLLUTANT CONCENTRATIONS 
	1.5 BACKGROUND POLLUTANT CONCENTRATIONS 
	Ambient pollutant concentrations are predominantly the result of local and regional emissions. However, many pollutants have long atmospheric residence times and can contribute to degraded air quality at great distances downwind. To better estimate outdoor concentrations of air toxics, it is necessary to account for background concentrations not represented by dispersion modeling of local emission inventories. 
	This assessment used background concentrations determined by the EPA in both the CEP and NATA air toxics assessments (SAI, 1999). The background concentrations were determined from concentration values measured at "clean air locations", far removed from the impact of man-made emissions. In some instances, observed concentrations at “clean air sites” in Colorado are compared with estimated background concentrations for verification. 

	1.6 SECONDARY POLLUTANT FORMATION 
	1.6 SECONDARY POLLUTANT FORMATION 
	Pollutants are found in the atmosphere as a result of primary (direct) emissions or the chemical transformation of organic compounds emitted into the atmosphere (secondary). Carbonyl compounds represent an important class of organic compounds found on the list of 188 air 
	toxics. As part of EPA’s urban air toxics modeling guidance, the OZIPR model (EPA, 1999b) 
	was run for Denver and the estimated background concentrations for acetaldehyde, acrolein, and formaldehyde were generated. The secondary concentrations were then added to the modeled primary emissions in ISC3ST. 
	1.7 COMPARING ISC3ST PREDICTED CONCENTRATIONS TO ASPEN PREDICTED CONCENTRATIONS FROM THE 1996 NATA 
	Many of the pollutants modeled in the Denver air toxics assessment were also modeled for the 1996 NATA. While it would seem logical to compare the predicted concentrations from ISC3ST to those generated by the ASPEN model, in several cases the emission inventories are different and a true “apples-to-apples” comparison is not possible. DDEH did make comparisons for a few pollutants which are summarized in this report with notes regarding important differences in the emissions totals. 

	1.8 COMPARING PREDICTED CONCENTRATIONS TO OBSERVED VALUES 
	1.8 COMPARING PREDICTED CONCENTRATIONS TO OBSERVED VALUES 
	To evaluate the performance of the ISC3ST model, comparison with observed values is necessary. Not only does this help to evaluate model performance, it can also provide insight into the accuracy of the emission inventories. The Metro Denver area has several monitoring stations that measure criteria pollutants regulated under the national ambient air quality standards (NAAQS). With the exception of lead (listed as both an air toxic and a criteria pollutant), Metro Denver did not have an air toxics monitor t
	The Rocky Mountain Arsenal, a CERCLA site that formerly produced nerve agents and pesticides and borders northeast Denver, maintains an extensive database of monitored concentrations for both gaseous and particulate air toxics. Many of the monitored pollutants are related to past activities at the Arsenal and include several organo-chlorine pesticides, arsenic, benzene, and other solvents. Monitoring data obtained by DDEH spans from 1996-1999. 
	The Northern Front Range Air Quality Study (NFRAQS; Watson et al., 1998) managed by Colorado State University was funded through contributions from nearly 40 groups (private industry, academia, federal, state, and local agencies). The $4 million study was conducted in three phases: Phase 1-Winter of 1996, Phase 2-Summer of 1996, and Phase 3-Winter of 1997. One of the NFRAQS goals was to identify the sources of carbon particles found in Denver's "Brown Cloud", which on average account for 60 percent of the f
	CDPHE conducted speciated non-methane organic compound (SNMOC) sampling in the summer of 1996 and winter of 1997, which consisted of 3-hour average samples collected between 6-9am. The results of the SNMOC sampling are included in this report for observational purposes. 
	1.9 EVALUATION OF POTENTIAL HUMAN HEALTH RISKS ASSOCIATED WITH PREDICTED AND OBSERVED AIR TOXICS CONCENTRATIONS 
	Health risk assessment involves a comprehensive analysis of the dispersion of chemicals emitted into the atmosphere, the extent of human exposure via all relevant pathways (exposure assessment), the toxicology of those chemicals (dose-response assessment), and the estimation of cancer risk and non-cancer health impacts to the exposed community (risk characterization). Exposure pathways include inhalation, ingestion, dermal contact and a variety of others. This assessment only evaluates the inhalation exposu
	Preliminary inhalation risk estimates were calculated using published health benchmarks. The EPA has developed many of these benchmarks, which can be found in the Integrated Risk Information System (IRIS; EPA, 2002c). The California Air Resources Board (CARB) has an Air Toxics "Hot Spots" Program that is designed to provide information to state and local agencies and to the general public on the extent of airborne emissions from stationary sources and the potential public health impacts of those emissions. 
	It should be noted that the risks, as presented, are simple point risk estimates and are based only on comparing ambient (outdoor) pollutant concentrations to the published health benchmarks. A more comprehensive risk assessment can be performed but requires additional data such as exposure history, body weight, breathing rate, etc. This data often cannot be quantified but reasonable ranges can be applied. 

	1.10 GUIDE TO THIS REPORT 
	1.10 GUIDE TO THIS REPORT 
	This chapter gives a background on previous air toxics assessments and highlights the criteria and methodology implemented in the Denver air toxics assessment. Chapter 2 details the methodology and assumptions utilized in the ISC3ST air dispersion model. Chapter 3 describes the emission inventories that were utilized. Chapter 4 presents the methodology used to spatially and temporally allocate emissions. Chapter 5 discusses the results and the model performance by comparing predicted and observed concentrat


	ISC3ST MODELING METHODOLOGY 
	ISC3ST MODELING METHODOLOGY 
	Dispersion models predict ambient (outdoor) concentrations based on information collected by the user and supplied in the model input file. Data used by the dispersion model includes: 
	• 
	• 
	• 
	location of pollution source(s); 

	• 
	• 
	physical data describing each pollution source (e.g. stack height, stack gas temperature, etc.); 

	• 
	• 
	emission rate of each pollutant (e.g. pounds per year); 

	• 
	• 
	how emissions vary with time; and • other chemical properties of the pollutant(s). 


	The currently recommended plume dispersion model for estimating urban-wide concentrations of toxic air pollutants is the Industrial Source Complex Short Term model (ISC3ST) model. The ISC3ST model is a steady-state Gaussian plume model that can be used to assess pollutant impacts from a wide variety of sources. Gaussian plume modeling is a widely used technique for estimating the impacts of non-reactive pollutants because of its good performance against field measurements, and because it is computationally 
	Sources of detailed guidance used for this air toxics assessment are listed below: 
	For information on how to use the ISC3ST model, consult the ISC3 model user’s guide and addendums (EPA, 1995, 2000a). 
	For information on how to preprocess the meteorological data for input in ISC3ST, consult the MPRM user’s guide and addendums (EPA, 1996, 1999c). 
	Information on the Integrated Urban Air Toxics Strategy developed under the authority of Section 112(k) and 112(c) of the Clean Air Act can be obtained from EPA’s web site at: 
	http://www.epa.gov/ttn/atw/urban/urbanpg.html 

	2.1 ISC3ST MODEL OPTIONS 
	2.1 ISC3ST MODEL OPTIONS 
	The regulatory default mode should not be selected here because it will override the toxics option if it is present, as well as any other enhancements dependent on the toxics option. The specific model options used in DDEH’s air toxics assessment are listed in Table A-1 of Appendix A. An example of an ISC3ST model input file for benzene in Denver County is also included at the end of Appendix A. 
	The most important feature of the toxics enhancements in ISC3ST relates to the use of the Sampled Chronological Input Model (SCIM) to significantly reduce model run times. The use of the SCIM option allows the user to specify which hour(s) of meteorological data will be sampled. For this assessment, the meteorological data was sampled once every 25 hours. Using a five-year meteorological data set (43,824 hours), each hour of the day is sampled 73 times. 
	Therefore, diurnal variations in weather patterns are characterized in the model results. Without 
	using the SCIM option, model runs for each gaseous air toxic emitted in Metro Denver would have taken approximately 200 hours. Using the SCIM option each model run took nine hours (CPU speed = 1 GHz). The SCIM option can only be used when predicting annual average concentrations and should be utilized only in the recommended five-year model simulations. 
	Studies have shown that the uncertainty in modeled results introduced by use of the SCIM option is generally lower for area sources than for point sources. Sensitivity analyses involving the SCIM option are presented in Chapter 5. For more information on the use of the SCIM option, see the addendum of the ISC3 user's guide (EPA, 2000a). 
	Air toxics react in the atmosphere to varying degrees; therefore the half-life option was employed in this assessment. Most air toxics modeled in this assessment have published half-life values (Atkinson, 1989; EPA 1999a), and for those that do not, a value associated with a chemical having similar properties was assigned. Particulate air toxics such as chromium, manganese, and diesel particulate matter were not modeled using the half-life option. Half-life values of air toxics modeled in this assessment ar
	The modeling option to consider the influence of elevated and complex terrain was selected. Elevations in the six county metro area range from roughly 1360 meters to 4400 meters. The maximum elevation difference within the receptor domain defined in the dispersion model is 225 meters. 
	For most sources, emissions vary throughout the day. Emission factors that vary by season, dayof-week, and hour-of-day were utilized in the model. Even without detailed information, reasonable assumptions can be made regarding emission factors. More information pertaining to emission factors is discussed in Chapter 4. 
	-


	2.2 AVERAGING PERIOD 
	2.2 AVERAGING PERIOD 
	An annual averaging period was selected for this assessment to estimate chronic (long-term) exposures. The SCIM option only allows the use of an annual averaging period. 

	2.3 PHYSICAL/CHEMICAL PARAMETERS 
	2.3 PHYSICAL/CHEMICAL PARAMETERS 
	ISC3ST is capable of estimating wet and dry deposition rates of both gases and particles. While calculating the deposition, the model also calculates the depletion of the deposited fraction from the plume, resulting in a less conservative estimate of air concentrations. Neglecting wet deposition, which requires additional meteorological data related to precipitation, results in a more conservative estimate of air concentrations. In this analysis, both the dry and wet deposition and plume depletion algorithm
	In order to apply the gas dry deposition algorithm, several parameters must be specified: 
	• 
	• 
	• 
	molecular diffusivity (Diff) in air (cm/sec) was obtained from the EPA urban air toxics modeling guidance (EPA, 1999a) and from the EPA Region 9 Preliminary Reduction Goals (PRGs) (EPA, 2000b); 
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	• 
	• 
	• 
	the solubility enhancement factor (Alphas) is used when applying the deposition algorithm over wet surfaces such as moisture on vegetation due to precipitation. Since a value for this aqueous phase dissociation was not available for the pollutants in this assessment, a value of 

	1.0 for SOwas used as suggested in the air toxics modeling guidance; 
	2 


	• 
	• 
	the reactivity parameter (Reac) is the scaling factor for "stickiness" of the pollutant and is pollutant specific. In the absence of observed data for this assessment, it was set to 10 (a moderate value as suggested by EPA, 1999a); 

	• 
	• 
	• 
	the mesophyll resistance (Rsubm) can be set to zero for soluble compounds (e.g. formaldehyde, maximum water solubility = 550000 mg/L), while non-soluble compounds 

	(e.g. naphthalene, maximum water solubility = 30 mg/L) are set to a high value (i.e. 100). Most of these values were estimated from solubility data obtained from the EPA Region 9 Preliminary Reduction Goals (PRGs) and the CHEMFATE database (SRC, 2002); and 

	• 
	• 
	the Henry's Law coefficient (Henry) is used when applying the deposition algorithm over wet surfaces. It is a measure of the vapor/water partioning of a compound. Most of these values were obtained from the EPA Region 9 Preliminary Reduction Goals (PRGs) and the CHEMFATE database (SRC, 2002). 


	The physical/chemical parameters for the five pollutants used in the EPA case studies (EPA, 1999a) were also used in this assessment. 
	Parameters needed for wet deposition of gases relate mainly to the size of the gas molecules. For lack of better data, it was assumed that all gas molecules were approximately 0.4 microns in diameter. For liquid precipitation, this equates to a scavenging rate of 5E-05 (s-mm/hr). It is assumed that scavenging rates for frozen precipitation are 1/3 that of liquid precipitation, or 1.7E-05 (s-mm/hr). The scavenging rates were obtained from Volume II of the ISC3ST user guide (EPA, 1995). 
	-1 
	-1 

	The physical/chemical parameters used in this assessment are contained in Table A-2 of Appendix A. 

	2.4 RECEPTORS 
	2.4 RECEPTORS 
	ISC3ST calculates concentrations at user-defined receptor locations. Receptors are usually placed in “ambient air” off of facility property. In addition to receptor locations, elevations of the receptors may also be required. Census data and urban land use information can be used to identify receptor locations where individuals live, work, attend school, and spend time in 
	recreation. 956 receptors were identified for this assessment and consist of census block group 
	centroids in and around Denver County. Figure 2-1 shows the model receptor domain. 
	Figure 2-1. ISC3ST dispersion model receptors. Concentrations are predicted at each receptor. Bold outline highlights Denver County boundary. 
	Figure

	2.5 TERRAIN 
	2.5 TERRAIN 
	Terrain elevations at each source and receptor are required as input to ISC3ST. Digitized terrain data, or digital elevation models (DEMs) are available from U.S. the Geological Survey (USGS). Source (stack) elevation is usually provided in the point source inventory. In some urban areas, terrain can be assumed to be flat and source and receptor elevations set to zero (or any other height). When the urban area is in or near complex terrain such as Denver, terrain effects become important. First, plumes impa
	Terrain elevations at each source and receptor are required as input to ISC3ST. Digitized terrain data, or digital elevation models (DEMs) are available from U.S. the Geological Survey (USGS). Source (stack) elevation is usually provided in the point source inventory. In some urban areas, terrain can be assumed to be flat and source and receptor elevations set to zero (or any other height). When the urban area is in or near complex terrain such as Denver, terrain effects become important. First, plumes impa
	pollutant transport and dispersion. The ISC3ST model only addresses wind channeling if these effects are captured by the available meteorological data. If the urban area contains complex terrain features that are expected to significantly affect the modeled concentrations, a dispersion model that better handles such situations should be selected from those listed in Appendix W of the Guideline on Air Quality Models (40CFR51; EPA, 2001). 

	CALPUFF is a dispersion model that can be used to model the effects of complex terrain and terrain enhanced flows. CALPUFF was not used for the 1996 assessment due to a lack of resources and experience with the model. The 1999 assessment may utilize CALPUFF and compare results with ISC3ST. 

	2.6 METEOROLOGICAL DATA 
	2.6 METEOROLOGICAL DATA 
	2.6.1 Selection of Surface and Upper Air Stations 
	2.6.1 Selection of Surface and Upper Air Stations 
	The ISC3ST model requires hourly surface observations of wind speed, wind direction, ambient temperature, atmospheric stability, and atmospheric mixing heights derived from twice-daily upper air soundings as meteorological inputs. The mixing height data, processed by the National Climatic Data Center (NCDC), and the hourly surface data for major National Weather Service (NWS) stations are currently available for most cities for years up through 1992 from EPA's SCRAM web site. Meteorological data from 1986-1
	Both the surface and upper air meteorological data were collected at Stapleton International Airport in Denver County. Although this assessment utilized meteorological data for the years 1986-1990, it is expected that the meteorological conditions for any other five-year period would be much the same. Figure 2-2 shows a wind rose for Denver for the years 1986-1990. Wind roses indicate the frequency of wind directions and wind speeds that occurred over the period. Notice that the predominant wind direction i

	2.6.2 Meteorological Data Processing 
	2.6.2 Meteorological Data Processing 
	Meteorological data must be processed before use in ISC3ST. PCRAMMET and the Meteorological Processor for Regulatory Models (MPRM) are preprocessors that use surface and mixing height (upper air) data as input to create meteorological files for use in ISC3ST. 
	The meteorological data preprocessor MPRM was used to prepare the input files necessary for applying the gas dry deposition algorithm in ISC3ST. MPRM can also be used for setting up a meteorological data file for ISC3ST to be used in estimating particle dry deposition and gas and particle wet deposition. PCRAMMET does not contain the algorithms for setting up a file to support gas dry deposition, although it does prepare a meteorological data file for use in estimating particle dry and wet deposition and ga
	Figure
	Figure 2-2. Meteorological wind rose for Denver for the years 1986-1990. 
	Figure 2-2. Meteorological wind rose for Denver for the years 1986-1990. 


	Both meteorological preprocessors can occasionally produce very low mixing heights (less than 10 meters) based on the twice-daily values from the mixing height data file and the interpolation scheme used to provide hourly values of mixing height. The application of a very low mixing height with a near-surface level area source can produce high predicted air concentrations due to the treatment of limited mixing effects in the ISC3ST model. In the EPA case studies for Houston and Phoenix, a minimum value of 1

	2.6.3 Meteorological Parameters for Deposition Calculations 
	2.6.3 Meteorological Parameters for Deposition Calculations 
	Several additional meteorological parameters are needed as inputs to MPRM in order to implement the dry deposition algorithms in the ISC3ST model for particulate and gaseous emissions. The additional dry deposition parameters are listed below: 
	Albedo 
	Bowen Ratio 
	Roughness Length (measurement site) Roughness Length (application site) Minimum Monin-Obukhov Length Surface Heat Flux (fraction of net) Anthropogenic Heat Flux Leaf Area Index 
	These parameters were estimated on a seasonal basis for this analysis, since many of the parameters will vary significantly by season. The following values were selected for this assessment, based on a review of the guidance provided in Section 3.3 of the MPRM User's Guide (EPA, 1996, 1999c). 
	Winter Spring Summer Fall Albedo . 0.35 0.14 0.16 0.18 Bowen Ratio 1.7 1.5 3.0 3.0 Surface Roughness Length (application site) (m) 1.0 1.0 1.0 1.0 Surface Roughness Length (measurement site) (m) 0.15 0.15 0.15 0.15 Anthropogenic Heat Flux (W/m) 10 10 10 10 Surface Heat Flux (fraction of net) 0.25 0.25 0.25 0.25 Minimum Monin-Obukhov Length (m) 50 50 50 50 Leaf Area Index 0.8 0.9 1.0 0.9 
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	The albedo values are those recommended for urban areas and are slightly less than those for grassland, except in winter when the grassland albedo is 0.60. Because areas within the modeling domain are classified as rural, it could be argued that the winter albedo should be increased because the snow cover persists for a longer period of time. However, warming chinook type conditions (i.e. downsloping winds) occur frequently during the winter season, causing snowmelt. Therefore, the use of the urban value is
	The Bowen Ratio is the average of dry to normal conditions for urban areas. The anthropogenic heat flux used was the same as that used in the EPA case studies for Phoenix and Houston. Since the surface meteorological data used in the analysis is from a major airport, it is assumed that the measurements are taken from well-sited instruments, away from major obstructions, with a nominal surface roughness length for the measurement site of 0.15 meters. The leaf area index is required for dry deposition calcula
	1.0 for Houston, TX for all seasons. 
	For the application of the ISC3ST model in urban areas, the surface roughness length was set to 
	1.0 meter. Roughness lengths can vary from near zero over water and asphalt, to over three in areas with dense clusters of tall buildings. The roughness length at the site where meteorological data was collected (Stapleton Airport) is approximately 0.15 meters, as mostly open grassland and a few small buildings surround this site. This site is only seven miles from the downtown central business district where the surface roughness length is probably around two meters. Choosing an appropriate value for the r
	1.0 meter. Roughness lengths can vary from near zero over water and asphalt, to over three in areas with dense clusters of tall buildings. The roughness length at the site where meteorological data was collected (Stapleton Airport) is approximately 0.15 meters, as mostly open grassland and a few small buildings surround this site. This site is only seven miles from the downtown central business district where the surface roughness length is probably around two meters. Choosing an appropriate value for the r
	dispersion model is sensitive to the surface roughness length. Results from both models will be discussed as part of the sensitivity analyses in Chapter 7. 



	2.7 EMISSION SOURCE CHARACTERIZATION IN ISC3ST 
	2.7 EMISSION SOURCE CHARACTERIZATION IN ISC3ST 
	In the ISC3ST dispersion model, each emission source needs to be classified as a point, area, volume, or line source. Constructing the source inventory begins with defining the modeling region then mapping the locations of emission sources and model receptors. 
	For this assessment, emissions were assumed to emanate from either point sources or polygon area sources. The following subsections describe the various source types and associated inputs for modeling. 
	2.7.1 Point Source Characterization 
	2.7.1 Point Source Characterization 
	Point sources generally release emissions from well-defined stacks or vents, at a measurable temperature and flow rate. Consequently, characterizing point sources for modeling is fairly straightforward. The basic model inputs for any point source are: location of the source(s); stack height above ground level; inside diameter at stack exit; exhaust velocity or flow rate at stack exit; exhaust temperature at stack exit; building dimensions, and the pollutant emission rate. 
	Building dimensions can be incorporated into the ISC3ST model to characterize building downwash. Building downwash of a plume can occur as the airflow is deflected around a building and a portion of the plume may be drawn down closer to the ground or captured in the recirculation cavity in the lee of a building, creating higher concentrations close to the source. Due to the large scale of this assessment and the thousands of point sources in the modeling domain, building information was not available theref

	2.7.2 Area Source Characterization 
	2.7.2 Area Source Characterization 
	Area sources are sources of toxic air pollutants that are emitted at or near ground level and are distributed across a defined area, such as landfills, settling ponds, etc. The sizes of these sources can range from a few square meters to a few square kilometers or larger. In this assessment, area and mobile source emissions were modeled from polygon area sources. Emissions from the area and mobile source inventories were allocated to census block groups, which were defined as polygon area sources in ISC3ST.
	Emissions from area sources were assumed to be of neutral buoyancy. Therefore, plume phenomena such as downwash and impaction on elevated terrain features are not considered relevant for modeling area sources. Emissions from area sources are defined as emission fluxes, with units of mass per unit time per unit area such as, grams per second per square meter. As an example, assume the pollutant emission rate from a polygon is 150 gm/sec. The dimensions of 
	the polygon are 10 meters by 20 meters, total area is 200 m. If this source were modeled as a 
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	single, rectangular area source, then the modeled emission flux would be 0.75 gm/[sec-m] (150 gm/sec 200 m). 
	2
	2

	Important parameters used to characterize area sources are location, geometry, and relative height. If the emissions from an area source are not at ground level, a height for the source may be entered. For example, a non-zero value would typically be entered for the release height of mobile source emissions. If the release height of the source is greater than approximately 10 meters, it should probably be modeled as a volume source. Area sources can also be modeled with an initial vertical dispersion value 
	Figure 2-3. Census block group boundaries for the six county metropolitan Denver region. As of the 1990 Census, there were 1800 census block groups. 
	Figure

	2.7.3 Volume and Line Sources 
	2.7.3 Volume and Line Sources 
	Volume sources and line sources were not modeled in this assessment as emissions were defined using point and area sources. Line sources cannot be modeled using ISC3ST. For definitions of each of these source types, the reader is referred to the ISC3 User's Manual (EPA, 1995). 


	2.8 SECONDARY POLLUTANT FORMATION 
	2.8 SECONDARY POLLUTANT FORMATION 
	The discussion in this section applies to three carbonyl compounds, acetaldehyde, formaldehyde, and acrolein, which are classified as aldehydes. It is estimated that between 80-90 percent of the ambient concentrations of formaldehyde and acetaldehyde are formed secondarily in the atmosphere through the decomposition of other volatile organic compounds (EPA, 1999b). The mechanisms leading to secondary formation of carbonyls are part of the ozone formation process; therefore a brief overview of how ozone is f
	Ground-level ozone (O) is not emitted directly into the atmosphere, but is a secondary pollutant produced by reaction between nitrogen dioxide (NO), hydrocarbons, and sunlight. Ozone can irritate the eyes and air passages causing breathing difficulties and may increase susceptibility to infection. It is a highly reactive chemical, capable of attacking surfaces, fabrics and rubber materials. Ozone is also toxic to some crops, vegetation, and trees if present at sufficient concentrations. 
	3
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	Whereas nitrogen dioxide (NO) participates in the formation of ozone, nitrogen oxide (NO) destroys ozone to form oxygen (O) and nitrogen dioxide (NO). For this reason, ozone levels are not as high in areas where high levels of NO are emitted from point sources and motor vehicles. As the nitrogen oxides and hydrocarbons are transported out of high NO areas, the ozone-destroying NO is oxidized to NO, which then promotes ozone formation. 
	2
	2
	2
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	Sunlight provides the energy to initiate ozone formation; near-ultra-violet radiation breaks apart stable molecules to form reactive species known as free radicals. In the presence of nitrogen oxides these free radicals speed up the oxidation of hydrocarbons to carbon dioxide and water vapor. Partially oxidized organic species such as aldehydes, ketones, and carbon monoxide are intermediate products, with ozone being generated as a by-product. 
	Since ozone itself is photo-dissociated (split up by sunlight) to form free radicals, it promotes the oxidation chemistry and so catalyzes its own formation; thus it is an auto-catalyst. Consequently, high levels of ozone are generally observed during hot, stagnant, sunny, summertime weather in locations where the air mass has previously collected emissions of hydrocarbons and nitrogen oxides, such as urban areas with traffic. Because of the time required for photochemical processing, high ozone concentrati
	2.8.1 Predicting Secondary Pollutant Formation 
	2.8.1 Predicting Secondary Pollutant Formation 
	Several computer models exist that concurrently predict atmospheric dispersion and photochemical transformation e.g., the Urban Airshed Model. These models generally require significant amounts of data and resources above and beyond what are available in desktop computers, especially for long-term model simulations. If a model incorporating only non-dispersive effects such as photochemistry could be employed, then the results could be added to those predicted by ISC3ST. 
	For this assessment, the research-oriented version of the Ozone Isopleth Plotting Package (OZIPR; EPA, 1999b) was used to estimate secondary concentrations of acetaldehyde, formaldehyde, and acrolein. OZIPR is a one-dimensional box model with a time-varying box height. Emissions were added to the box by time of day; factors such as temperature, relative humidity, atmospheric pressure, solar radiation, and deposition were used to determine chemical reaction rates. OZIPR was originally designed to predict ozo
	The reaction mechanism used in OZIPR is based on the widely used SAPRC97 mechanism. The model estimates chemical concentrations as a function of time. These estimates can then be used in conjunction with output from ISC3ST, which accounts for dispersion of primary emissions but not chemical transformations. The output data from the OZIPR model is presented in several ways, e.g., annual and seasonal averages, time series profiles, to facilitate their use with dispersion models. 
	Ten study areas were selected for the OZIPR project: Atlanta, Boston, Chicago, Denver, Houston, Los Angeles, Phoenix, Pittsburgh, Seattle, and Washington D.C. In each study area, urban and rural counties were chosen. The urban counties are centered on the cities in question; the rural counties are near enough to the urban areas to have similar meteorological patterns, but different emissions based on their lower population and different land use patterns. 
	For the model to predict city-specific secondary formation of formaldehyde, acetaldehyde, and acrolein, a distribution of the VOCs emitted into the atmosphere in the selected urban areas was required; data collected in the mid-1980s were used as the basis for establishing the distribution. The distribution of hydrocarbons has probably not changed substantially in the past 10 years, with the exception of a moderate increase in the level of oxygenated hydrocarbons due to use of oxygenated and reformulated fue
	The results show that secondary formation generally accounted for approximately 90 percent of the ambient formaldehyde and acetaldehyde and approximately 85 percent of acrolein; these percentages varied only slightly between cities. Annual averages for the urban secondary 
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	formation of formaldehyde ranged from 3.0 µg m for Seattle to 13.4 µg m for Los Angeles. 
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	For acetaldehyde, the corresponding numbers are 5.0 µg m for Phoenix to 18.0 µg m for Los 
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	Angeles; for acrolein, the values are 0.2 µg m (five cities) to 0.7 µg m for Los Angeles. 
	Generally, the rural values for each of the three HAPs ranged between 30 percent and 50 percent less than the urban values. The secondary formaldehyde concentrations are usually greater for southern cities because of increased solar radiation. 
	DDEH performed OZIPR model runs using updated emission inventories developed in conjunction with this assessment. The results and how they compare with EPA’s OZIPR results for Denver are discussed in Chapter 5. 


	2.9 LIMITATIONS OF GAUSSIAN PLUME MODELS 
	2.9 LIMITATIONS OF GAUSSIAN PLUME MODELS 
	Finally, it is important to discuss the limitations associated with Gaussian plume models such as ISC and AERMOD; the main limitations are listed below. The advantages and disadvantages of using Gaussian plume models must be weighed against more advanced models that require significant additional time and resources. 
	Causality Effects 
	Gaussian models assume pollutant material is transported in a straight line instantly, like a beam of light, to receptors that may be several hours or more in transport time away from the source. They make no account for the fact that wind may only be blowing at 1 m/s and will only have traveled 3.6 km (~2 mi) in the first hour. This means that plume models cannot account for causality effects. This becomes important with receptors at distances more than a couple of kilometers from the source, where polluta
	Low Wind Speeds 
	Gaussian models “break down” during low wind speed or calm conditions due to the inverse wind speed dependence of the Gaussian plume equation and this limits their application. Unfortunately, in many circumstances it is these conditions that produce the worst-case dispersion results for many types of sources. By default, ISC assumes a zero concentration during a calm meteorological hour, though calm hours can be excluded by the user, as it was in this assessment. 
	Spatially Uniform Meteorological Conditions 
	Gaussian plume models assume the atmosphere is uniform across the entire modeling domain and that transport and dispersion conditions exist unchanged long enough for a pollutant to reach the receptor. Truly uniform conditions rarely occur, especially in areas with complex terrain like Metro Denver. This is described in more detail in section 5.1. 
	No Memory of Previous Hours Emissions 
	In calculating each hour’s ground level concentration the plume model has no memory of the contaminants released during the previous hour(s). This limitation is especially important for the proper simulation of morning inversion break-up and diurnal recycling of pollutants over cities. These and other factors were considered by DDEH. Since ISC is currently EPA’s recommended model for urban air toxics assessments, it was the model used for this assessment. Results will be evaluated to determine if the use of


	EMISSION INVENTORIES 
	EMISSION INVENTORIES 
	This chapter describes the emission inventories that were used in DDEH’s air toxics assessment. During the course of this assessment, errors or discrepancies were found in the area and mobile source inventories and new tools for mobile source emissions modeling also became available. Therefore, changes were made to some of the original emissions estimates. In addition, alternate methods for developing mobile source emission inventories were explored. 
	The original and final emission totals for 33 air toxics modeled as part of the 1996 NATA are listed in Table B-1 of Appendix B. Some of the 34 air toxics modeled in the 1996 NATA had zero or near zero emissions in Colorado. 
	3.1 POINT SOURCES 
	3.1 POINT SOURCES 
	The original point source, or stationary source, database obtained from CDPHE was an AIRS format database in Microsoft Access. Information such as facility name, location, types and amounts of air toxics emitted, stack parameters, and operating data were provided. DDEH also maintains a compliance inspection database for stationary sources that tracks product consumption, from which emissions can be estimated. The DDEH database and inspection records were consulted when discrepancies regarding emissions or l
	It should be noted that the stationary sources included in the CDPHE database cover both major and non-major point sources. Major point sources as defined in Section 112 of the Clean Air Act are sources that emit more than 10 tons per year of any individual air toxic or more than 25 tons per year of a combination of air toxics. Depending on the toxicity of a particular pollutant, sources that emit as few as 50 pounds per year of a single air toxic, such as benzene, may be included in both the CDPHE and DDEH

	3.2 AREA SOURCES 
	3.2 AREA SOURCES 
	Area sources encompass a broad range of categories including consumer products usage, architectural surface coatings, decorative chromium electroplating, and gasoline distribution. There are 74 different categories included in the area source NTI for 1996. Emission totals for each category and pollutant are provided at the county level. The county level emissions are usually allocated to smaller geographic areas within each county using surrogates such as population or population density. 
	One problem that arises with the area source portion of the NTI is that sources included in the CDPHE point source inventory are also included in the area source inventory. This occurs because EPA defines area sources to include most non-major point sources such as gas stations, dry cleaners, and auto body repair shops. These sources can be numerous in urban areas and may not have locational data in the NTI database; therefore emissions are summed at the county level. If the modeler were to use both databas
	Professional judgment was used to determine which categories were likely covered in the point 
	source database and warranted exclusion from the NTI area source inventory. In the final analysis of the area source inventory, only 22 area source categories out of the original 73 were included in DDEH's modeling inventory. Many of these exclusions were due to categories producing very low countywide emissions of gaseous pollutants, which failed DDEH's criteria of one ton per year in each county. The one-ton total when spatially allocated produced negligible predicted concentrations. Particulate air toxic
	Table B-2 in Appendix B lists the 73 area sources in the 1996 NTI for Metro Denver and notes which categories were utilized in this assessment. 
	3.2.1 Air Toxics Emissions from Residential Wood Burning 
	3.2.1 Air Toxics Emissions from Residential Wood Burning 
	Wood burning emissions for several gaseous air toxics were either not listed in the NTI or appear to have been underestimated. DDEH developed a wood burning emission inventory for several gaseous air toxics based on data contained in several recent reports (Eastern Research Group, 2001; Zielinska et al., 2000; Houck et al., 2001a,b; Cass et al., 2001). Data from all reports were compared and contrasted. 
	The Zielinska et al. data was obtained from wood burning tests conducted as part of the Northern Front Range Air Quality Study (NFRAQS) conducted in the Front Range of Colorado, including Metro Denver, in 1996 and 1997. The tests were performed in Reno, Nevada using wood sold in Denver. Reno, Nevada is approximately 4,500 feet above sea level, which is similar to Denver (5,280 feet). 
	It should be noted that the emission tests from Zielinska et al. were terminated when 90 percent of the final test charge weight had been burned. Using the 90 percent termination point, the smoldering condition characterized by a lower temperature burn with a lack of flame makes up approximately 20 percent of the fireplace burn cycle and approximately 35-40 percent of the wood stove tests (Zielinska et al., 2000). In contrast, the Cass et al. fireplace tests were terminated after the firewood had turned to 
	The Zielinska et al. air toxic emission factors are the lowest of all the studies and some of this may be due to the aforementioned 90 percent termination point. For DDEH’s air toxics inventory, an average of the Zielinska et al. and Cass et al. emission factors was used for BTEX compounds and 1,3 butadiene. For the carbonyl compounds acetaldehyde, formaldehyde, and acetone, emission factors were weighted 90 percent towards the Zielinska et al. emission factors and 10 percent towards Cass et al. factors. Em
	Additionally, ISC3ST model results were used to evaluate and adjust the methods used to derive the average emission factors. It was found that using an arithmetic average for carbonyl compounds led to predicted formaldehyde-acetaldehyde ratios less than that observed from 
	Additionally, ISC3ST model results were used to evaluate and adjust the methods used to derive the average emission factors. It was found that using an arithmetic average for carbonyl compounds led to predicted formaldehyde-acetaldehyde ratios less than that observed from 
	monitoring data. This appears to be the result of too much acetaldehyde from wood burning being estimated during the winter months. Note that except for acetaldehyde, the overall magnitude of the wood burning emissions is less than 10 percent of the total inventory, so an overestimate of acetaldehyde wood burning emissions will impact predicted acetaldehyde concentrations to a greater extent and consequently decrease the predicted formaldehydeacetaldehyde ratio in the winter months. This will be discussed i
	-


	Table B-3 in Appendix B lists emission factors for nine air toxics and carbon monoxide. Table B-4 lists the annual wood burning emissions totals for each county. 


	3.3 MOBILE SOURCES 
	3.3 MOBILE SOURCES 
	The original mobile source inventory was obtained from the 1996 NTI. As with the area source inventory, emissions were estimated by county for each vehicle class. Emission estimates for up to 12 different vehicle classes were provided in the mobile source inventory, and included light-duty gasoline vehicles (LDGV), heavy-duty diesel vehicles (HDDV), off-road diesel equipment, and railroad locomotives to name a few. 
	Mobile source emissions were segregated by on-road or off-road classification. The reason for doing so is that different spatial surrogates can be applied to the two different vehicle classes. For on-road vehicles, emissions can be allocated to the census block groups based on the ratio of vehicle miles traveled (VMT) in each census block group to the county VMT. The VMT surrogate would not be appropriate for allocating emissions from agricultural equipment or from locomotives. 
	The remainder of this chapter focuses on revisions made to the mobile source inventory. Stateof-the-science tools and data became available during the course of the assessment that warranted making these revisions. The most important tool was the release of the MOBILE6 emissions model. Since then a draft version of MOBILE6.2 was released that would allow for air toxics emission factors to be output, whereas with MOBILE6 total organic gas (TOG) emissions were output and air toxic speciation factors had to be
	-

	3.3.1 Vehicle Miles Traveled (VMT) Data 
	3.3.1 Vehicle Miles Traveled (VMT) Data 
	Motor vehicle emission inventories are typically derived by multiplying vehicle emission factors by vehicle miles traveled (VMT) data. VMT data for Metro Denver was available from three different sources: 
	• 
	• 
	• 
	the Denver Regional Council of Governments (DRCOG), the regional planning organization (RPO) for Metro Denver; 

	• 
	• 
	the Colorado Department of Transportation (CDOT); and 

	• 
	• 
	the U.S. Environmental Protection Agency (EPA). 


	DRCOG addresses issues of regional concern such as growth and development, transportation, and the environment to name a few. DRCOG also conducts travel behavior surveys and travel demand modeling (TDM) to forecast transportation impacts. DRCOG VMT estimates are used 
	by the Colorado Department of Public Health and Environment in developing on-road mobile 
	source emission inventories. 
	CDOT estimates VMT for each county in Colorado based on observed traffic counts. However, CDOT only does this for roads that fall under CDOT jurisdiction, which include interstates, freeways, arterials, collectors, and local roads. Figure 3-1 shows the CDOT road network in Metro Denver. Using a GIS theme obtained from CDOT, it is estimated that the CDOT road network contains approximately 15 percent of the total lane miles in Metro Denver. 
	Figure
	Figure 3-1. Colorado Department of Transportation (CDOT) major road network in Metropolitan Denver. 
	Figure 3-1. Colorado Department of Transportation (CDOT) major road network in Metropolitan Denver. 


	The 1996 EPA VMT estimates are based on historical 1996 Highway Performance Monitoring System (HPMS) data obtained from the Federal Highway Administration. The HPMS database contains state-level summaries of average annual daily VMT by functional system and by rural, small urban and individual urban areas. Based on population data from the Bureau of Census, the HPMS data were distributed to counties at the functional system level. 
	Table 3-1 lists the different VMT estimates by county. Also included are CDOT estimates for heavy-duty truck VMT, excluding pickups, SUVs, and vans. The CDOT data are for 1997 as 1996 data were not available on the website. 
	Table 3-1. VMT estimates for Metropolitan Denver from various sources. 
	Table 3-1. VMT estimates for Metropolitan Denver from various sources. 
	Table 3-1. VMT estimates for Metropolitan Denver from various sources. 

	County 
	County 
	1997 CDOT 1997 CDOT 1996 DRCOG Ratio CDOT Total Daily Truck Daily Total Daily Truck/Total 1 1 2 VMT VMT Daily VMT VMT 
	1996 EPA Total 3 Daily VMT 

	Adams 
	Adams 
	5,783,856 412,738 0.071 8,761,264 
	7,210,959 

	Arapahoe 
	Arapahoe 
	4,521,967 336,496 0.074 8,973,716 
	10,780,822 

	Boulder 
	Boulder 
	2,943,580 112,412 0.038 4,455,057 
	5,052,055 

	Denver 
	Denver 
	6,868,984 431,754 0.063 13,290,168 
	12,402,740 

	Douglas 
	Douglas 
	2,872,824 246,190 0.086 4,699,613 
	2,186,301 

	Jefferson 
	Jefferson 
	6,713,648 373,917 0.056 11,031,575 
	12,830,137 

	Metro Total = 
	Metro Total = 
	29,704,859 1,913,507 0.064 51,211,393 
	50,463,014 

	TR
	Fraction of Total VMT CDOT / DRCOG = 0.58 Fraction of Total VMT CDOT / EPA = 
	0.59 


	1 
	Colorado Dept. of Transportation 2 
	website; http://www.dot.state.co.us/ 

	Denver Regional Council of Governments (2002) 3 
	EPA (1999d) 
	Several important differences between the VMT estimates are listed as follows: 
	• 
	• 
	• 
	the CDOT total VMT estimates are about 55-60 percent of the DRCOG and EPA VMT estimates. This is because CDOT estimates are only for the major roadways that fall under their jurisdiction. As was mentioned previously, the CDOT road network accounts for approximately 20 percent of the metro lane miles yet makes up about 60 percent of the VMT; 

	• 
	• 
	DRCOG and EPA total VMT is within 2 percent, with county differences ranging from 7 percent in Denver County to greater than a factor of two in Douglas County. 


	The CDOT VMT data for trucks is valuable in that the other VMT estimates do not break out truck percentages of VMT. While the total heavy-duty truck VMT is shown in Table 3-1, CDOT also estimates VMT for both single chassis units and for combination chassis units (3 or more axles). The heavy-duty VMT will be discussed in more detail in section 3.3.6. 
	For the purposes of this assessment, the DRCOG VMT data was used unless otherwise noted. 

	3.3.2 MOBILE6.2 Emission Factors 
	3.3.2 MOBILE6.2 Emission Factors 
	MOBILE6.2 emission factors are based on thousands of vehicle tests that have been conducted over the past 25 years. A light-duty vehicle emissions test usually consists of a vehicle being placed on a dynamometer, then being driven on a standard and repeatable urban driving cycle known as the Federal Test Procedure (FTP; EPA, 1993). The FTP is used to determine compliance of light-duty motor vehicles with federal emission standards. Emissions are measured from the exhaust tailpipe throughout the test. Figure
	Figure
	Figure 3-2. Federal Test Procedure 75 (FTP 75) Driving Cycle. Figure is courtesy of of EPA National Vehicle and Fuel Emissions Laboratory. 
	Figure 3-2. Federal Test Procedure 75 (FTP 75) Driving Cycle. Figure is courtesy of of EPA National Vehicle and Fuel Emissions Laboratory. 


	A major criticism of the MOBILE models has been that the emission factors are based on the FTP 75. Prior to MOBILE6, the model default fleet average speed was 19.6 mph, the same as the first two phases of the FTP. It has been argued that fleet average speeds over the entire road network in urban areas are significantly greater than 19.6 mph. Emission curves at varying vehicle speeds indicate emissions are highest at low speeds and decrease to a minimum at 45-50 mph, before increasing again above 50 mph. MOB
	The 1997 DRCOG travel survey (2000) estimated an average trip distance of 5.8 miles and average trip duration of 16 minutes. The median trip distance was 3.4 miles and the median trip duration was 14 minutes. Using the average values, an average speed of 21.8 mph is obtained over all vehicle trips, similar to the average speed over the FTP. Based on these values, emission factors obtained over the FTP 75 may reasonably represent the in-use fleet. 
	Another criticism of the FTP is that is does not adequately represent real-world driving behavior; that it is not aggressive enough. Only recently has on-board emission testing under real-world driving conditions been conducted. Consequently there is little data available as compared to FTP data; however, instrumented vehicle surveys in Baltimore, MD and Spokane, WA (EPA, 1993) showed that speeds and acceleration rates were significantly higher than those on the FTP and driving behavior was more aggressive 

	3.3.3 MOBILE6.2 Emission Estimates 
	3.3.3 MOBILE6.2 Emission Estimates 
	In 2001, DDEH working in consultation with CDPHE discovered an error in the 1996 NTI for mobile source air toxics emissions for Metro Denver. The MOBTOX5b model, an intermediate model between MOBILE5b and MOBILE6, was used to model on-road mobile source emissions for benzene, acetaldehyde, formaldehyde, 1,3-butadiene, and MTBE. MTBE was not used in Colorado in 1996; therefore zero emissions were assumed. An incorrect low-altitude flag was set for high-altitude cities including Denver. This caused benzene em
	The MOBTOX5b model was run using the correct parameters but before incorporating the revised emissions into the ISC3ST model, a draft version of MOBILE6 was made available. DDEH decided to run MOBILE6 to generate the most up-to-date emission estimates for 1996. MOBILE6 was released to the public in January 2002. 
	In the spring of 2002, a draft version of MOBILE6.2 was made available to state and local agencies. MOBILE6.2 originally allowed six air toxic emission factors to be output directly. The six air toxics are: benzene, formaldehyde, acetaldehyde, acrolein, 1,3 butadiene, and MTBE. The same algorithms used to estimate air toxics emissions in MOBTOX5b are incorporated into MOBILE6.2. In addition, MOBILE6.2 will output additional air toxics emissions based on user-defined speciation profiles provided via an exter
	MOBILE6 and 6.2 are much more user-friendly as compared to their predecessors. Logical, well-documented input files can be constructed and much of the data in the various modules can be updated to incorporate local data. DDEH modified data in a few of the modules based on a local travel survey conducted by the Denver Regional Council of Governments (DRCOG, 2000) and using Colorado Department of Transportation (CDOT) traffic counts for major roadways. Some of the more important changes include the following:
	• 
	• 
	• 
	The default heavy-duty truck VMT distribution was changed to reflect CDOT traffic characteristics for each county in Metro Denver. The MOBILE6.2 default assumes heavy-duty vehicles contribute approximately 11 percent of the total VMT (7.6 percent diesel, 3.5 percent gasoline). CDOT data for 1999 show heavy-duty vehicle VMT fractions range from 3.9 percent in Boulder County to 8.3 percent in Adams County (Table 3-1). The heavy-duty VMT fraction for Metro Denver is approximately 7 percent (72 percent of which

	• 
	• 
	MOBILE6.2 assumes light-duty vehicles have 7-8 engine starts per day on weekdays, and 5-6 starts per day on the weekends. DRCOG travel survey data indicate the average person made 3.8 trips per weekday in 1997. The weekday values were changed to reflect this, however the default weekend values were left unchanged; and 

	• 
	• 
	The trip start distribution by hour of day, VMT by facility (road type), and VMT by hour modules were also modified using DRCOG data. 


	Additional data related to inspection and maintenance programs, fuel sulfur content for gas and diesel, other gasoline properties, and hourly temperature distributions were input directly to the model. A complete MOBILE6.2 input file for Denver is included as Exhibit B1 at the end of Appendix B. 
	Table 3-2 lists the mobile source emission estimates in Metro Denver for four air toxics common to MOBTOX5b and MOBILE6.2. Two sets of MOBILE6.2 results are presented, those using the default modules listed beneath Table 3-2 and those using DDEH revised modules using DRCOG travel survey data. The aforementioned VMT fractions for the different vehicle classes were also changed. Differences between the revised MOBTOX5b and MOBILE6.2 estimates range from 5 percent for benzene to 25 percent for formaldehyde. Th
	Table 3-2. Total on-road mobile source emission estimates for 1996 (tons). To obtain the fleet average emission factors, divide by the estimated VMT of 18.74 billion miles. 
	Table 3-2. Total on-road mobile source emission estimates for 1996 (tons). To obtain the fleet average emission factors, divide by the estimated VMT of 18.74 billion miles. 
	Table 3-2. Total on-road mobile source emission estimates for 1996 (tons). To obtain the fleet average emission factors, divide by the estimated VMT of 18.74 billion miles. 

	Mobile Source Dataset 
	Mobile Source Dataset 
	Metro Denver emissions of air toxics (tons per year) Acetaldehyde Benzene Formaldehyde 1,3 Butadiene 

	Original 1996 NTI -MOBTOX5b model Revised 1996 NTI -MOBTOX5b model a MOBILE6.2 Emission Estimates -EPA Defaults a MOBILE6.2 Emission Estimates -DDEH Revisions 
	Original 1996 NTI -MOBTOX5b model Revised 1996 NTI -MOBTOX5b model a MOBILE6.2 Emission Estimates -EPA Defaults a MOBILE6.2 Emission Estimates -DDEH Revisions 
	498 2229 1017 336 341 1265 771 173 370 1690 833 249 273 1353 599 192 


	a 
	Model runs differ by MOBILE6.2 Run Section modules: starts per day, start distribution by hour, VMT by hour, VMT by facility, and weekday trip length distribution. VMT fractions for each vehicle class are also different. 
	Emission inventories developed using the MOBILE series of models have been travel-based, combining vehicle activity estimates with dynamometer emissions tests. How well the cross-section of tested vehicles represents the in-use fleet and assumptions regarding vehicle activity data such as, VMT, starts per day, trip length, etc., introduce significant uncertainty into the emission estimates. 

	3.3.4 FTP Emission Tests for Light-Duty Vehicles from the Denver Fleet 
	3.3.4 FTP Emission Tests for Light-Duty Vehicles from the Denver Fleet 
	A vehicle emissions study was conducted in Metro Denver in July and August of 1996 and in January and February of 1997 (Cadle et al., 1998). Although the goals of the program were to measure exhaust particulate matter (PM) rates from light-duty gasoline and diesel vehicles, hydrocarbons and carbon monoxide were also measured. 
	Light-duty vehicles were recruited in six categories: 1991-96 gasoline, 1986-90 gasoline, 198185 gasoline, 1971-80 gasoline, 1971 or newer smoking gasoline (high emitters), and 1971 or newer diesels. During the summer portion of study, 111 vehicles were tested once. During the 
	Light-duty vehicles were recruited in six categories: 1991-96 gasoline, 1986-90 gasoline, 198185 gasoline, 1971-80 gasoline, 1971 or newer smoking gasoline (high emitters), and 1971 or newer diesels. During the summer portion of study, 111 vehicles were tested once. During the 
	-

	winter portion of the study, 84 different vehicles were tested twice, once on the CDPHE dynamometer located indoors at a temperature of 60 °F, and once outdoors on the EPA transportable dynamometer at the prevailing ambient temperature. Winter outdoor testing was done on vehicles soaked overnight outdoors. FTP 75 was performed first, followed by an I/M240 test and a no-load idle test. The results discussed here pertain mostly to the FTP 75 emissions data. 

	Table 3-3 compares the fleet average total organic gas (TOG) emission factors from the local fleet FTP 75 results with those estimated in MOBILE6.2. Both estimates are only for light-duty vehicles. While there is excellent agreement between the values, the MOBILE6.2 TOG estimates contain an off-cycle correction factor that is not reflected in the FTP results. Using off-cycle data for the different model year groups (EPA, 1999d), the fleet average emission rate with off-cycle effects is 1.55 grams per mile v
	Table 3-3. Light-duty vehicle hydrocarbon emission factors from the local fleet (Cadle et al., 1998) with total emission estimates and comparisons with MOBILE6.2 emissions. 
	Table 3-3. Light-duty vehicle hydrocarbon emission factors from the local fleet (Cadle et al., 1998) with total emission estimates and comparisons with MOBILE6.2 emissions. 
	Table 3-3. Light-duty vehicle hydrocarbon emission factors from the local fleet (Cadle et al., 1998) with total emission estimates and comparisons with MOBILE6.2 emissions. 

	Vehicle Class 
	Vehicle Class 
	Summer & Winter Avg FTP HC 1Emissions (g/mi)
	Summer & Winter Average FTP TOG 2Emissions (g/mi)
	Vehicle Registration 3Fraction
	VMT 1fraction
	VMT-Weighted FTP TOG Emissions (g/mi) 
	VMT-Weighted TOG Emissions w/ Off Cycle 2effects (g/mi)

	Smoker (all) 
	Smoker (all) 
	5.30 
	5.41 
	n/a 
	0.009 
	0.05 
	0.05 

	LD Diesel (all) 
	LD Diesel (all) 
	0.70 
	0.73 
	0.01 
	0.007 
	0.00 
	0.00 

	1991-96 
	1991-96 
	0.53 
	0.54 
	0.47 
	0.460 
	0.25 
	0.35 

	1986-90 
	1986-90 
	0.93 
	0.94 
	0.29 
	0.311 
	0.29 
	0.34 

	1981-85 
	1981-85 
	2.85 
	2.90 
	0.13 
	0.143 
	0.41 
	0.44 

	1971-80 
	1971-80 
	4.79 
	4.95 
	0.08 
	0.061 
	0.30 
	0.31 

	Pre 1970 
	Pre 1970 
	5.5 
	6.04 
	0.02 
	0.010 
	0.06 
	0.06 

	VMT Weighted Light Duty Composite FTP TOG Emission Factor (g/mi) = 1.37 -MOBILE6.2 Light-Duty TOG Emission Factor (g/mi) = 1.40 -VMT Weighted Light Duty Composite TOG Emission Factor w/ Off Cycle Effects (g/mi) = 1.55 1Total Metro Light Duty Vehicle Daily VMT 1996= 47,452,476 Total Metro Light Duty TOG Exhaust Emissions (tons/year) = 29532 4Total Light Duty Benzene Exhaust Emissions (assume 4.96 % of TOG mass) (tons/year)= 1465 5Estimated Light Duty Evaporative TOG Emissions (tons/year)= 14546 Estimated Lig
	VMT Weighted Light Duty Composite FTP TOG Emission Factor (g/mi) = 1.37 -MOBILE6.2 Light-Duty TOG Emission Factor (g/mi) = 1.40 -VMT Weighted Light Duty Composite TOG Emission Factor w/ Off Cycle Effects (g/mi) = 1.55 1Total Metro Light Duty Vehicle Daily VMT 1996= 47,452,476 Total Metro Light Duty TOG Exhaust Emissions (tons/year) = 29532 4Total Light Duty Benzene Exhaust Emissions (assume 4.96 % of TOG mass) (tons/year)= 1465 5Estimated Light Duty Evaporative TOG Emissions (tons/year)= 14546 Estimated Lig
	-
	-



	1 
	Data obtained by assuming 92.6 % of DRCOG VMT is from light-duty vehicles (from EPD revised MOBILE6.2 model runs) 
	2 
	2 

	Values and conversion factors obtained from EPA (1999d); TOG = 1.02*THC (gasoline) and 1.03*THC (diesel) 
	3 
	3 

	Vehicle registration data obtained from Colorado Department of Motor Vehicles in 1999 (excl. model years 1997-99) 
	4 
	4 

	Annual avg MOBILE6.2 fractions of exhaust benzene-to-TOG ratio (from EPD model runs for gas vehicles) 
	5 
	5 

	Estimates taken from seasonally averaged MOBILE6.2 LDGV exhaust/evaporative fractions (67% / 33%) 
	Although approximately 200 light-duty vehicles from the local fleet were recruited and tested, 
	how well they represent the entire in-use fleet is not known. An additional method for determining mobile source emissions, preferably without the use of the MOBILE model would be ideal for further comparison. The development of a fuel-based on-road emission inventory is discussed in the next section. 

	3.3.5 Fuel-Based On-Road Vehicle Emissions 
	3.3.5 Fuel-Based On-Road Vehicle Emissions 
	Remote sensing provides a way to measure vehicle exhaust emissions from a large population of in-use vehicles under real world driving conditions. Remote sensing is fuel-based in that emissions are measured in mass of pollutant per amount of fuel burned. This type of measurement is less dependent on engine speed and load as compared to a travel-based approach with emissions in mass of pollutant per distance traveled. 
	Studies sponsored by the California Air Resources Board and General Motors Research Laboratories have shown that remote sensing is capable of carbon monoxide (CO) measurements that are correct to within ±5 percent of the values reported by an on-board gas analyzer, and within ±15 percent for hydrocarbons (HC). For a more detailed description of remote sensing, see Pokharel et al. (2001, 2002). 
	Metro Denver remote sensing data for 1996 was collected by the University of Denver’s Fuel Efficiency Automobile Test (FEAT) Data Center and is used here in conjunction with a methodology to estimate fuel-based emissions (Pokharel et al., 2001 & 2002; Singer and Harley, 1996). 1996 monthly fuel sales data for Colorado was also collected from the Colorado Dept. of Revenue (1997). 
	A simple explanation of the methodology to construct the fuel-based emission inventory is as 
	follows: 
	follows: 
	follows: 

	1 
	1 
	gather statewide monthly fuel sales data for 1996 (minus exports); 

	2 
	2 
	apportion fraction of statewide fuel sales to each county using population, VMT, 

	TR
	registered vehicles, etc.; 

	3 
	3 
	collect remote sensing data for year matching fuel sales data; and 

	4 
	4 
	multiply remote sensing emission factor (fuel-based; grams per gallon or grams 

	TR
	per kilogram) by the amount of fuel sold. 


	The remote sensing data collected in Denver has typically been during one week in December and/or January, which is when oxygenated fuels are sold in Metro Denver. Pokharel et al. (2001) estimate the use of oxygenated fuels reduces carbon monoxide by 11 percent, hydrocarbons by 6 percent, and increases nitrogen oxides by 10 percent. Therefore, for vehicles burning conventional gasoline, the remote sensing emission factors were adjusted upward or downward using the appropriate scalar (+11, +6, or -10 percent
	Whereas MOBILE6.2 generates air toxic emission factors, remote sensing mainly measures hydrocarbons, carbon monoxide, and nitric oxide (NO). In order to estimate air toxic emissions, 
	Whereas MOBILE6.2 generates air toxic emission factors, remote sensing mainly measures hydrocarbons, carbon monoxide, and nitric oxide (NO). In order to estimate air toxic emissions, 
	total hydrocarbon emissions were first calculated then converted to total organic gases (TOG), and then air toxic speciation factors were applied to the TOG estimates. The speciation factors were obtained either directly from MOBILE6.2 by dividing the air toxic emission factor by the TOG emission factor (exhaust only) or from published literature (EPA, 2000d). 

	Table B-5 in Appendix B lists the average daily fuel sales both statewide and in Metro Denver. From Table B-5, it can be seen that 1996 fuel sales were lowest in January and reached a peak in July, nearly 33 percent higher than in January. 1996 diesel fuel sales were highest in January and tended to be lowest in the autumn months. The surrogates used to apportion statewide fuel sales to Metro Denver included a combination of population, VMT, and registered diesel vehicles in each county. 
	Table 3-4 contains estimated TOG and benzene emissions based on remote sensing and fuel sales data. The hydrocarbon emission factors utilized for conventional gasoline, oxygenated gasoline, and diesel fuel are 9.0, 8.5, and 12.0 g/kg, respectively. The emission factors for conventional and oxygenated gasoline (Pokharel et al., 2001) were corrected for an apparent hydrocarbon offset as reported in Pokharel et al. (2002). Remote sensing of heavy-duty diesel vehicles was performed as part of a separate study (
	Table 3-4. Fuel-based emissions from on-road mobile sources for hydrocarbons, total organic gases, and benzene. 
	Table 3-4. Fuel-based emissions from on-road mobile sources for hydrocarbons, total organic gases, and benzene. 
	Table 3-4. Fuel-based emissions from on-road mobile sources for hydrocarbons, total organic gases, and benzene. 

	Fuel Type 
	Fuel Type 
	Exhaust HC Emissions (tons/year) 
	1Exhaust TOG(tons/year) 
	Exhaust Benzene Emissions 2(tons/year)
	Evaporative Benzene 3Emissions (tons/year)

	Conventional Gas Oxygenated Gas Diesel Fuel 
	Conventional Gas Oxygenated Gas Diesel Fuel 
	18031 7227 5029 
	18392 7372 5230 
	995 318 58 
	91 36 0 

	Totals 
	Totals 
	30287 
	30993 
	1371 
	127 

	Total Estimated 1996 On-road Benzene Emissions (tons/year) = Range of Benzene Emissions within reported 1996 potential HC error of 21% (tons/year) = 
	Total Estimated 1996 On-road Benzene Emissions (tons/year) = Range of Benzene Emissions within reported 1996 potential HC error of 21% (tons/year) = 
	1498 1184 -1813 


	Assumed TOG = 1.02*THC for gasoline and 1.03*THC for diesel (based on MOBILE6.2 estimates) From MOBILE6.2, benzene = 5.41% of TOG (conventional gas), 4.32% (oxygenated gas), and 1.1% (diesel) Assumes 67% TOG is from exhaust and 33% TOG is from evaporatives (from MOBILE6.2) and 1% of 
	1 
	2 
	3 

	evaporative TOG is benzene (approximate percent of benzene in gasoline). 
	Remote sensing data was collected at one location in Denver, which limits the driving mode being sampled. Remote sensing predominantly measures exhaust emissions from vehicles under hot stabilized running conditions, which is when properly running vehicles usually emit the least. In the summer of 2000, seven other sites in Metro Denver with differing characteristics were sampled to try and capture the uncertainty arising from measurements taken at only one location. The estimated uncertainty in the hydrocar
	In order to develop a complete fuel-based hydrocarbon inventory, both exhaust and evaporative emissions should be estimated. Evaporative emissions from diesel fuel are assumed to be negligible as compared to gasoline based on the differences in the fuel properties. For the fuel
	In order to develop a complete fuel-based hydrocarbon inventory, both exhaust and evaporative emissions should be estimated. Evaporative emissions from diesel fuel are assumed to be negligible as compared to gasoline based on the differences in the fuel properties. For the fuel
	-

	based inventory described here, DDEH used an annual average exhaust-to-evaporative TOG ratio of 67 percent / 33 percent obtained from MOBILE6.2 results. The MOBILE5b ratio was closer to 75 percent / 25 percent, while the State of California’s EMFAC2000 mobile emissions model estimates a 56 percent / 44 percent ratio for light duty gasoline vehicles (CARB, 2000). The higher proportion of evaporative emissions in California was found to come from higher than expected evaporative running losses from the emissi

	From Table 3-4, total estimated fuel-based benzene emissions are 1498 tons per year (tpy), and after factoring in the 21 percent measurement uncertainty, emissions range from 1184-1813 tpy. The mean fuel-based value is 11 percent higher than the 1353 tpy estimate generated using MOBILE6.2. The on-road fuel-based benzene estimate for light-duty gasoline vehicles is 1440 tpy (1498 tpy minus 58 tpy for diesel engines), which is 6 percent higher than the MOBILE6.2 estimate and 8 percent lower than the 1567 tpy 
	For total TOG the fuel-based estimate is 46,250 tpy, which is within 10 percent of the MOBILE6.2 TOG estimate of 42,126 tpy. Comparing exhaust emissions only, total fuel-based TOG is approximately 31,000 tpy while MOBILE6.2 TOG is approximately 27,765 tons per year, a difference of 12 percent. 
	It is also worthwhile to compare carbon monoxide emissions, with a brief explanation as to why. Carbon monoxide (CO) is produced only via combustion processes therefore there are no evaporative CO emissions. Remote sensing usually measures exhaust emissions under hot-stabilized running conditions. Gasoline vehicles typically emit much higher CO in the cold-start mode during the first few minutes of operation, before the catalyst has had time to warm up and work efficiently. MOBILE6.2 estimates that 28 perce
	Fuel-based CO estimates for light-duty gasoline vehicles are compared with MOBILE6.2 hot-stabilized mode i.e., running mode, estimates to allow for a more direct comparison. MOBILE6.2 estimates hot-stabilized CO emissions of approximately 294,000 tpy, while fuel-based CO estimates are approximately 229,000 tpy, a difference of about 28 percent. Fuel-based CO emissions are nearly the same as those developed using emission factors from the I/M240 emission tests mentioned in section 3.3.4 (231,000 tpy, not sho
	One possible explanation for the discrepancy between MOBILE6.2 and fuel-based or I/M240 carbon monoxide emissions is that the Denver remote sensing data measures emissions from the driving cycle typical of a circular off-ramp, whereas MOBILE6.2 emission estimates include off-cycle e.g., aggressive driving, emission effects. Other studies have shown CO emission rates to be highest under periods of hard acceleration (Stedman et al., 1994). 
	The limited duration of the remote sensing field studies (one week) contributes some uncertainty to the fuel-based emission estimates. Additional uncertainty associated with fuel-based inventories is the assumption that all fuel sold (minus exports) is used in on-road motor vehicles. This is obviously not the case, although it is probably reasonable to assume that 95 percent or more of the gasoline sold is used in on-road motor vehicles. Off-road gasoline engines emit the same pollutants but in different qu
	Based on the limited duration of the remote sensing studies, the fuel-based emission estimates provided here are meant to serve only as a comparison to MOBILE6.2 emission estimates. The good agreement between the various estimates for hydrocarbons is encouraging. This is important because if an emission estimate can be established with a reasonable amount of certainty, the performance of the air dispersion model can be more accurately evaluated. 

	3.3.6 On-Road Diesel Particulate Matter Emissions 
	3.3.6 On-Road Diesel Particulate Matter Emissions 
	Emission factors for diesel vehicles are usually obtained by testing the engine separately, apart from the chassis. How well these emission factors represent in-use driving is subject to debate. Emission estimates for diesel particulate matter (diesel PM) are presented employing three different methodologies: 
	1 MOBILE6.2 / PART5 model emission factors multiplied by estimated annual 
	diesel VMT; 
	2 dynamometer emission tests of 21 local on-road heavy-duty diesel vehicles to 
	support the Northern Front Range Air Quality Study (NFRAQS) multiplied by 
	estimated annual diesel vehicle VMT; and 
	3 on-road diesel fuel-based inventory using 1996 Colorado diesel fuel sales and 
	NFRAQS HDDV emission factors, converted to a grams per gallon emission 
	factor. 
	3.3.6.1 MOBILE6.2 / PART5 Diesel PM Emission Estimates 
	3.3.6.1 MOBILE6.2 / PART5 Diesel PM Emission Estimates 
	The emission estimates presented here use predicted exhaust emission factors from the PART5 emissions model that is incorporated into MOBILE6.2. The MOBILE6.2 input file is identical to the one used to obtain hydrocarbon and carbon monoxide emission factors discussed in the previous sections (Exhibit B1 in Appendix B). 
	The predicted emission factors in grams per mile are multiplied by the estimated annual VMT from diesel vehicles, using both MOBILE6.2 default VMT fractions and the modified VMT fractions obtained from CDOT truck VMT and total vehicle VMT for major roadways in Metro Denver. The results are presented in Table 3-5. 
	To obtain the modified heavy-duty VMT truck fractions listed in Table 3-5, a GIS shapefile was obtained from the CDOT website. The shapefile attribute data includes annual average daily traffic counts (AADT) for all vehicles, AADT for single chassis trucks (excluding pickups, 
	To obtain the modified heavy-duty VMT truck fractions listed in Table 3-5, a GIS shapefile was obtained from the CDOT website. The shapefile attribute data includes annual average daily traffic counts (AADT) for all vehicles, AADT for single chassis trucks (excluding pickups, 
	SUVs, and vans), AADT for multiple chassis (combined) trucks, and the number of lanes. The data was for the year 1999 and additional GIS data processing resulted in VMT estimates for both single and combined chassis trucks. 

	Table 3-5. Diesel PM on-road exhaust emission estimates generated from PART5 / MOBILE6.2 model using both EPA default and locally derived diesel VMT fractions. 
	Table 3-5. Diesel PM on-road exhaust emission estimates generated from PART5 / MOBILE6.2 model using both EPA default and locally derived diesel VMT fractions. 
	Table 3-5. Diesel PM on-road exhaust emission estimates generated from PART5 / MOBILE6.2 model using both EPA default and locally derived diesel VMT fractions. 

	Diesel Vehicle Class 
	Diesel Vehicle Class 
	PART5 / MOBILE6.2 Exhaust Emission Factor 1 (grams/mile) 
	MOBILE6.2 VMT Fraction 
	Estimated 2 Annual VMT 
	Exhaust PM Emissions (tons/yr) 

	Light-Duty Car 
	Light-Duty Car 
	0.32 
	Default DDEH 
	0.003 0.002 
	56,220,000 37,480,000 
	20 13 

	Light-Duty Truck 
	Light-Duty Truck 
	0.37 
	Default DDEH 
	0.002 0.003 
	37,480,000 56,220,000 
	15 23 

	Heavy-Duty Truck 
	Heavy-Duty Truck 
	0.82 
	Default DDEH 
	0.0758 0.049 
	1,420,492,000 918,260,000 
	1284 830 

	Total Diesel PM Exhaust Emissions -MOBILE6.2 Default VMT (tons/year) = Total Diesel PM Exhaust Emissions -DDEH VMT (tons/year) = 
	Total Diesel PM Exhaust Emissions -MOBILE6.2 Default VMT (tons/year) = Total Diesel PM Exhaust Emissions -DDEH VMT (tons/year) = 
	1319 866 


	1 
	Exhaust emission factors include elemental carbon, organic carbon, and sulfate 2 
	Estimated 1996 total annual VMT in Metro Denver = 18.74 billion miles (53.4 million miles per day) 
	The AADT for heavy-duty trucks does not delineate the fraction of gasoline versus diesel engines. The heavy-duty gasoline versus diesel split was obtained using several data sources: 1 the DRCOG Front Range Travel Survey conducted in the spring of 1998 (DRCOG, 2000b); 2 a 1998 report prepared for the California Air Resources Board (CARB) titled, Heavy-Duty Truck Population, Activity and Usage Patterns (Fischer, 1998); and 3 the 1997 Economic Census Vehicle Inventory and Use Survey (VIUS) for the State of Co
	The DRCOG Front Range Travel Survey consisted of roadside surveys of small vehicles, including pickup trucks and SUVs, and large trucks defined as single-unit trucks over one-ton capacity, and tractor/trailer combination trucks. Surveys were conducted at points on the outer periphery of the metro area only, so how well this data represents travel in the urban core is uncertain. 
	The surveys conducted at the interstate points of entry were biased towards vehicles with gross vehicle weights (GVW) greater than 26,000 pounds as vehicles under that threshold were not required to stop. Approximately 350 heavy-duty trucks on highway 287 at the Boulder County / Larimer County line, a non-interstate site, were surveyed with about 73 percent reporting as diesel trucks. 
	One of the more interesting findings of the CARB heavy-duty vehicle study was that 59 percent of California registered heavy-duty trucks (HDTs) were fueled by gasoline, which was higher than the 43 percent estimated in CARB’s mobile emissions model at that time (MVEI7G). Instate HDTs contributed approximately 75 percent of the 12 billion miles of annual truck travel, with diesel trucks contributing about 71 percent of the total truck VMT. Virtually all of the outof-state registered vehicle mileage was attri
	-
	-

	The 1997 VIUS indicated that heavy-duty trucks in Colorado were evenly split between gasoline and diesel fuel use. 79 percent of the trucks were listed as single-unit trucks with the majority having two axles. Over 80 percent of all trucks were greater than four years old and of those that reported, 54 percent of the vehicles were used for local trips of 50 miles or less. Also, 54 percent of the vehicles reported being driven less than 10,000 miles per year. 
	For the CDOT heavy-duty single truck counts, DDEH assumed a 50/50 split between gasoline and diesel vehicles, close to both the CARB and VIUS data. Combining this data with CDOT truck counts and truck VMT, diesel trucks contribute approximately 73 percent of the heavy-duty VMT, which agrees well with the CARB VMT data (71 percent) and the proportion of gas versus diesel vehicles (73 percent) at the DRCOG travel survey site in Boulder County. 
	3.3.6.2 Diesel PM Estimates Using Emission Factors Obtained from Dynamometer Tests of 21 Local Heavy-Duty Diesel Vehicles and Local VMT Data 
	One of the goals of the NFRAQS was to determine the fraction of ambient carbonaceous particulate matter (PM) originating from various sources. As part of that effort, the Colorado School of Mines/Colorado Institute for Fuels and High Altitude Engine Research (CIFER) performed emissions measurements from 21 in-use heavy-duty diesel vehicles (Graboski et al., 1998). This testing was performed in CIFER’s heavy-duty chassis dynamometer laboratory. The important data obtained were: 
	• 
	• 
	• 
	in-use mass emissions, on a g/mi basis, of regulated pollutants (total PM, hydrocarbons, CO, and NOx) as well as the sulfate fraction and the volatile or volatilizable fraction (VOF) of total PM; and 

	• 
	• 
	samples for source signature (chemical fingerprint) analysis by the Desert Research Institute (DRI). 


	The 21 vehicles tested were all equipped with turbochargers and all but two were equipped with 4-stroke engines. Only one light heavy-duty vehicle was tested (gross vehicle weight < 19,499 pounds). The fleet tested tended to be slightly newer than the fleet as a whole; the vehicles tested had model years ranging from 1981 through 1995 with an average model year of 1989.3. The gross vehicle weight of the vehicles tested ranged from 11,050 to 80,000 pounds. For more detail on the tested fleet, see Graboski et
	Because only vehicle owners with relatively large fleets provided vehicles for the study, recruitment was biased toward fleets with numerous vehicles and toward fleet owners who were 
	perceived as being civic minded. Fleet owners could have biased the testing by providing cleaner vehicles, though it is more likely they provided vehicles not needed for operation on those days. It is not known if these biases resulted in higher or lower emissions. It is the opinion of Graboski et al. that the tested fleet was typical of non-malfunctioning vehicles operating along the Colorado Front Range. Malfunctioning vehicles or vehicles that had been tampered with were not represented in the study. 
	Emission tests were conducted using three driving cycles: the Central Business District (CBD), Heavy-Duty Transient (HDT), and West Virginia Truck (WVT). Detailed results for all regulated pollutants can be found in Graboski et al. (1998). The average PMemission rate for the 21 vehicles tested over all driving cycles was 1.98 grams per mile. For the CBD, HDT, and WVT tests the average PMemission rates were 2.77, 1.83, and 1.23 grams per mile, respectively. Figures B-1 through B-3 in Appendix B show the spee
	10 
	10 

	The lowest average PMemission rate of 1.23 grams per mile over the WVT cycle is approximately 50 percent greater than the MOBILE6.2 / PART5 emission factor for heavy-duty vehicles of 0.82 grams per mile. Assuming the vehicles tested are representative of the actual in-use fleet, this implies that the MOBILE6.2 / PART5 models are under predicting diesel PM exhaust emissions. 
	10 

	Remote sensing of diesel vehicles by Bishop et al. (2001) in several locations worldwide, including Colorado, shows increasing emissions of CO, VOC, and NOx with altitude. Additional local research performed by McCormick et al. (2001) found combined VOC and CO exhibited excellent correlation with PM for high-emitting diesel vehicles. MOBILE6.2 / PART5 predicts negligible altitude effects for exhaust particulate matter from all vehicles. This suggests the discrepancy between MOBILE6.2 / PART5 and local emiss
	DDEH developed a weighted average emission factor over the three driving cycles by estimating the fraction of truck VMT that occurred on highways (steady state), arterials and collectors, and in the CBD. It was estimated that 56 percent of the heavy-duty VMT occurred on freeways (WVT cycle), 29 percent on arterials and collectors (HDT cycle), and 3 percent in the CBD (CBD cycle). The remainder was allocated to the average of the WVT and HDT cycle emission factors. This produces a weighted average heavy-duty
	Multiplying the weighted average emission factor of 1.49 g/mi by the estimated annual heavy-duty truck VMT of 0.92 billion miles (Table 3-5), it is estimated that 1511 tons per year of diesel PM is emitted from on-road heavy-duty diesel trucks in Metro Denver. This estimate is approximately 75 percent higher than the DDEH estimate of 866 tons per year generated using the MOBILE6.2 / PART5 model with revised DDEH heavy-duty VMT fractions, which is roughly the difference in the average emission factors (1.49 
	This data suggests that the revised heavy-duty VMT fractions are warranted. The MOBILE6.2 / PART5 emission estimate using EPA default heavy-duty VMT fractions, while closer to the 
	emission estimate based on emission tests of the local fleet (1319 vs. 1511 tons), is based on an emission factor that was 33 percent lower than lowest average emission rate obtained from the local testing. Therefore, if the VMT were overestimated, the difference between the two values would be reduced, as is the case above. Of course, the argument could also be made that the local fleet tested was not representative of the actual in-use fleet, however these vehicles were determined to be in normal working 
	3.3.6.3 Fuel-Based On-Road Heavy-Duty Diesel PM Emission Inventory 
	3.3.6.3 Fuel-Based On-Road Heavy-Duty Diesel PM Emission Inventory 
	The emission factors obtained from the 21 heavy-duty vehicles tested for the NFRAQS were combined with the State of Colorado fuel sales data for 1996 to estimate diesel PM emissions. In this way, an independent emission estimate can be compared with the previous emission estimates that rely on the MOBILE6.2 / PART5 model and heavy-duty VMT estimates. 
	1996 fuel sales data for the State of Colorado was obtained from the Colorado Department of Revenue (1997). Diesel fuel is contained in the “special fuel” category but special fuel also includes fuel oil, propane, kerosene, and natural gas. Approximately 91 percent of special fuel sold is on-highway diesel fuel (Pokharel et al., 2001). Table B-5 in Appendix B contains both statewide (actual) and Metro Denver (estimated) fuel sales data. 
	1996 on-highway diesel fuel sales in Colorado were approximately 324,000,000 gallons, while for Metro Denver the total was estimated to be 117,000,000 gallons, which is 36 percent of the statewide total. The 36 percent surrogate was obtained by taking the average of Metro Denver truck VMT to statewide truck VMT (31%; CDOT, 1997) and the Metro Denver GVW truck/tractor registrations to statewide GVW truck registrations (41%; Colorado Department of Revenue, 1997). 
	To obtain the fuel-based diesel PM emission estimate, the average fuel-based emission factor (grams per gallon) was calculated over each test cycle by multiplying the emission factor (grams per mile) by the average fuel economy (miles per gallon) measured over each cycle. Using the heavy-duty truck VMT fractions for each road classification discussed in the previous section, and assuming the diesel fuel consumed mirrors the VMT fractions, an on-road diesel PM emission estimate of 1075 tons per year is obtai
	Table 3-6. Metro Denver on-road heavy-duty diesel PM estimates for 1996. 
	Table 3-6. Metro Denver on-road heavy-duty diesel PM estimates for 1996. 
	Table 3-6. Metro Denver on-road heavy-duty diesel PM estimates for 1996. 

	Test Cycle 
	Test Cycle 
	Avg Emission Factor (gm/mi) 
	Avg Fuel Economy (mi/gal) 
	Avg Emission Factor (gm/gal) 
	Fraction of Truck VMT 

	WVT HDT CBD Avg WVT & HDT 
	WVT HDT CBD Avg WVT & HDT 
	1.23 1.83 2.77 1.53 
	6.1 5.25 3.9 5.68 
	7.50 9.61 10.80 8.68 
	0.562 0.291 0.032 0.114 

	Weighted Composite Heavy-Duty Truck Emission Factor (grams/gallon) = 1996 Statewide Diesel Fuel Sales (gallons) = Metro Denver Diesel Fuel Sales Surrogate 1996 Estimated Metro Denver Fuel Sales (gallons) = Estimated 1996 Metro Denver Diesel PM Emissions (tons) = 
	Weighted Composite Heavy-Duty Truck Emission Factor (grams/gallon) = 1996 Statewide Diesel Fuel Sales (gallons) = Metro Denver Diesel Fuel Sales Surrogate 1996 Estimated Metro Denver Fuel Sales (gallons) = Estimated 1996 Metro Denver Diesel PM Emissions (tons) = 
	8.36 3.24E+08 0.36 1.17E+08 1075 


	The fuel-based estimate of 1075 tons per year is about 19 percent less than the MOBILE6.2 / PART5 estimate using EPA default heavy-duty VMT fractions and 24 percent greater than the same model results using DDEH’s revised heavy-duty VMT fractions (Table 3-5). These results were expected assuming MOBILE6.2 / PART5 is underestimating the emission rate and overestimating heavy-duty VMT. The fuel-based emission factor of 8.36 grams per gallon closely matches the 8.0 grams per gallon measured in a California hig
	Using the revised HDDV VMT fractions obtained from the CDOT truck data (4.9 percent, see Table 3-5), MOBILE6.2 / PART5 estimates 830 tons of diesel PM using an exhaust emission factor of 0.82 grams per mile. Using the NFRAQS emission factors of 1.23 and 1.8 grams per mile for the WVT and HDT cycles, respectively, produces on-road HDDV diesel PM estimates of 1245 and 1820 tons per year. These estimates are both greater than the fuel-based estimate. 
	It appears the major uncertainty rests in the heavy-duty VMT estimate. Both the MOBILE6.2 emission estimate and the estimate obtained using local vehicle testing both rely on VMT, while the fuel-based estimate does not. However, the surrogate used to apportion statewide fuel sales to Metro Denver is not exact, and testing only 21 vehicles may not represent the actual fleet. In addition, the fuel economy of the vehicles tested may also differ from the in-use fleet. Based on the heavy-duty vehicles tested, a 
	Coincidentally, the fuel-based diesel PM estimate of 1075 tons per year nearly matches the 1042 tons per year listed in the 1996 NTI. It is unclear how the diesel PM estimate in the 1996 NTI was obtained, as specific documentation could not be found. It was most likely obtained using VMT estimates and grams per mile emission factors on file at EPA. 
	Having weighed the options, the fuel-based diesel PM estimate was used because it relied on emission tests from local, in-use vehicles and readily available fuel sales data. The fuel-based estimate also falls between the MOBILE6.2 / PART5 emission estimates using both EPA’s and DDEH’s heavy-duty VMT fractions. The fuel-based estimate is also less than the estimates obtained using only the local vehicle emission rates and VMT. Another issue to consider is that MOBILE6.2 predicts little variation in diesel PM



	3.3.7 Off-Road Diesel Particulate Matter Emissions 
	3.3.7 Off-Road Diesel Particulate Matter Emissions 
	Off-road diesel engines power many different types of equipment not designed for over-the-road applications. Diesel engines are often used in construction and agricultural equipment, as well as industrial, commercial, and oil field equipment and are also used in backup generators. 
	Off-road diesel engines have not been required to meet the same emission standards as on-road engines. In addition, on-road and off-road diesel fuels can have much different properties, especially sulfur levels. High sulfur fuel generally leads to higher particulate emissions, and 
	Off-road diesel engines have not been required to meet the same emission standards as on-road engines. In addition, on-road and off-road diesel fuels can have much different properties, especially sulfur levels. High sulfur fuel generally leads to higher particulate emissions, and 
	consequently off-road diesel engines tend to emit more particulate matter than on-road engines, though not strictly due to the high sulfur fuel itself. 

	Emission factors for off-road diesel engines have been obtained almost exclusively by testing the engine separately, apart from the chassis. How well these emission factors represent in-use operation is the subject of much debate. Much less chassis emission testing has been done for off-road vehicles as compared to on-road vehicles, hence the confidence in the off-road emission estimates is reduced. 
	1996 NTI off-road diesel PM estimates in Metro Denver exceeded on-road diesel emissions by a factor of 3.1 (3270 tons vs. 1042 tons). Based mainly on the perception of the number of on-road to off-road diesel vehicles, this was a surprising result and warranted the need for further review. As with on-road diesel emissions, a fuel-based method of estimating off-road diesel emissions was explored. 
	3.3.7.1 Off-Road Fuel Based Diesel Particulate Matter Emission Estimates 
	3.3.7.1 Off-Road Fuel Based Diesel Particulate Matter Emission Estimates 
	The methodology used to develop an off-road diesel fuel-based emission estimate is described in Kean et al. (2000). 1996 off-road fuel oil and kerosene sales for the state of Colorado were obtained from the U.S. Department of Energy’s Energy Information Administration (EIA, 1996). Statewide fuel sales were allocated to Metro Denver using a variety of surrogates that will be discussed shortly. Off-road diesel engine emission factors for several categories of off-road sources were obtained from Kean et al. (2
	In order to estimate Metro Denver diesel fuel emissions, surrogates were developed to apportion a fraction of the statewide fuel oil sales to the Metro area and are also listed in Table 3-7. Surrogates include metro-to-statewide ratios of population, permitted point sources, railroad miles, and permitted oil and gas wells and refineries, with values ranging from 6 percent to 56 percent. In the western U.S., diesel fuel makes up a significant fraction of fuel oil sales, but kerosene and fuel oil used in atom
	Combining the data, approximately 984 tons of off-road diesel PM are estimated for Metro Denver. This total is 70 percent less than the off-road estimate of 3270 tons in the 1996 NTI. There was speculation that the version of the NONROAD used to estimate 1996 off-road emissions overestimated the activity and/or population of off-road vehicles and that the 2002 version of the NONROAD model would generate lower off-road estimates. EPA released a draft version of the 1999 NEI (National Emissions Inventory) in 
	For the purposes of this assessment, DDEH used the 1996 fuel-based off-road diesel PM estimate of 984 tons versus the 1996 or 1999 NTI data. Excluding railroad emissions of 123 tons, off-road diesel PM emissions were estimated at 861 tons. Railroad emissions were modeled separately as discussed in Chapter 4. 
	The Denver Air Toxics Assessment 
	Table 3-7. 1996 off-road diesel fuel-based emission estimates (tons) from Colorado Fuel Oil and Kerosene Sales Data (EIA, 1996). Diesel fractions obtained from Kean et al. (2000). 
	S ourc e Category 
	S ourc e Category 
	S ourc e Category 
	P otential Us es 
	1996 Colorado 1 G allons S old 
	S urrogate for M etro Denver Gallons S old 
	S urrogate Frac tion 
	Frac tion as Dies el 
	E m is s ion Fac tor (g/k g) 
	M etro Denver E m is s ions (tons ) 

	Res idential 
	Res idential 
	P rivate hous eholds for heating and c ook ing 
	2,528,000 
	P opulation 
	0.56 
	0.15 
	5.1 
	3.8 

	Com m erc ial 
	Com m erc ial 
	M otels , apartm ent buildings , res taurant, s c hools , gov't buildings 
	41,460,000 
	A vg. of population and M etro Denver point s ourc es 
	0.47 
	0.15 
	5.9 
	61.1 

	Indus trial 
	Indus trial 
	M ines , s m elters , m anufac turing fac ilities 
	19,100,000 
	Ratio of point s ourc es M etro Denver to S tate 
	0.38 
	0.49 
	6.2 
	78.4 

	Oil Com pany Us e 
	Oil Com pany Us e 
	Drilling and pipeline c om panies , s pac e heating at refineries 
	10,083,000 
	GIS -bas ed frac tion of oil & gas wells & refinery loc ations 
	0.25 
	0.5 
	6.2 
	28.0 

	Farm Us e 
	Farm Us e 
	Trac tors and other equipm ent, s pac e heating, c ook ing 
	88,606,000 
	Farm equipm ent populations , 1997 Cens us of A gric ulture 
	0.06 
	1 
	3.8 
	76.0 

	E lec tric Utility 
	E lec tric Utility 
	Inc ludes fuel us ed to generate elec tric ity 
	892000 
	Ratio of M etro-to-S tate utilities us ing S IC c odes 
	0.19 
	0.15 
	6.2 
	0.6 

	Railroad 
	Railroad 
	A ny us e by railroads 
	130,661,000 
	G IS -bas ed m iles of rail line M etro-to-S tate 
	0.14 
	1 
	1.9 
	122.7 

	V es s el B unk ering 
	V es s el B unk ering 
	Com m erc ial or private boats , none in Colorado 
	0 
	n/a 
	n/a 
	n/a 
	n/a 
	0 

	M ilitary 
	M ilitary 
	For us e by all branc hes of the Dept. of Defens e 
	1,113,000 
	P opulation 
	0.56 
	1 
	5.1 
	11.2 

	O ff-Highway 
	O ff-Highway 
	Cons truc tion equipm ent, s tationary generators , logging 
	55,310,000 
	P opulation 
	0.56 
	1 
	5.5 
	602.1 

	A ll O ther Us es 
	A ll O ther Us es 
	A ll other us es 
	0 
	n/a 
	n/a 
	n/a 
	n/a 
	0 

	TR
	1996 M e tro De nve r O ff-Roa d Die se l Em issions (tons) = 
	983.9 

	1 To c onvert gallons to k ilogram s , m ultiply by 3.785 liters per gallon and dies el fuel dens ity of 0.85 k ilogram s per liter 
	1 To c onvert gallons to k ilogram s , m ultiply by 3.785 liters per gallon and dies el fuel dens ity of 0.85 k ilogram s per liter 





	3.4 SUMMARY 
	3.4 SUMMARY 
	Point source emissions were obtained from CDPHE. Area source emissions were obtained from the 1996 NTI, utilizing professional judgment to exclude area source categories where potential double counting of emissions in the point source database was likely (e.g. dry cleaners, gasoline stations, auto body repair shops). 
	Mobile source emissions make up a large part of the inventory for many pollutants. DDEH used results from MOBILE6.2 that incorporated local fuel and fleet characteristics to generate on-road air toxic emissions for all pollutants except diesel particulate matter. A fuel-based emission inventory utilizing local remote sensing data was also developed and good comparisons were observed for on-road mobile source hydrocarbons. MOBILE6.2 estimates for carbon monoxide (CO), used in this assessment to perform model
	On-road diesel PM emissions were calculated using MOBILE6.2 / PART5. However, MOBILE6.2 emission factors appear to be under predicting exhaust particulate emissions when compared with local emissions tests of heavy-duty vehicles. In addition, there is uncertainty regarding the fraction of heavy-duty VMT used in MOBILE6.2 based on local heavy-duty vehicle counts by CDOT. For these reasons, a fuel-based diesel PM estimate was developed using statewide fuel sales data and heavy-duty emission factors obtained f
	Off-road diesel PM emissions in the 1996 NTI were estimated to exceed on-road emissions by a factor of 3.25, which on the surface seemed inappropriate. Therefore, an off-road fuel-based diesel PM inventory was developed using off-road fuel sales data from the EIA and was combined with emission factors used in the EPA NONROAD model. The fuel-based off-road estimate was 984 tons, nearly 70 percent less than the 1996 NTI estimate, but only 28 percent less than the draft 1999 NEI estimate. 
	The fuel-based estimates for on-road and off-road diesel PM were modeled in this assessment due to the uncertainty associated with the NTI emission totals for both on-road and off-road vehicles. It should be noted that the fuel-based estimates are less conservative than the NTI estimates. 1996 railroad emissions (123 tons) were modeled separately from the other off-road diesel emissions. 


	4. SPATIAL AND TEMPORAL ALLOCATION OF EMISSIONS 
	4. SPATIAL AND TEMPORAL ALLOCATION OF EMISSIONS 
	While accurate emission totals are a crucial element of any modeling assessment, how the emissions are distributed spatially and temporally are also important if model predictions are expected to reasonably match real-world observations. This chapter details how emissions are allocated for each source category. Some of the methods were adopted from previous study literature, while a few others were developed from readily available GIS data. 
	4.1 POINT SOURCES 
	4.1 POINT SOURCES 
	4.1.1 Spatial Allocation 
	4.1.1 Spatial Allocation 
	Most point sources in the CDPHE inventory database contained locational coordinate information. After the coordinates were plotted in GIS, manual checking of several sources indicated inaccurate source locations. Due to these errors QA/QC of the coordinates for all sources was conducted. The sources were geocoded in GIS using the facility address contained in the inventory. The geocoded coordinates were then compared with the existing database coordinates. For any source where the coordinates differed by mo
	Although the QA/QC process required an extensive amount of time to complete as the point source inventory contained 2,325 unique sources, the result was that 18 percent of the original coordinate locations were adjusted. The QA/QC pointed out that geocoding is only as reliable as the data in the street theme and caution should be exercised when accepting geocoded coordinates. Through the extensive QA/QC process, DDEH has high confidence in the point source coordinates and recommends that other modelers take
	The base elevations for each point source were not provided in the CDPHE database. 7.5 minute (1:24,000 scale) Digital Elevation Models (DEMs) were obtained from the USGS for the six county metro region. Using GIS, the point source base elevations were obtained for each coordinate. 
	Large facilities often contain many point and fugitive area emissions, however the database does not contain coordinates for each. Therefore, emissions from each facility are modeled as being emitted from a single point/stack. While this is not ideal, it is all that is possible on a regional scale without more detailed information. 
	In an attempt to minimize this limitation, weighted stack parameters were developed using information for each emission point in the database. For example, if a facility had three stacks; stack one emits ten tons per year of a combination of pollutants, stack two emits five tons per year, and stack three emits one ton per year. Stack heights are listed in Table 4-1. A weighting 
	In an attempt to minimize this limitation, weighted stack parameters were developed using information for each emission point in the database. For example, if a facility had three stacks; stack one emits ten tons per year of a combination of pollutants, stack two emits five tons per year, and stack three emits one ton per year. Stack heights are listed in Table 4-1. A weighting 
	factor was developed by dividing the emissions from each stack by the sum of all stack emissions. The weighting factor is then multiplied by the stack height, and the modeled stack height is the sum of the weighted stack heights. The same process is repeated for the other stack parameters required by the air dispersion model. 

	Stack Number 
	Stack Number 
	Stack Number 
	Emissions Total (tons) 
	Stack Height (m) 
	Weighting Factor 
	Weighted Stack Height (m) 

	1 2 3 
	1 2 3 
	10 5 1 
	100 50 10 
	0.63 0.31 0.06 
	62.5 15.6 0.6 

	TR
	Modeled Stack Height (meters) = 
	78.8 


	The ISC3ST model is not recommended for use when the distance from a receptor to a point source is less than 100 m. Using the GIS, 105 m buffers were set around each point source and any receptor that fell within that 105 m buffer was edited to satisfy that criterion. 

	4.1.2 Temporal Allocation 
	4.1.2 Temporal Allocation 
	Operating information for most of the point sources was contained in the database. Database attributes include percent of annual operation by season, as well as days per week and hours per day of operation. This information is obtained from air permit applications. For the purposes of modeling, seasons are described as follows: winter (Dec-Feb), spring (Mar-May), summer (Jun-Aug), fall (Sep-Nov). 
	Screening modeling usually assumes emissions are constant throughout the day. Most sources within the model domain do not operate 24 hours a day and work hours are more accurately centered on normal daytime business hours. Daytime meteorological conditions are more favorable for dispersion and if emissions are assumed to be evenly distributed throughout the day, too little may be accounted for during the day and too much at night. This could lead the dispersion model over-predict ambient concentrations. 
	For this assessment, if a source reported 5 days per week, 8 hours per day operation, it was assumed to operate Monday-Friday, 9am-5pm. For a source operating 12 hours per day, it was assumed to operate from 6am-6pm. For facilities with workdays of more than 12 hours, 6am was considered the starting hour. 
	Professional judgment was also used to reasonably estimate the information for sources with little or no information in the database. The type of source was considered in making these determinations. In most cases, seasonal emissions were assumed to be equal and hours of operation were 40 hours per week (9am-5 pm), 50 weeks per year. These professional assumptions were discussed with the stationary source facility inspectors for further confirmation. Final emission factors input to the dispersion model were


	4.2 AREA SOURCES 
	4.2 AREA SOURCES 
	4.2.1 Spatial Allocation 
	4.2.1 Spatial Allocation 
	Modeling studies have traditionally employed the use of uniform grids consisting of 1, 4 or 16 square kilometers cells to allocate county level area and mobile source emissions. In many cases, nested grids are used to produce finer spatial resolution in the areas of highest concern. 
	In addition to developing the grid(s), surrogates must also be developed for each grid cell. While there are pre-processors that exist to perform these functions, often population-based surrogates are used. Quite often there is an overlap of uniform grid cells with other polygon themes, which makes exact calculation of surrogates difficult. 
	During the design of this assessment, census polygons were evaluated as potential grid cells to be defined in the dispersion model. Some of the benefits of using census polygons are described below: 
	• 
	• 
	• 
	census polygons contain attribute information that can be used to develop surrogates. Information such as population, population density, and socio-economic data can be used to generate many different surrogates at once; 

	• 
	• 
	there is no overlap of census polygons and county boundaries, so county level emissions are completely allocated; 

	• 
	• 
	the census attribute data is important for performing risk assessments and environmental justice evaluations; and 

	• 
	• 
	census polygons in urban areas are usually equal to or less than grid cell sizes used in traditional modeling studies. 


	Initially, DDEH intended to use the census tract polygons in Metro Denver as grid cells. There were 556 census tracts in Metro Denver in 1990 and that number had increased to 582 based on the 2000 Census. However, while the 1990 mean and median areas of census tracts in Denver County were about 2.2 and 1.4 km, respectively, mean and median areas for the remaining five counties were 30.2 and 3 km. The median values are representative of the more heavily populated areas, many of which are close to the urban c
	2
	2

	Figure 4-1(b) identifies the census block group polygons. There were 1800 census block groups in 1990, with mean and median areas in Denver County of 0.6 and 0.3 km, respectively. The five remaining counties had mean and median areas of 9.7 and 0.7 km, respectively. More time was required to process and define the census block group polygons, however the level of spatial resolution provided is greater and changes need only be made every ten years based on the updated Census. 
	2
	2

	Figure 4-1. Six county Denver metropolitan area showing census tracts (a) and census block groups (b). 
	(a) (b) 
	Both census tracts and census block groups were processed to be included in the model, in case 
	the increased number of sources made model run times prohibitive. It was determined that modeling based upon census blocks was not feasible, with over 9,000 blocks in Denver County alone. 
	The six county metro region occupies over 11,500 km; using a 2 x 2 km grid, approximately 2900 grid cells would be required to cover the modeling domain. However, this provides equal detail over the entire region, whereas for this assessment less detail is required in rural areas while more detail is required in urban areas. The use of census polygons accomplishes this task and eliminates the need for nested grids. 
	2

	To define the polygon boundaries in the ISC3ST dispersion model, polygon vertices were extracted using the GIS. ISC3ST has a default maximum number of 20 vertices built into the model code. This value can be changed and the model can be re-compiled to run with the new limit. Many census polygons are rectangular in shape, and the GIS usually extracts less than 20 vertices. Where a polygon boundary is a water body, greater than 100 vertices may be extracted though only a few points are necessary to adequately
	Once the vertices were processed and quality controlled, elevations were assigned using the DEMs in GIS. ISC3ST requires the first polygon vertex elevation as input and assumes the other vertices are at the same elevation. In the urban core, this does not present much of a problem since polygons are usually small and only minor variations in elevation are present. For large polygons in rural or mountainous areas, this becomes more of an issue. The main area of focus (Denver) is not subject to these limitati
	Surrogates were developed by dividing the value of interest (e.g. population) by the sum of the county total for that value. This results in each polygon receiving a fractional value that is then multiplied by the county emission total to obtain the polygon emission rate. The emission rate is then divided by the area of the polygon to obtain an emission flux, as ISC3ST requires area source emissions in the form of a flux. 
	The area source algorithms in ISC3ST allow for receptors to be located within a polygon, so the source-to-receptor distance limitation of 100 m for point sources is not applicable to area sources. 

	4.2.2 Temporal Allocation 
	4.2.2 Temporal Allocation 
	Area source emissions cover a wide variety of categories such as consumer products usage, architectural surface coatings, traffic markings, and residential wood burning. The time of year/week/day that these emissions occur varies, though many are centered on daytime hours when people are active or working. 
	For area source categories other than residential wood burning and forest fires, seasonal activity factors were assumed to be: 20 percent in winter, 25 percent spring, 30 percent summer, and 25 
	percent fall. This is mainly based on the assumption that more activity such as construction and remodeling occurs during the warmer seasons. 80 percent of residential wood burning was assumed to occur in winter, with 10 percent occurring in spring and fall. 80 percent of forest fire emissions were assumed to occur in summer, with 15 percent in spring, 5 percent in fall and none during winter. 
	Hour of day emission profiles were developed using professional judgment, as limited guidance was available. Wood burning hourly emission profiles were obtained from the 1994 Carbon Monoxide State Implementation Plan (SIP) developed by CDPHE; wood burning emissions reach a peak in the evening hours. Forest fire emissions were assumed to be 65 percent higher during daytime hours, due to increased temperature and lower humidity. Many area source category emissions are associated with human activity, therefore
	Since small stationary sources are included in the point source database and have activity factors contained therein, DDEH was left to estimate area source emissions for categories such as architectural surface coatings and consumer product usage, which are two of the major remaining area source categories. Figure 4-2 depicts the estimated seasonal and hourly emission factors for area source solvent and coating emissions that were assumed to be representative of consumer products and architectural coating e
	Figure 4-2. Seasonal and hourly emission factors for area source solvent and coating emissions. 
	Seasonal and Hourly Emission Factors for Area Source Solvent and Coating Emissions 0.0 0.5 1.0 1.5 2.0 2.5 Hour1Hour3Hour5Hour7Hour9Hour11Hour13Hour15Hour17Hour19Hour21Hour23 Hourly Emission FactorWeekday Winter Weekday Spring Weekday Summer Weekday Fall Saturday Winter Saturday Summer 


	4.3 MOBILE SOURCES 
	4.3 MOBILE SOURCES 
	4.3.1 On-Road Mobile Sources 
	4.3.1 On-Road Mobile Sources 
	4.3.1.1 Spatial Allocation 
	4.3.1.1 Spatial Allocation 
	For several air toxics mobile source emissions contribute a significant fraction of the total inventory. Therefore, how those emissions are allocated and defined in the dispersion model is important when comparing predicted and observed concentrations. As with area sources, mobile source emissions were allocated to census block groups. 
	Two sources of data were utilized to spatially allocate on-road mobile source emissions. A travel demand model (TDM) developed by the Denver Regional Council of Governments (DRCOG) and translated into a GIS format by CDPHE, provided link-based travel volumes from which vehicle miles traveled (VMT) data was calculated. VMT is generally regarded as the best available surrogate for on-road mobile source emissions. The initial phase of modeling used roadway miles in each census polygon as a surrogate, however t
	The GIS-based TDM contains major highways, arterials, collectors, and local roads. The VMT on local roads is loosely represented with single spurs branching off of major roadways. The road network is not designed to match street centerlines exactly, so some locational accuracy is lost using the TDM. Manual checks of the network indicate many roads are within 10 meters of their correct location, but locational differences of up to 350 m were observed for some road links. 
	The VMT data provided in the TDM was forecast data for the year 2000-2001 while the mobile source emission estimates are for 1996. Best professional judgment indicates that the relative ratios of VMT in each block group to the county total are similar to 1996, especially in Denver County where residential development has been small compared to other counties. In addition, the use of this data provides significantly greater detail and certainty than the use of surrogates such as ratios of roadway miles or po
	Figure 4-3 shows the extent of the TDM road network data for the six county region. The road network does not completely cover each county; the portion covered is the non-attainment portion of Metro Denver. For counties where there is not complete coverage, an assumption must be made regarding the percentage of emissions that occur within the portion of the county covered by the DRCOG road network. 
	CDOT also maintains a GIS-based shapefile of major roadways under their jurisdiction (see Figure 3-1). 1999 data including traffic counts for light-duty vehicles, single-axle heavy-duty vehicles, and combination heavy-duty vehicles (3 or more axles) are attributes attached to the various road links, allowing VMT to be easily calculated for the three vehicle classes. The DRCOG/CDPHE TDM reports only total VMT. Both the DRCOG/CDPHE and CDOT shapefiles assign road classifications to each link (i.e. local, arte
	TheDenverAirToxicsAssessment 
	 Figure4-3.DRCOG/CDPHEroadnetworkwithintheDenvermetropolitanarea. 
	  TheCDOTGIS-basedroadnetworkcompletelycoverseachcounty.ThisallowsVMTtobe estimatedfortheareasnotcoveredbytheDRCOG/CDPHEroadnetwork,thoughthedataare forneighboringyears.TheCDOTGISshapefileislocationallymoreexactthanthe DRCOG/CDPHETDM,basedonmanualcheckingofthedatasetsinGISusingaerial photography.  BecausetheCDOTdataallowsforVMTestimatesofbothlight-dutyandheavy-dutyvehicles, DDEHdecidedtocombineaspectsofbothdatasetstodevelopVMTsurrogates.Todoso,road linksintheDRCOG/CDPHEshapefilethatmatchedthoseintheCDOTshap
	Table 4-2. Light-duty and heavy-duty VMT fractions by county over the CDOT road network (see Figure 3-1) and the revised DRCOG/CDPHE road network . 
	County 
	County 
	County 
	Light-Duty VMT Fractions 
	Heavy-Duty VMT Fractions 

	CDOT 
	CDOT 
	Revised 1DRCOG/CDPHE
	CDOT 
	Revised 1DRCOG/CDPHE

	Adams Arapahoe Boulder Denver Douglas Jefferson 
	Adams Arapahoe Boulder Denver Douglas Jefferson 
	0.66 0.50 0.66 0.52 0.61 0.61 
	0.34 0.50 0.34 0.48 0.39 0.39 
	0.73 0.70 0.66 0.61 0.81 0.66 
	0.27 0.30 0.34 0.39 0.19 0.34 


	Revised shapefile excluding all road links that match CDOT shapefile 
	1 

	Finally, the light-duty versus heavy-duty fraction of the county emissions was either calculated from the MOBILE6.2 output or estimated from the 1996 NTI emission totals. The emission total for each pollutant in each county was then multiplied by the light or heavy-duty emission fraction, then by the light or heavy-duty VMT fraction in each block group to obtain total on-road mobile source block group emissions. 

	4.3.1.2 Temporal Allocation 
	4.3.1.2 Temporal Allocation 
	As with point and area sources, emission factors were developed by season, day of week, and hour of day. Seasonal on-road gasoline emission factors were developed using 2001 Colorado gasoline and gasohol sales data and ranged from 23.7 percent in winter to 27.0 percent in summer. On-road diesel seasonal emission factors were developed using 2001 un-dyed low sulfur # 2 diesel fuel sales and ranged from 20.3 percent in the winter to 27.0 percent during summer and fall. Initially, seasonal diesel emission fact
	On-road light-duty vehicle emission factors were determined from 1999 hourly traffic counts at nine different sites in Metro Denver. All but one of the sites were highway sites, the non-highway site was a principal arterial in Denver. 1999 data was used since 1996 hourly traffic counts were not available, although it is expected the hourly fractions changed little over the years. The hourly data was then averaged by day of week and summed to produce average daily totals at each site. Next, the total weekly 
	Figure 4-4. Average daily traffic fractions at nine sites in Metro Denver during 1999. Dashed line indicates day of week travel fraction if all days were assumed equal. 
	1999 Average Daily Traffic Fractions 
	0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 Daily Traffic FractionMonday Tuesday Wednesday Thursday Friday Saturday Sunday 
	1 
	Day of Week 
	Although average traffic patterns across all nine sites indicates a noticeable decrease in travel on the weekend, this is not the case at all individual sites. Figure 4-5 shows average daily traffic counts at two interstate sites, I-70 @ Genessee and I-25 @ Castle Rock. I-70 @ Genessee is the major artery west of Metro Denver used to access the Rocky Mountains and I-25 @ Castle Rock is the major artery connecting Denver and Colorado Springs. 
	Hourly emission fractions were averaged for all nine sites and are shown in Figure 4-6. Hourly travel patterns vary by day of week, especially on the weekend. Monday through Thursday show very similar patterns, with a bi-modal distribution centered on the morning and late afternoon commute. Friday also shows a bi-modal distribution, but the morning peak is reduced by approximately 15 percent, perhaps reflective of flexible work schedules. Saturday and Sunday indicate much less morning travel but greater mid
	travel. Daily Traffic Counts at I-70 @ Genessee and I-25 @ Castle Rock 35000 40000 45000 50000 55000 60000 65000 70000 M Tu W Th F Sa Su I-70 I-25 
	CDOT 1999 Hourly Avg Traffic Counts for 9 Metro Denver Sites 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 Hour Ending Fraction M Tu W Th F Sa Su 
	Heavy-duty vehicles were not assumed to follow the same pattern as light-duty vehicles. 
	Although specific heavy-duty vehicle traffic counts were not available for Colorado, data from studies in California were used as surrogates (Yarwood et al. 2002; Dreher and Harley, 1998). Day of week emission factors were determined using diesel fuel sales by day of week in California reported by Dreher and Harley. On average, 3.2 million liters per day were sold on weekdays, compared with 980,000 on Saturday and 600,000 on Sunday. The Colorado Department of Revenue does not report fuel sales data by day o
	Figure 4-7 shows the California heavy-duty vehicle activity by day of week. Weekday travel fractions for Los Angeles and the San Francisco Bay Area were averaged for this assessment. While light-duty travel patterns are similar on weekend days, heavy-duty travel patterns are distinctly different on Saturday and Sunday. Weekday and Saturday data show heavy-duty travel peaking at 11 am, gradually decreasing through early afternoon, with a dramatic decrease before the weekday afternoon light-duty commute begin
	California Heavy-Duty Vehicle Travel Activity by Hour of Day 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 1357911131517192123 Hour Ending Travel FractionSo. Cal Weekday Bay Area Weekday Weekday Average So. Cal Saturday So. Cal Sunday 
	Figure 4-7. California heavy-duty vehicle travel activity. 
	Figure 4-7. California heavy-duty vehicle travel activity. 




	4.3.2 Off-Road Mobile Sources (Excluding Railroad and Airport Emissions) 
	4.3.2 Off-Road Mobile Sources (Excluding Railroad and Airport Emissions) 
	4.3.2.1 Spatial Allocation 
	4.3.2.1 Spatial Allocation 
	Off-road mobile source emissions emanate from a large variety of equipment types; therefore several surrogates are needed to better define how emissions vary spatially. DDEH used a combination of surrogates based on the equipment types and how the different categories of off-road equipment contributed to the off-road emission totals for each pollutant. 
	For each pollutant in the 1996 off-road inventory, the contribution from gasoline versus diesel engines was estimated. This was a fairly straightforward process in that the inventory lists emissions from each type of off-road equipment. For example, in Denver County off-road diesel engines are estimated to contribute 84 percent of the off-road formaldehyde, whereas gasoline engines contribute approximately 87 percent of the off-road benzene. 
	Once the off-road diesel fraction was calculated, an estimate was made regarding the contribution from construction versus agricultural diesel equipment. In Denver County, very little farming occurs so 99 percent of off-road diesel emissions are assumed to come from construction equipment. In neighboring counties such as Adams County, which is a large county with mostly residential and industrial land uses in the southwest and many large farms in the central and eastern portions (see Figure 4-8), agricultur
	Figure 4-8 shows the vegetation and land use/land cover (LULC) data for Metro Denver. The LULC data were derived from Landsat TM imagery taken between 1984 and 1990 and was obtained from the Natural Diversity Information Source FTP site (NDIS, 2001). The urban and built up land areas increased along with growth in Metro Denver during the 1990’s, in most cases adjacent to the urban or built up areas shown in Figure 4-8. 
	Once the diesel versus gasoline fraction for each pollutant was calculated, the county average emission rate was multiplied by each fraction to get an emission rate for diesel-construction, diesel-agricultural, and gasoline off-road vehicles. Surrogates were then developed for each of the three engine categories to apportion county-level emissions to the census block groups. 
	For diesel construction emissions, a surrogate was developed that combined population growth in each census block group between 1990 and 2000 with the fraction of VMT in each block group (see section 4.3.1.1). This surrogate was chosen to reflect construction associated with residential growth in the 1990’s as well as road construction. The growth in population between 1990 and 2000 incorporates the latest available data, although the year(s) during which growth occurred may not exactly coincide with the 19
	The Denver Air Toxics Assessment Figure 4-8. Vegetation and Land Use/Land Cover characteristics in Metropolitan Denver. 
	Adams County 
	Denver 
	For agricultural diesel emissions, inverse population density was used as a surrogate. The rationale being that in block groups with high population density, little or no agricultural activity occurs. For large census block groups with a low population density (see Figure 4-1(b)), the opposite is assumed to be true. In most counties, this results in two or three large block groups receiving 70-85 percent of agricultural diesel emissions. Any polygons with zero population were excluded and polygons in urban 
	Off-road gasoline emissions reported in the 1996 NTI are reported as originating from either 2stroke or 4-stroke engines. Without more detail, a population surrogate was deemed to be the best available surrogate based on the assumption that most of the emissions originated from lawn and garden as well as recreational equipment. 
	-

	Finally, the emission rate for each of the three equipment and/or fuel types was multiplied by its associated surrogate and summed to produce the off-road emission fluxes in each block group. 

	4.3.2.2 Temporal Allocation 
	4.3.2.2 Temporal Allocation 
	To calculate temporal emission factors, off-road emissions were classified using two categories. One category covered only diesel construction equipment while the other covered agricultural diesel and 2 and 4-stroke gasoline equipment (general off-road). The main differences between the two categories are a more pronounced decrease in weekend construction activity and a more pronounced seasonal difference for general off-road equipment. 
	For diesel construction equipment, seasonal fractions varied from 20 percent during the winter to 28 percent during the spring and summer. The seasonal fractions were calculated using 2001 total dyed diesel fuel sales in Colorado (Colorado Department of Revenue, 2001). Detailed 1996 fuel sales data were not available; it is assumed that the dyed diesel seasonal fractions in 1996 and 2001 were similar. For general off-road equipment, seasonal fractions range from 13 percent during the winter to 31 percent du
	Data from Rocke and Chang indicates that average weekday construction equipment activity is about a factor of 3.2 higher than on Saturday, while it is a factor of 7.6 higher than on Sunday. In the draft version of the NONROAD2002 off-road emissions model, EPA estimates a factor of two difference between weekdays and weekends for construction equipment, but does not differentiate between Saturday and Sunday (EPA, 1999e). The differences between the CARB and EPA estimates are significant, and DDEH chose a ble
	For general off-road mobile source emissions (excluding construction), DDEH estimates that average weekday emission factors were 18 percent and 70 percent greater than Saturday and Sunday, respectively. To develop these estimates, the draft 1999 National Emissions Inventory (NEI) was reviewed and emission estimates for many different types of off-road mobile equipment were evaluated. Emissions for equipment types classified as either residential or commercial were summed for toluene and benzene, and the emi
	Hourly emission factors for off-road construction equipment were taken from Rocke and Chang (1998). The data show 55 percent of emissions occur between 6 am and noon, 43 percent between noon and 6 pm and 2 percent between 6 pm and 9 pm. This data was modified only slightly to account for non-zero emissions occurring through the nighttime hours (0.01 percent each hour). 
	Due to a lack of developed guidance, hourly emission factors for general off-road mobile sources were equally weighted between 6 am and 6 pm, with 95 percent of the daily emissions assumed to occur during those hours. The other 5 percent was evenly distributed throughout the remaining 12 hours. 
	Figure 4-9 shows off-road construction emission factors by season, day of week, and hour of day. Figure 4-10 shows general off-road mobile source emission factors. Figure 4-9 shows that the construction equipment emission factor for “weekday winter” is higher than “weekend summer”. Even though construction is reduced in the winter, the “weekday winter” activity is estimated to exceed the “weekend summer” activity. The same is not true in Figure 4-10, where general off-road emissions are higher on “weekend s
	Figure 4-9. Off-road construction equipment emission factors by season, day of week, and hour of day. Not all seasons are shown, but spring and summer are highest while winter is lowest. 
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	Figure 4-10. General off-road construction equipment emission factors by season, day of week, and hour of day. Not all seasons are shown, but spring and summer are highest while winter is lowest. 
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	4.3.3 Railroad Emissions 
	4.3.3 Railroad Emissions 
	4.3.3.1 Spatial Allocation 
	4.3.3.1 Spatial Allocation 
	Using GIS, the railway miles in each census block group were calculated. All segments of railway were assumed to have equal activity as there was no data to show otherwise. Only the block groups with non-zero railway miles were assigned a fraction of the county railroad emissions. 

	4.3.3.2 Temporal Allocation 
	4.3.3.2 Temporal Allocation 
	No guidance was available to temporally allocate railroad emissions; therefore it is assumed that emissions are constant throughout each season, day, and hour. 


	4.3.4 Airport Emissions 
	4.3.4 Airport Emissions 
	4.3.4.1 Spatial Allocation 
	4.3.4.1 Spatial Allocation 
	Airport emissions were contained within the property boundary obtained using GIS. 

	4.3.4.2 Temporal Allocation 
	4.3.4.2 Temporal Allocation 
	Using professional judgment, 95 percent of airport emissions were equally distributed between 7 am and midnight with the remainder distributed equally among the remaining hours. No seasonal differences were estimated, though future assessments could use passenger activity and/or airport gasoline and jet fuel sales to estimate seasonal differences. While seasonal differences were not estimated, it is expected that model results would change little based on the emission inventory quantities. 



	4.4 COMPOSITE EMISSION FACTORS 
	4.4 COMPOSITE EMISSION FACTORS 
	Multiplying the emission factors for each source category by the fraction that each source contributes to the emission inventory produces composite emission factors for each pollutant. In this way, only one set of emission factors is required as input to the dispersion model. Composite emission factors vary by county, so that if one county has a significant contribution from a particular source category (e.g. oil and natural gas processing), that difference will be reflected in the model inputs. 

	4.5 ADDITIONAL VALIDATION METHODS 
	4.5 ADDITIONAL VALIDATION METHODS 
	During the course of this assessment, long-term air toxics monitoring began in Denver. CDPHE provided DDEH with data from September of 2000 through September of 2001. Figure 4-11 shows day of week differences for several individual hydrocarbons, some of which are air toxics. It may be possible to use this data in the future to evaluate calculated composite emission factors by comparing with day of week differences in monitored data. However, it needs to be better understood how each source category contribu
	With only 50 valid 24-hour average samples, a nonparametric Mann-Whitney statistical test indicates Mon-Fri concentrations are significantly different from weekend concentrations (p £ 
	0.01) for many combustion related pollutants (excluding one outlier during a severe 3 day pollution episode in February 2001). Concentrations of toluene, benzene, ethylene, acetylene, and 1,3 butadiene were all significantly different (p £ 0.01). Pollutants whose weekday and weekend concentrations were significant at the 90 percent level (p > 0.10) include ethane, propane, a-pinene, and formaldehyde. Similar results are obtained using a student’s t-Test. 
	not 

	DDEH does not have emission inventory estimates for ethane and propane but it is assumed the major source of emissions is from evaporative losses as well as residential heating, cooling, and cooking. It is assumed that the majority of formaldehyde is formed secondarily through photochemical degradation of hydrocarbons in the atmosphere. Monitoring data indicates a majority of the hydrocarbons have higher concentrations on weekdays, hence it is assumed weekday emissions are also higher. It is unclear as to w
	Figure 4-11. Day of week differences in observed 24-hr average VOC concentrations in downtown Denver from September 2000 though September 2001. Data shown represent 49 total samples, with 6-8 samples for each day over the period. Dashed line shows DDEH 24-hr composite emission factor for toluene (times 10). 
	Day of Week 24-hr Avg VOC Concentrations ppbC Sep 2000-Sep 2001 0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 Mon-Thurs Fri Saturday Sunday Concentration (ppbC)Benzene Toluene Ethane a-pinene Total NMOC/10 Propane Toluene EmisFact * 10 Formaldehyde 
	The dashed line in Figure 4-11 for the 24-hr composite toluene emission factor (not a concentration value) does decrease on weekends but not to the same extent as the monitored data, especially from Friday to Saturday. However, the 24-hr composite emission factor does not necessarily represent the modeled diurnal concentration, since the majority of weekend emissions tend to be during the time of day when dispersion is most favorable (i.e. afternoon). This comparison will be revisited in Chapter 5 when disc
	These analyses include only one year of data collected on a 1-in-6 day frequency. Additional monitored data are required to establish more certainty. Future assessments will build upon the additional monitoring data collected since 2001 and may help to improve how temporal emission factors are developed. 


	5. RESULTS AND DISCUSSION 
	5. RESULTS AND DISCUSSION 
	This chapter discusses air dispersion model results using the ISC3ST model. DDEH dispersion model results were compared with available monitoring data. Some long-term air toxics monitoring data was available in 1996 in Metro Denver, but no long term gaseous data was available in Denver County. There were seasonal and short-term studies conducted during 1996 in all of Metro Denver, including the Northern Front Range Air Quality Study (NFRAQS) as well as studies conducted by CDPHE and Dr. Larry Anderson at th
	A comparison of ISC3 with the latest beta version of AERMOD (version 02222), the proposed successor to ISC3, was conducted for benzene and is discussed in section 5.12. In addition, the OZIPR model was run for Denver using local emissions and monitoring data to estimate secondary formation of formaldehyde and acetaldehyde. 
	Some meteorological factors cannot be accounted for in the dispersion models used. The first section will discuss the general meteorological characteristics in Metro Denver that have an influence on the predicted versus observed concentration comparisons. 
	5.1 METEOROLOGICAL CHARACTERISTICS IN METRO DENVER 
	5.1 METEOROLOGICAL CHARACTERISTICS IN METRO DENVER 
	Metro Denver is located in geographically complex terrain that significantly contributes to observed meteorological patterns. Figure 5-1 shows a shaded relief map of Metro Denver. Due to the topography, winds are not often homogeneous across the metro region. Both the ISC3 and AERMOD dispersion models accept meteorological data from only one station and cannot accurately treat non-homogenous meteorological data. 
	Mountains to the west and southwest, ridges to the south and southeast, and smaller ridges to the north and east envelop Denver County. The South Platte River valley is clearly evident on the relief map, originating in the mountains SSW of Denver, running through Denver County then NNE for about 60 miles before turning east and eventually NE into Nebraska. Metro Denver experiences frequent temperature inversions during which light winds and shallow mixing heights occur. The inversions tend to persist longer
	Denver County is outlined in the left-central part of the figure, surrounding the southernmost triangle. The triangles represent locations where meteorological data was recorded as part of the NFRAQS. Data were collected at the three sites during January-February of 1996, July-August of 1996, and December-February of 1996-97 and hourly averages are shown in Figures 5-2(a)(c). Figures 5-2(a) and 5-2(c) are similar as they both represent the winter season. At the CAMP location in downtown Denver, winds are ma
	-

	Figure 5-1. Shaded relief map of the Northern Colorado Front Range, including Metropolitan Denver. The triangles represent locations where meteorological data was collected as part of the Northern Front Range Air Quality Study (NFRAQS). The dashed lines indicate interstate highways. 
	WELBY ROCKY 
	Summer winds at CAMP show mostly SW winds overnight, quickly backing SE then E by 10 am. This pattern is evident at all sites during summer 1996, with the transition at Rocky Flats occurring earlier than at the urban core sites. This phenomenon is caused by the surface heating of the foothills shortly after sunrise between 5-6 am, which lowers the pressure near the foothills in turn causing winds to back toward the foothills. The same phenomenon is evident at most sites during all seasons, though the degree
	Average wind speeds are highest at Rocky Flats and lowest at CAMP. Some of this is attributable to cold air drainage flows from the west-to-east drainage west of Rocky Flats (see Figure 5-1). In winter, higher wind speeds are produced synoptically with the frequent passage of cold fronts. Often times, CAMP and Welby are within the shallow cold air surface inversion, which is decoupled from the mean flow until later in the day when surface heating helps to break down the inversion. 
	The Denver Air Toxics Assessment 
	Figure 5-2. Hourly average wind direction (solid lines and fills) and wind speed (dashed lines, hollow fills) for winter (a,c) and summer (b) seasons spanning 1996-97. Site locations are shown in Figure 5-1. 
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	December-February 1996-97 Hourly Average Wind Direction and Wind 
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	Severe pollution episodes in Denver are usually associated with back and forth “sloshing” motions that occur over a period of several days. This usually occurs after a fresh snowfall as air masses migrate down the South Platte river valley at night, and a portion of the aged air mass is drawn back towards Metro Denver the next day and is mixed with fresh emissions. It is not well understood how much of the aged air mass returns to Metro Denver. 
	The ISC3 and AERMOD dispersion models used here do not account for any change in wind direction from hour to hour. In fact, there is no carryover of emissions from one hour to the next. Pollutants released near the model domain boundary may have only moved a few miles into the domain, therefore not tracking emissions from the previous hour may cause the model to under predict concentrations in downwind areas. This may be partially offset by the fact that the model immediately transports the pollutant to the
	Due to the limitations of the model in handling local meteorological conditions, it is expected that the ISC3 and AERMOD models would under predict ambient concentrations, especially at sites that are frequently downwind of Metro Denver. This hypothesis assumes that emission inventories are reasonably approximated. 
	There are sophisticated models that can track a puff or plume with changes of wind direction, though they generally require more expertise and significant additional time and resources to run. CALPUFF is a model that can accomplish this task. DDEH will evaluate the feasibility of using such a model when planning the assessment using the 1999 NEI. Modeling will probably begin in the spring of 2004. 

	5.2 OBSERVED (MONITORED) CONCENTRATION HISTORY 
	5.2 OBSERVED (MONITORED) CONCENTRATION HISTORY 
	Monitored concentrations provide real-world measurements of pollutant concentrations. This data is crucial for validating the dispersion model predictions, as well as for estimating real-world risk estimates. Unfortunately, air toxics monitoring is expensive and had not been conducted on a long-term basis in the Denver urban core until late in the year 2000. Anderson (1994, 2000, 2001) has been collecting long-term carbonyl concentrations in downtown Denver since December 1987. Observed concentrations at th
	There have been several short-term studies conducted locally over the past 30 years that have examined the VOC composition of the urban plume. These studies varied in length from one-week to several months or seasons. While not all of this information can be used to deduce longterm trends, it does provide an informative history of Denver’s air quality. Table 5-1 summarizes available data from past research for several air toxics. 
	-

	The Denver Air Toxics Assessment 
	Table 5-1. Recent and historic monitored air toxics concentrations throughout Metropolitan Denver. Where available, both mean and median concentrations (micrograms per cubic meter) are listed [median concentrations inside square brackets]. 
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	3Oldest Data -----------------------------------) ----------------------------------->>>> Most Recent Data 
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	Pollutant 
	Pollutant 
	Monitoring Station 
	Nov 4Dec 14 1 1973 
	-

	June 2 1980 
	Mar 24-Apr 1 2 1984 
	3 1987-88 IEMP 
	Monitored Concentrations (.g/mAnderson Winter 874 88 
	-

	5 1996 Anderson 
	1999 Rocky 6 Flats 
	1999 7 RMA 
	9 CDPHE Toxics 

	Jun-Sep Nov-Feb 1987 1987-88 
	Jun-Sep Nov-Feb 1987 1987-88 
	Feb-Mar Jul-Sep Annual 1996 1996 Avg 
	Jan-Feb Jun-Aug Sep 2000 2001 2001 Sep 2001 
	-


	Acetaldehyde 
	Acetaldehyde 
	Auraria 
	5.3 [5.4] 2.0 [1.5] 
	4.4 
	2.6 3.6 2.9 
	-
	-


	CAMP 
	CAMP 
	-
	-

	4.0 [3.8] 4.4 [4.0] 4.3 [3.8] 

	Denver 
	Denver 
	1.8 

	Formaldehyde 
	Formaldehyde 
	Auraria 
	4.6 [4.4] 3.0 [2.2] 
	5.4 
	3.6 4.5 3.6 
	--
	-
	-


	CAMP 
	CAMP 
	-
	-

	-
	-

	7.4 [6.2] 8.8 [7.8] 7.7 [7.3] 

	Denver 
	Denver 
	2.8 

	Benzene 
	Benzene 
	AQ1 
	-
	-

	1.9 [1.7] 
	--

	Auraria 
	Auraria 
	14.4 [12.2] 12.1 [7.5] 
	--
	-
	-


	CAMP 
	CAMP 
	-
	-

	2.9 [2.1] 3.4 [3.3] 3.2 [3.1] 

	Denver 
	Denver 
	9.8 
	14.3 
	7.27 
	0.6 [0.5] 

	Toluene 
	Toluene 
	AQ1 
	-
	-

	5.2 [4.5] 
	--

	Auraria 
	Auraria 
	28.1 [23.5] 32.1 [13.8] 
	--
	-
	-


	CAMP 
	CAMP 
	-
	-

	6.3 [5.2] 9.1 [9.4] 8.3 [8.0] 

	Denver 
	Denver 
	34.5 
	23.5 
	12.6 
	1.0 [1.0] 

	Carbon Tetrachloride 
	Carbon Tetrachloride 
	AQ1 
	8 1.1 [0.8] 

	Auraria 
	Auraria 
	1.6 [1.2] NA 

	CAMP 
	CAMP 

	Denver 
	Denver 
	1.1 
	1.7 
	0.8 [0.7] 
	0.42 [0.38] 0.56 [0.59] 0.51 [0.54] 


	1 
	Russell, P.A., 1976. 1973 Denver Air Pollution Study. Hourly gas chromotagraph measurements were made at 4958 York St in North Denver. 
	2 
	Singh et al., 1986. Hourly gas chromatograph measurements made at Marion St and E 51st in North Denver. 
	3 
	Komp, 1989. 7,17, and 24 hour average samples obtained at three locations in Metro Denver. Only the Auraria site is included here and is 0.9 WSW of the CAMP site. 
	4 
	Anderson et al., 1994. Data are from December 1987 through February 1988. 
	5 
	Riggs et al, 1997. 6 week averages of consecutive 4-hour samples taken in each season. Annual average was via personal communication (Anderson, 2001). 
	6 
	Data obtained from CDPHE and represents the annual average concentration across four of five sites bordering Rocky Flats, excluding X1 which had 3 months of high toluene concs. 
	7 
	7 

	Data obtained from Remediation Venture Office at Rocky Mountain Arsenal. 
	8 
	8 

	Carbon tetrachloride data are from 1996 as sampling methods and minimum detection levels changed between 1996 and 1999, resulting in many non-detects in 1999. 
	9 
	9 

	Data obtained from CDPHE and was obtained at the CAMP station at 2105 Broadway in Denver. 
	From Table 5-1, the earliest available source of long-term air toxics concentrations (8 months of data) in Denver was collected as part of the 1987-1988 Integrated Environmental Management Project (IEMP; Komp, 1989). Also listed are results from long-term monitoring conducted by CDPHE in 2000-2001. Benzene and toluene concentrations have decreased dramatically in the 13 years separating the two studies. This result likely reflects improved emission control technologies, improved fuel properties, and polluti
	Carbon tetrachloride, which is routinely monitored at similar levels throughout the country, appears to be slowly declining nationwide as it has been phased out of dry cleaning and degreasing solvents, grain-fumigants and pesticides through regulatory controls. Carbon tetrachloride is very stable in the atmosphere and has an estimated atmospheric half-life of 3-4 years. Due to the small number of emission sources, most of the carbon tetrachloride measured in the atmosphere is a result of historic emissions 
	While emissions of aromatic hydrocarbons and chlorinated solvents have decreased, results are mixed for formaldehyde and acetaldehyde (i.e carbonyls). Anderson et al. (1994) started monitoring carbonyl concentrations in December 1987, coinciding with IEMP monitoring. Anderson et al. concentrations were approximately twice the IEMP concentrations. Anderson continued to sample carbonyls throughout the 1990’s, which provides a valuable and consistent long-term database for carbonyls in Denver. Monitoring condu
	CDPHE monitored carbonyl concentrations in 2000-2001 are significantly higher that those reported by Anderson in 1996. It is unclear as to why these differences exist, but could be related to the different sample collection and analysis methods. A recent analysis of data collected as part of the U.S. EPA national air toxics monitoring pilot project shows that results from collocated monitors (two different monitors at the same site) show large coefficients of variation between samples for the aldehydes (STA
	This section was meant to provide an overview of historical monitoring efforts conducted locally. It is not meant to be an exhaustive analysis of long-term trends. Data pertinent to this assessment will be discussed in more detail in upcoming sections. Valuable information can be deduced from these data sets, but analyses of these data sets have traditionally not progressed beyond the summary stage. 

	5.3 PREDICTED CONCENTRATION SUMMARY 
	5.3 PREDICTED CONCENTRATION SUMMARY 
	Model runs for approximately 70 air toxics were conducted for this assessment. Table 5-2 lists the predicted concentrations for 23 air toxics, including diesel PM, which were also modeled as part of the 1996 NATA. Monitored concentrations for the remaining pollutants are listed in Appendix C. The pollutants in Appendix C were predicted to have very low concentrations and/or generate low inhalation risk estimates. 
	Table 5-2 lists the predicted median and 95percentile concentrations in Denver County. The median concentration is the 50percentile concentration, half the predictions are above this concentration and half are below. 95 percent of the predicted concentrations are below the 95percentile concentration. 
	th 
	th 
	th 

	For carbon tetrachloride and mercury, the estimated background concentrations make up nearly all of the median concentration. Background concentrations for most of the pollutants in Table 5-2 can be confirmed with monitoring data collected locally (see text and Goldan et al., 1997), however, local monitoring data was not available for all pollutants. 
	The following sections discuss in detail predicted and observed concentrations for several pollutants identified through this modeling and other studies to pose health risks above established benchmarks (NATA, MATES-II). Carbon monoxide was also modeled because the greater number of monitors allows for a better analysis of the modeling methodology. Where appropriate, qualitative evaluations of the emission inventory will be discussed. Even with a perfect inventory the model-to-monitor comparisons would not 
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	Table 5-2. Predicted annual average concentrations for Denver County comparing DDEH results with EPA 1996 NATA results. Median and 95percentile concentrations are listed. Background and secondary concentrations are also listed (see text for references). EPA results for formaldehyde, acetaldehyde, and acrolein do not include the secondary concentrations shown. 
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	DDEHMedian 3 Total (ug/m ) 
	1996NATA Ratioof EPAMedian MedianDDEH/EPA 
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	Acetaldehyde Acrolein ArsenicCompounds Benzene BerylliumCompounds 1,3-Butadiene CadmiumCompounds CarbonTetrachloride Chloroform ChromiumCompounds 1,3-Dichloropropene Diesel PM EthyleneOxide Formaldehyde LeadCompounds ManganeseCompounds MercuryCompounds MethyleneChloride Nickel Compounds Perchloroethylene PolycyclicOrganicMatter (16-PAH) PolycyclicOrganicMatter (7-PAH) Trichloroethylene 
	Acetaldehyde Acrolein ArsenicCompounds Benzene BerylliumCompounds 1,3-Butadiene CadmiumCompounds CarbonTetrachloride Chloroform ChromiumCompounds 1,3-Dichloropropene Diesel PM EthyleneOxide Formaldehyde LeadCompounds ManganeseCompounds MercuryCompounds MethyleneChloride Nickel Compounds Perchloroethylene PolycyclicOrganicMatter (16-PAH) PolycyclicOrganicMatter (7-PAH) Trichloroethylene 
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	Backgroundconcentrationsobtainedfromvarioussources(seetext) 
	3
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	SecondaryconcentrationsestimatedusingOZIPRmodel withDenverCountyemissions 

	5.4 CARBON MONOXIDE 
	5.4 CARBON MONOXIDE 
	Carbon monoxide (CO), a criteria pollutant, has been well studied over the past 30 years. As a result, a great quantity of long-term monitoring data exists. Also, the good spatial distribution of monitoring locations throughout Metro Denver provides an excellent means for evaluating the modeling methodology mentioned in previous chapters. 
	While it is desirable to have predicted concentrations closely match monitored concentrations, it is perhaps more important that the model accurately depict the spatial distribution of concentrations. This is because air toxics may only be measured in one or two locations in a metropolitan area, and if modeling is to be used as a reliable tool to fill in data gaps, a greater number of model-to-monitor comparisons are necessary to establish confidence. 
	Figure 5-3 shows predicted and observed concentrations of carbon monoxide. Although emissions were modeled for the entire six county region, predictions were only made for receptors in and around Denver County to reduce model run times. Model-to-monitor comparisons are all within a factor of 2, with the model under predicting at all sites. The southernmost model-to-monitor ratio is close to one, while the ratio at the monitor with the highest annual average concentration is approximately 0.6. For perspectiv
	ISC3 appears to predict the appropriate spatial distribution of concentrations. This relates more to the emission allocation procedures outlined in Chapter 4 than it does to the emission totals or the dispersion model. While dispersion model results are heavily dependent on accurate emission totals, how emissions are defined in the model is also crucial to obtaining the best possible results. 
	It should be noted that because of slight locational inaccuracies mentioned in previous chapters for many of the roadways, the reader should not pinpoint a position on the figures provided to determine the exact concentration at that location. Predicted concentrations within a radius of 
	0.5 – 1.0 kilometer (0.3 – 0.6 miles) should be evaluated to provide a concentration range. Much of the locational uncertainty on the predicted concentration plots results from the method used to interpolate concentrations between the model receptors (inverse distance weighting to the 5power). Compared with manual analysis, this interpolation method produces good results where model receptors are closely spaced (i.e. densely populated areas). 
	th 

	At this point it is not possible to speculate whether CO emissions are under estimated or whether the dispersion model is under estimating concentrations. CO on-road mobile source emission estimates derived using the different methods discussed in chapter 3 were all within 35 percent, and the MOBILE6.2 on-road emissions estimates used for this assessment were at the high end of the ranges reported (489,000 tons per year). On-road mobile source CO emissions contribute 65-70 percent of the total CO inventory.
	A method to better evaluate emission inventory versus dispersion model performance is proposed in the next section discussing predicted and observed benzene concentrations. 
	= Bold outline indicates Denver County boundary 
	Figure 5-3. Predicted (color plot) and observed (crosshair) 1996 annual average carbon monoxide concentrations (parts per million volume). Polygon represents Denver County boundary and line theme represents major highways. 
	Figure 5-3. Predicted (color plot) and observed (crosshair) 1996 annual average carbon monoxide concentrations (parts per million volume). Polygon represents Denver County boundary and line theme represents major highways. 


	Figure 5-4. Predicted versus observed carbon monoxide concentrations (parts per million volume, ppmV)at select locations throughout Metropolitan Denver. 
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	5.5 BENZENE 
	5.5 BENZENE 
	Benzene is a well-studied air toxic that is recognized as a known human carcinogen. This has been confirmed by various human and animal epidemiological studies. Benzene is emitted from a variety of sources, but the majority of benzene emitted in Metro Denver is attributed to the burning and evaporation of gasoline used in mobile sources. 
	Figure 5-5 shows predicted and observed benzene concentrations. Identification codes and the annual average concentration are listed near each monitoring location. The spatial distribution of concentrations looks very similar to that of carbon monoxide in Figure 5-3. This is to be expected as the majority of both pollutants come from on-road mobile sources and the surrogates used to spatially allocate emissions were similar for both pollutants. 
	The monitoring locations labeled with an AQ in Figure 5-5 represent 24-hour average data collected approximately every 12 days in 1996, with 92-100 percent completeness. The monitoring was conducted in association with the remediation efforts at the Rocky Mountain Arsenal CERCLA site. The monitors labeled CMFS and MBHS did not collect data until 1999, and only grab samples were collected at MBHS and are therefore not included in this analysis. For reference, differences between 1996 and 1999 concentrations 
	Table 5-3 lists specific model-to-monitor ratios. Model-to-monitor ratios are 0.9 at AQ3 and AQ5 and 1.1 at AQ4 then decrease to 0.64 at AQ1 and 0.52 at CMFS. The model appears to be under predicting by just under a factor of two at CMFS, which again appears to indicate good model performance. The model also appears to be predicting the correct spatial variation in the pollutant concentrations, not so much a reflection on the model but on the methodology used to define the emissions. Unfortunately, no long-
	Since the majority of benzene and carbon monoxide are emitted from mobile sources, the premise was that correlations between monitored benzene and carbon monoxide concentrations should be apparent. If correlations are observed, it may be possible to extrapolate 24-hour average benzene concentrations from the 3-hour averages collected in 1996 and 1997 at CAMP and Welby. Hourly CO concentrations are collected at both sites, and 6-9 am average CO concentrations can be compared with daily average CO concentrati
	concentrations (micrograms per cubic meter, µg/m). Monitor ID’s ad annual average concentrations are listed by each monitor. CMFS data is for 1999. 
	3

	Bold outline indicates Denver County boundary Concentrations in micrograms per cubic meter Median Predicted Concentration = 1.58 
	Figure 5-5. Predicted (color plot) and observed (crosshair) 1996 annual average benzene 
	Figure 5-5. Predicted (color plot) and observed (crosshair) 1996 annual average benzene 


	Table 5-3. Model-to-monitor comparisons of 1996 annual average benzene concentrations. 
	Monitor ID 
	Monitor ID 
	Monitor ID 
	Modeled Concentration 3(micrograms/m) 
	Monitored Concentration 3(micrograms/m) 
	Model-to-Monitor Ratio 

	CMFS AQ1 AQ2 AQ3 AQ4 AQ5 MBHS 
	CMFS AQ1 AQ2 AQ3 AQ4 AQ5 MBHS 
	1.42 1.21 0.99 0.8 1.1 1.2 1.7 
	2.72 1.9 1.68 0.89 1 1.34 n/a 
	0.52 0.64 0.59 0.90 1.10 0.90 n/a 


	Figures 5-6(a) and (b) show 3-hour average benzene and CO concentrations at CAMP and Welby. It is apparent from the data that significant correlations do exist between benzene and CO; this result was expected considering the sampling occurred during morning rush hour. Also shown in each figure is a line indicating the 1:1000 ratio, which the average benzene to CO ratio approximates over the course of both seasons. 
	Figure 5-6. 3-hour (6-9 am) average benzene and carbon monoxide concentrations at (a) CAMP and (b) Welby collected during the summer of 1996 and winter of 1997. 
	CAMP Benzene versus Carbon Monoxide Concentrations 6-9am 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 CO (ppmV) Benzene (ppbV)Summer 96 Winter 97 Summer Data; r 2 = 0.82 1 : 1,000 Line Winter Data (excl. 1 outlier); r 2 = 0.98 Welby Benzene versus Carbon Monoxide Concentrations 6-9am 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 CO (ppmV) Benzene (ppbV)Summer 96 Winter 97 Summer Data; r 2 = .83 1 : 1,000 (a) (b) 
	Figure 5-7 shows 24-hour average samples collected from September 2000-2001, classified by season (Dec-Feb, Mar-May, Jun-Aug, Sep-Nov). The 24-hr average concentrations at CAMP are less than the 3-hour average morning concentrations, which again was expected. The benzene-CO relationships at CAMP in Figure 5-7 are very similar to those observed in Figure 56(a) and show a good correlation between 24-hour average benzene and CO concentrations. Four samples collected in the winter of 2001 produce lower benzene-
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	Figure 5-7. 24-hour average benzene and carbon monoxide concentrations at CAMP collected from September 2000 to September 2001. 
	Figure 5-7. 24-hour average benzene and carbon monoxide concentrations at CAMP collected from September 2000 to September 2001. 


	Since both the 3-hour and 24-hour average samples show good correlations for benzene and CO, it may be possible to estimate 24-hour average benzene concentrations from the 3-hour average concentrations measured at CAMP and Welby during the summer of 1996 and winter of 1997. First, it needs to be understood how the 6-9 am average concentration relates to the daily average concentration. Monitored CO data for 1996 was processed to calculate the ratio of 6-9 am to 24-hour average concentrations at several site
	several sites for different averaging periods in 1996. 
	3-hour to 24-hour Average CO Concentration Ratios for 1996 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 Annual Summer Winter Averaging Period 3-hr to 24-hr CO RatioCAMP Welby Auraria Littleton Boulder 
	Figure 5-8. Three-hour (6-9 am) to 24-hour average carbon monoxide concentration ratios at 
	Figure 5-8. Three-hour (6-9 am) to 24-hour average carbon monoxide concentration ratios at 


	In 1996, 6-9 am average CO concentrations were 45-55 percent higher than daily average CO concentrations at CAMP, Welby and Auraria. Littleton and Boulder show smaller ratios as these sites are on the periphery of the urban core and experience decreased traffic volumes in nearby areas. Using the data described above and the 3-hour average benzene concentrations collected in 1996-97, estimated annual average benzene concentrations of 4.4 µg/mand 3.6 µg/mare calculated at CAMP and Welby, respectively. Alterna
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	The estimates at CAMP for the two methods are nearly the same, but the 1:1000 method at Welby results in a 33 percent lower estimate than the 3-hour to 24-hour extrapolation method. However in Figure 5-6(b) the average benzene-CO ratio appears to exceed 1:1000; averaging the ratios over both seasons results in a 1.47-to-1000 ratio at Welby. Applying this relationship to the annual average CO concentration of 0.71 ppmv results in an estimated annual average benzene concentration of 3.4 µg/m(1.1 ppbv), which 
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	Estimated 1996 annual average benzene concentrations of 4.4 µg/mat CAMP and predicted concentrations of 2.27 µg/mindicate ISC3 is under predicting by a factor of 1.94, similar to that for carbon monoxide. Estimated benzene concentrations at Welby of either 2.4 or 3.4 µg/mindicate ISC3 is under predicting by a factor of 2.2 or 3.1, respectively. 
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	After establishing a relationship between benzene and carbon monoxide from monitored data (1:1000) the model predicted concentrations were evaluated to determine if the same relationship exists. Calculating the benzene-CO ratios at all model receptors results in an average relationship of 1.05:1000, very close to what is observed at CAMP. The modeled ratio is exactly 1:1000 at the CAMP receptor. This suggests that the relative ratio of the benzene and CO inventories is correct. 
	24-hour average air toxics data was collected from May 2002 through April 2003 at CAMP and Welby. This will allow DDEH to further test the benzene-CO relationship at both sites using the most currently available data. Results will be presented when the 1999 assessment is performed. 
	The methods discussed previously should only be used to estimate long-term (i.e. annual average) concentrations. Using the method to estimate daily average concentrations may prove unreliable due to variations in emissions and meteorology. In most cases, risks from air toxics are due to long-term exposure to low-level concentrations so these methods produce acceptable results, especially in the absence of specific data for the 1996 baseline year. 
	Finally, the predicted concentration includes a background concentration of 0.48 µg/m(0.15 ppbv). Background concentrations are attributable to long-range transport, re-suspension of historical emissions and non-anthropogenic sources (SAI, 1999). The background value used is the same value used by EPA for the 1996 and 1999 NATA. A study conducted by Goldan et al. (1997) in the mountains west of Metro Denver showed that under periods of “clean” westerly flow, 1993 benzene concentrations were approximately 0.
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	5.6 DIESEL PARTICULATE MATTER 
	5.6 DIESEL PARTICULATE MATTER 
	Diesel exhaust is a complex mixture of gases and fine particles formed by the combustion of diesel fuel. Many known and potential cancer-causing substances such as arsenic, benzene, formaldehyde, nickel, and polycyclic aromatic hydrocarbons (PAHs) are present in the exhaust gases, some of which are bound to the surfaces of the diesel-exhaust particles. Diesel exhaust particles are small enough (less than 2.5 microns in diameter, about one-seventh of the width of a human hair) to be inhaled deep into the lun
	Before presenting the dispersion model results, it is important to explain how the monitored DPM concentrations were obtained. The monitored DPM data was obtained from the Northern Front Range Air Quality Study (NFRAQS) conducted in 1996-97, managed by Colorado State University. 
	One of the goals of the NFRAQS was to attribute the existing particulate air pollution in the Denver urban region to specific sources or source categories, such as mobile sources or power plants. Since DPM is chemically complex, an assessment of ambient DPM concentrations relies primarily on (1) studies that collect ambient samples and adequately characterize their chemical composition or (2) modeling studies that attempt to recreate emissions and atmospheric conditions. Ambient concentrations of diesel PM 
	The NFRAQS utilized a chemical mass balance (CMB) model to quantify both gasoline and diesel PM concentrations. The CMB model is a receptor model used to estimate the types and relative contributions of sources to pollutant measurements made at a receptor site. Receptor models assume that the mass is conserved between the source and receptor site and that the measured mass of each pollutant is a sum of the contributions from each source. Input to the CMB model includes measurements of PM mass and chemistry 
	Elemental carbon (EC) is a major component of diesel exhaust, constituting approximately 50-85 percent of diesel particulate mass depending on factors such as engine technology, fuel type and state of engine maintenance (Graboski et al., 1998). Because of the large portion of EC in DPM, and the fact that diesel exhaust is one of the major contributors to EC in many ambient environments, DPM concentrations can be estimated using EC measurements. Studies such as the NFRAQS have led to the development of equat
	DPM = EC*0.62 (lower bound) (3.1) 
	DPM = EC*1.31 (upper bound) (3.2) 
	DPM = EC*0.89 (average of ranges) (3.3) 
	The choice of either bound can provide a surrogate calculation of DPM that can vary by a factor of two. To assess the usefulness and applicability of the surrogate calculation, the average DPM concentration predicted by the extended CMB analysis can be compared with DPM 
	concentrations predicted using the EC surrogate calculation. 
	Sampling was performed in the winter of 1996, summer of 1996, and winter 1996/97. The winter 1996/97 sampling period was the most intensive and this is the data set for which both the conventional and extended species CMB models were applied. The Welby site was the only site in Metro Denver at which sampling was conducted during all three seasons. Both conventional and extended species CMB modeling were conducted for the Welby and Brighton sites; Brighton is at the northern edge of the modeled receptor doma
	Figure 5-9 contains the modeled diesel PM concentrations as well as the monitoring locations and average concentrations obtained from the NFRAQS. The spatial distribution of predicted DPM concentrations resembles the predicted benzene concentrations (Figure 5-5). The concentration distributions are similar because the methods used to spatially allocate gasoline and diesel emissions both rely heavily on vehicle miles traveled (VMT) data. 
	During winter 1996/97, 53-60 samples at each site except Chatfield (39 samples) were collected. The samples were collected over 24-hour periods comprised of two consecutive 6-hour samples beginning at 6 am followed by one 12-hour sample during the overnight hours. A subset of samples from each site was then selected and analyzed for species such as organic carbon, elemental carbon, polycyclic aromatic hydrocarbons (PAHs) and metals. The number of samples in the subsets ranged from 12 at Chatfield to 22 at H
	The sample subsets were selected to coincide with six high particulate matter episodes that occurred during winter 1996/97. Therefore, the average concentrations of the speciated compounds from the sample subsets are expected to be higher than the averages for the entire sampling period. The observed concentrations in Figure 5-9 reflect the adjusted average DPM concentrations for the sampling period and were derived by multiplying the average concentrations of the sample subsets by a correction factor. The 
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	Sampling was also conducted at Welby in the winter and summer of 1996 to estimate seasonal variations. CMB was not conducted for those seasons, however DDEH used measured EC and OC during each season to estimate DPM concentrations. Assuming the same fraction of EC and OC from DPM from the winter 1996/97 CMB results, estimated DPM concentrations of 1.55 and 
	1.05 µg/moccurred during winter and summer of 1996, respectively. This results in an estimated annual average DPM concentration at Welby of 1.2 µg/m. It was assumed seasonal variations at the remaining monitors were similar to Welby. 
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	The predicted annual average DPM concentration at Welby is 0.82 µg/m, 32 percent lower than the estimated annual concentration of 1.2 µg/m. The predicted concentration at CAMP is 1.67 µg/m, 8 percent lower than the estimated winter 1996/97 CMB concentration. At Brighton, the model is under predicting the CMB concentration by a factor of 2, while at Highland it is over predicting by 28 percent. As with carbon monoxide and benzene, the model is depicting the correct spatial distribution for diesel PM. 
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	(0.58) (1.14) (1.82) (0.48) (0.25) 
	Figure 5-9. Predicted diesel particulate matter (DPM) concentrations in µg/m(color plot) with DPM concentrations from the Chemical Mass Balance (CMB) model and estimated lower bound DPM concentration using measured elemental carbon as a surrogate (in parentheses; see Equation 3.1). Welby and Brighton CMB concentrations were developed using extended species CMB, while the others used conventional CMB. 
	Figure 5-9. Predicted diesel particulate matter (DPM) concentrations in µg/m(color plot) with DPM concentrations from the Chemical Mass Balance (CMB) model and estimated lower bound DPM concentration using measured elemental carbon as a surrogate (in parentheses; see Equation 3.1). Welby and Brighton CMB concentrations were developed using extended species CMB, while the others used conventional CMB. 
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	The predicted diesel PM concentrations are based on fuel-based emission estimates for both on-road and off-road diesel engines detailed in chapter 3. The main difference between the DDEH and EPA estimates is in the off-road inventory. Based on the results presented here, EPA’s 1996 off-road diesel emission totals appear to be significantly over estimated. 

	5.7 FORMALDEHYDE 
	5.7 FORMALDEHYDE 
	The EPA has classified formaldehyde as a probable human carcinogen. Formaldehyde is unique in that the majority of the concentrations observed in the atmosphere are assumed to result from secondary formation. It is estimated that roughly 80 percent of ambient formaldehyde in summer and 30 percent in winter results from secondary formation (Ligocki et al., 1992). Formaldehyde is also destroyed in the atmosphere, especially in the presence of sunlight, and the estimated half-life in summer is approximately tw
	ISC3 only predicts primary formaldehyde emissions, including a decay factor. Formaldehyde was assumed to have a year-round half-life of two hours, though this likely overestimates decay during the winter months and also during all nighttime hours. Sensitivity analyses show that predicted primary concentrations are 25 percent higher when zero decay is assumed. Because primary formaldehyde concentrations make up only a part of the total formaldehyde, secondary concentrations need to be estimated and added to 
	The estimated secondary concentrations were obtained from the USEPA research oriented version of the Ozone Isopleth Plotting Package (OZIPR; see section 2.8). EPA ran the OZIPR model for urban and rural counties in and near Metro Denver using 1996 emission estimates. DDEH also ran OZIPR with updated emissions incorporating the temporal variation in emissions described in chapter 4, as well as updated VOC reactivity based on 6-9 am sampling conducted by CDPHE in the summer of 1996. 
	EPA OZIPR model results predict an annual average primary formaldehyde concentration of 0.8 µg/mand a secondary formaldehyde concentration of 5.2 µg/min Denver County for a total concentration of 6.0 µg/m(4.9 ppbv). This equates to 87 percent of total annual formaldehyde being formed secondarily. DDEH OZIPR results for Denver County estimate that 90 percent of annual average formaldehyde is secondary. 
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	For the rural counties around Denver, (Elbert and Clear Creek), EPA OZIPR results predict a total concentration of 3.3 µg/m, with 91 percent (3.0 µg/m) being formed secondarily. DDEH did not run OZIPR for rural counties. 
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	For this assessment, the estimated secondary formaldehyde concentration for Metro Denver is 
	3.51 µg/m. This value was obtained by multiplying the ISC3 median predicted primary concentration of 0.43 µg/mby the ratio of EPA OZIPR secondary-to-primary contributions (87 percent ÷ 13 percent = 6.69). DDEH’s secondary concentration is 33 percent lower than the EPA estimate of 5.2 µg/m, mainly because the DDEH predicted primary concentration is lower than EPA primary concentration. 
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	The USEPA estimates a background concentration for formaldehyde of 0.25 µg/m(0.2 ppbv). Research conducted in 1993 by Fried et al. (1997) in the mountains west of Boulder during periods of relatively clean westerly flow showed 24-hour average formaldehyde concentrations 
	The USEPA estimates a background concentration for formaldehyde of 0.25 µg/m(0.2 ppbv). Research conducted in 1993 by Fried et al. (1997) in the mountains west of Boulder during periods of relatively clean westerly flow showed 24-hour average formaldehyde concentrations 
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	ranging from 1.0 to 1.5 ppbv, the latter value prior to a September 1993 snowstorm. However, data were only collected for six weeks in August and September of 1993. For this reason, DDEH adopted EPA’s estimated background concentration of 0.25 µg/m, though locally the potential exists for that value to be greater. 
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	Figure 5-10 shows the predicted formaldehyde concentrations (in ppbv), which include the estimated secondary and background concentrations previously mentioned. Figure 5-10 resembles Figures 5-3, 5-4, and 5-8 and is expected given that approximately 90 percent of primary formaldehyde emissions emanate from motor vehicles. 1996 NTI formaldehyde emissions from off-road sources are slightly greater than for on-road sources, but 125 tons/year (46 percent) of off-road emissions in Denver County are estimated to 
	In 1996, an annual average formaldehyde concentration of 3.0 ppbv was observed at the Auraria site in downtown Denver (Anderson, 2001); this is 6 percent lower than the predicted concentration. The observed concentration is based on 2,119 4-hr average samples collected at Auraria, which means sampling occurs on a nearly continual basis. 
	Riggs et al. (1997) reports sampling results in Denver at Auraria and in Boulder at Marine Street and at 28Street during the winter (February 7– March 8) and summer (July 11– September 1) of 1996 (see Figure 5-9 for locations). Consecutive 4-hour average samples were collected every day at Auraria and Marine during both winter and summer and every other day at 
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	street in the winter only. The two Boulder sites are approximately one mile apart. Although predicted concentrations were not modeled in Boulder, the observed concentrations provide insight into the spatial distribution of concentrations in northwest Metro Denver. 
	During the winter, 24-hr average observed concentrations at Auraria, Marine, and 28Street were 3.6, 2.8, and 3.0 µg/m, respectively. During the summer, concentrations at Auraria and Marine were 4.4 and 4.0 µg/m, respectively. The observed seasonal values at Auraria are within 20 percent of the predicted annual average concentrations (including secondary formation). 
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	Figure 5-11 shows the diurnal variation of formaldehyde concentrations reported by Riggs et al. at Auraria (downtown Denver) and at both sites in Boulder during the winter and summer of 1996. During both seasons, concentrations in Denver are significantly higher than Boulder from midnight through 8am. The Auraria site reaches peak winter concentration during the 4 am – 8 am period, though the 8 am – noon period is only about 10 percent lower. 8 am – noon concentrations in Boulder are about double the preced
	Median Predicted Concentration = 3.1 Concentrations in parts per billion volume 
	Figure 5-10. Predicted annual average formaldehyde concentrations (ppbv, including secondary formation) with locations of monitoring sites where samples were collected during the winter and summer of 1996 by Anderson (see Riggs et al., 1997). Data values are for winter and summer, respectively. (Note: for formaldehyde 1 ppbv = 1.23 µg/m). 
	Figure 5-10. Predicted annual average formaldehyde concentrations (ppbv, including secondary formation) with locations of monitoring sites where samples were collected during the winter and summer of 1996 by Anderson (see Riggs et al., 1997). Data values are for winter and summer, respectively. (Note: for formaldehyde 1 ppbv = 1.23 µg/m). 
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	The simplest hypothesis is that primary emissions from other areas in Metro Denver are advected towards Boulder, and when added to local emissions produce higher concentrations. This hypothesis can be tested using meteorological data for Rocky Flats in Figure 5-2(a). During the 8 am – noon period, winds back from SW to SSE. This same pattern is observed during the summer, but occurs much earlier due to the earlier sunrise and associated surface heating. 
	averages) in Denver and Boulder during the winter and summer of 1996 (Riggs et al., 1997). Summer ozone concentrations at Rocky Flats are also shown (about 11 miles south of Boulder). Data were not collected at Boulder-28Street in the summer. 
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	Figure 5-11. Diurnal variation of observed median formaldehyde concentrations (4-hour 
	Figure 5-11. Diurnal variation of observed median formaldehyde concentrations (4-hour 


	Formaldehyde can also be destroyed through reactions with hydroxyl radicals and by photolysis from the Sun’s energy. It is estimated that formaldehyde has an atmospheric daytime half-life of two hours in the summer. Summer noon -4 pm concentrations in Boulder would be expected to be lower than the preceding time period, which is not the case from the observed data. 
	It is also possible that the formation of secondary formaldehyde in air masses advected towards Boulder is contributing to the higher observed concentrations during the midday and afternoon periods. Volatile organic compounds (VOCs) undergo photochemical reactions in the atmosphere. Certain VOCs are very reactive, while others may persist for long periods of time with little decay. Formaldehyde is a by-product of many of these reactions. In fact, these same photochemical processes contribute to ozone format
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	Several ozone studies have shown ozone concentrations on the downwind periphery of urban areas to be higher than those in the urban core. Spatial and temporal differences in ozone precursor emissions and the advection and photochemical processing of air masses towards downwind areas largely drive this phenomenon. 
	There could be other factors such as meteorological differences (mixing heights) or differences in biogenic emissions that are not accounted for in the inventories. From what is known about the climatology of Metro Denver, it does not appear meteorological differences alone can explain the differences in the observed data. Also, if primary emissions were the main contributor to the observed concentrations, it is likely the diurnal distribution would be bi-modal, as is observed for carbon monoxide. This is n
	To better estimate secondary concentrations of photochemically reactive pollutants, the use of a photochemical model is required. Photochemical models account for emissions, dispersion and chemical transformation simultaneously. They are generally very complex models requiring extensive input and computer resources. These models are usually run for short-term episodes on the order of one week. Running these models for each day of the year to obtain an annual average would require extensive amounts of time. 
	Based on the results presented in this section, the OZIPR model appears to provide a reasonable estimate of secondary concentrations for Denver County, and is a much simpler method to employ. However, applying results for Denver County to other counties such as Boulder County may under or over estimate secondary contributions, depending on whether the area is upwind or downwind of emissions in the urban core. 

	5.8 ACETALDEHYDE 
	5.8 ACETALDEHYDE 
	The EPA considers acetaldehyde a probable human carcinogen. Acetaldehyde exists in the vapor phase in the atmosphere, and approximately 83 percent of primary acetaldehyde emissions modeled in this assessment are estimated to come from mobile sources. As with formaldehyde, acetaldehyde concentrations in the atmosphere are estimated to have large contributions from secondary formation. It is estimated that roughly 90 percent of ambient acetaldehyde in summer and 40 percent in winter results from secondary pro
	The secondary concentration of acetaldehyde was determined according to the procedure described for formaldehyde in the previous section. In Denver County, EPA OZIPR model runs predict annual average primary and secondary acetaldehyde concentrations of 1.2 µg/mand 7.0 µg/m, respectively. This equates to 85 percent of total acetaldehyde being formed secondarily. For the rural counties around Denver, OZIPR predicts a total concentration of 5.5 µg/m, with 93 percent (5.1 µg/m) being formed secondarily. 
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	The estimated secondary acetaldehyde concentration for Metro Denver in this assessment is 1.62 µg/m(0.9 ppbv). This value was obtained by multiplying the ISC3 median predicted concentration of 0.27 µg/m(0.15 ppbv) by the ratio of OZIPR secondary/primary contributions (87 percent ÷ 13 percent = 6.69). DDEH’s secondary concentration is nearly 70 percent lower than EPA’s OZIPR estimated secondary concentration of 7.0 µg/m. A total predicted concentration of 1.62 ppbv is estimated. 
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	The USEPA does not estimate a background concentration for acetaldehyde. Research conducted in 1993 by Goldan et al. (1997) in the mountains west of Boulder during periods of relatively clean westerly flow showed 24-hour average acetaldehyde concentrations of 0.15 ppbv. Due to the limited duration of this sampling (six weeks in August and September of 1993), DDEH assumed a zero background concentration, though the potential exists for the background to be approximately 0.1 – 0.2 ppbv. 
	Figure 5-12 shows the predicted annual average acetaldehyde concentrations, including secondary formation. For 1996, an annual average acetaldehyde concentration of 2.9 µg/m(1.6 ppbv) was observed at the Auraria site in downtown Denver (Anderson, 2001); this is 18 percent higher than the total predicted concentration at the Auraria location. 
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	Median Predicted Concentration = 1.4 Concentrations in parts per billion volume 
	Figure 5-12. Predicted annual average acetaldehyde concentrations (including secondary formation) with locations of monitoring sites where samples were collected during the winter and summer of 1996 by Anderson (see Riggs et al., 1997). Data values are for winter and summer, respectively. (Note: for acetaldehyde 1 ppbv = 1.8 µg/m). 
	Figure 5-12. Predicted annual average acetaldehyde concentrations (including secondary formation) with locations of monitoring sites where samples were collected during the winter and summer of 1996 by Anderson (see Riggs et al., 1997). Data values are for winter and summer, respectively. (Note: for acetaldehyde 1 ppbv = 1.8 µg/m). 
	3



	The Riggs et al. (1997) 1996 carbonyl sampling data show that in the winter, 24-hr average acetaldehyde concentrations at Auraria, Marine, and 28Street were 2.6, 5.6, and 6.5 µg/m, respectively. During the summer, concentrations at Auraria and Marine were 3.4 and 9.2 µg/m, respectively. 
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	Figure 5-13 shows the diurnal variation of acetaldehyde concentrations measured by Riggs et al. at Auraria (downtown Denver) and at the sites in Boulder during the winter and summer of 1996. In the winter, 4 am – 8 am concentrations are slightly higher in Denver than in Boulder. However, for most other time periods, concentrations in Boulder are equal to or greater than those in Denver, regardless of season. The diurnal variation of acetaldehyde is similar to 
	Figure 5-13 shows the diurnal variation of acetaldehyde concentrations measured by Riggs et al. at Auraria (downtown Denver) and at the sites in Boulder during the winter and summer of 1996. In the winter, 4 am – 8 am concentrations are slightly higher in Denver than in Boulder. However, for most other time periods, concentrations in Boulder are equal to or greater than those in Denver, regardless of season. The diurnal variation of acetaldehyde is similar to 
	Figure 5-13. Diurnal variation of observed median acetaldehyde concentrations in Denver and Boulder during the winter and summer of 1996 (Riggs et al., 1997). Summer ozone concentrations at Rocky Flats are also shown (about 11 miles south of Boulder). Data were not collected at Boulder-28Street in the summer. 
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	formaldehyde at each of the sites. While the observed 24-hour average formaldehyde 
	concentration in Denver was higher than in Boulder, the same is not true for acetaldehyde. This suggests that either primary emissions of acetaldehyde are significantly higher in Boulder, which is not evident in the emission inventory, or that significant photochemical production of acetaldehyde is occurring as air masses are advected towards Boulder. 
	During both seasons at Auraria, 24-hr average formaldehyde concentrations are approximately a factor of 1.9 greater than acetaldehyde concentrations. This closely approximates the formaldehyde/acetaldehyde emission inventory ratio of 2.0 (see Table B-1 in Appendix B). In contrast, both sites in Boulder have 24-hour average acetaldehyde concentrations that exceed formaldehyde concentrations by 35-45 percent during the winter. Riggs et al. explored the potential of significant sources of acetaldehyde in Bould
	From the data, the amount of acetaldehyde formed secondarily exceeds that for formaldehyde. While DDEH cannot estimate the relative production rates for each compound from photochemical reactions, DDEH used an atmospheric half-life of two hours for formaldehyde and nine hours for acetaldehyde in the dispersion model (EPA, 1999a). If equal production rates are assumed, it is expected that secondary acetaldehyde concentrations would be higher due to less destruction over time in the atmosphere. 
	CDPHE-APCD conducted air toxics sampling, including formaldehyde and acetaldehyde, from September 2000 through September 2001, and again from May 2002 – April 2003. The 20002001 annual average concentrations at CAMP for formaldehyde and acetaldehyde were 6.3 and 
	-

	2.4 ppbv, respectively. CAMP is approximately 1 mile NE of Auraria. The formaldehyde concentration at CAMP is over twice the annual average reported at Auraria in 1996, while the acetaldehyde concentration is about 50 percent higher. Only May through November 2002 data were available at CAMP by spring 2003; average concentrations for formaldehyde and acetaldehyde were 7.6 and 2.3 ppbv, respectively. The 2002 concentrations were the same as acetaldehyde concentrations and slightly higher than observed formal
	Though both the CDPHE-APCD and Anderson data sets were derived independently, it appears formaldehyde and acetaldehyde concentrations in Denver are not trending downward, which is in contrast with carbon monoxide and benzene concentrations. The degree to which secondary formation is occurring could in large part explain these differences. 

	5.9 PERCHLOROETHYLENE (TETRACHLOROETHYLENE) 
	5.9 PERCHLOROETHYLENE (TETRACHLOROETHYLENE) 
	EPA has classified perchloroethylene (perc) as a probable human carcinogen. Perc is most commonly used for dry cleaning and textile processing, but is also used as a degreasing agent, and in brake cleaners, sealants, and silicones. Perc exists as a vapor in the atmosphere and is not photochemically reactive, with published half-life values ranging from 39-96 days in the summer (EPA, 1999a; Atkinson, 1989). 
	Predicted perchloroethylene concentrations are shown in Figure 5-14. It is apparent that the spatial distribution of perc concentrations is much different than what was observed for the previous pollutants discussed in this report, where the majority of primary emissions emanate from mobile sources. Perc is emitted mainly from stationary sources, with minor contributions from area sources. As noted in Chapter 3, dry cleaner emissions were modeled as point sources because the data was available in the CDPHE 
	The modeled concentrations in Figure 5-14 are within a factor of two of observed concentrations. The observed concentrations were greater than the minimum detection limit (0.046 µg/m) 71-92 percent of the time. The modeled concentrations include an estimated background concentration of 0.14 µg/m, which in the outlying areas makes up nearly all of the predicted concentration. 
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	The monitored data indicate that perc concentrations increase to the west and south, closer to the population and the urban core. Assuming no emissions emanated from the Rocky Mountain Arsenal (RMA) in 1996, the data support the use of a background concentration. The value of 
	0.14 µg/mused by EPA appears reasonable when compared to the median observed concentrations. 
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	While the monitoring data surrounding the RMA is useful, the highest predicted perc concentrations occur within Denver County in the immediate vicinity of stationary sources. CDPHE conducted 3-hour average sampling (6-9am) for perc (and other VOCs) in the summer of 1996 and the winter of 1997. The sampling was conducted at CAMP and Welby (see Figure 5-14 for locations) and the results are shown in Figure 5-15. Of the 18 samples collected over both seasons, concentrations at CAMP equal or exceed those at Wel
	It is not possible to extrapolate an annual average concentration from the 3-hour average concentrations, but it is expected that annual average concentrations would be appreciably lower. 
	Fall 2000 through Fall 2001 data at CAMP show an annual average perc concentration of 0.4 
	µg/m, with 75 percent of 24-hour average samples above the reported minimum detection limit. The predicted 1996 concentrations are lower than the observed 2000-01 average concentrations, though the difference in emissions from 1996 to 2001 is unknown at this time. 
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	Because perchloroethylene is emitted almost exclusively from point sources, the highest concentrations will exist in close proximity to the source and monitored concentrations may not accurately reflect this. This type of application is where modeling can provide information that monitoring cannot. 
	Median Predicted Concentration = 0.26 Concentrations in micrograms per cubic meter 
	Figure 5-14. Predicted versus observed annual average perchloroethylene concentrations (µg/m) for 1996. Observed mean and median concentrations are listed [mean/median]. 
	Figure 5-14. Predicted versus observed annual average perchloroethylene concentrations (µg/m) for 1996. Observed mean and median concentrations are listed [mean/median]. 
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	Monitored 3 Hour Average Perchloroethylene Concentrations at CAMP and Welby, Summer 1996 6am-9am 0.0 0.5 1.0 1.5 2.0 2.5 3.0 08/27/96 08/29/96 08/31/96 09/02/96 09/04/96 09/06/96 09/08/96 Date Concentration (micrograms/m3 ) CAMP Welby 0 1 2 3 4 5 6 7 Concentration (micrograms/m3 ) Date Monitored 3 Hour Avg Perchloroethylene concentrations at CAMP and Welby Stations, Winter 1997 6am-9am CAMP Welby (b) (a) Minimum detection limit = 0.2 Minimum detection limit = 0.5 
	Figure 5-15. Observed 3-hour average perchloroethylene concentrations in µg/mduring the summer of 1996 and winter of 1997 at CAMP and Welby (see Figure 5-13). Dashed line indicates reported minimum detection limit. 
	Figure 5-15. Observed 3-hour average perchloroethylene concentrations in µg/mduring the summer of 1996 and winter of 1997 at CAMP and Welby (see Figure 5-13). Dashed line indicates reported minimum detection limit. 
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	5.10 CHROMIUM COMPOUNDS 
	5.10 CHROMIUM COMPOUNDS 
	Chromium compounds in the atmosphere exist in particulate form, the majority of which are fine particulates (<2.5 µm). Consequently, chromium can remain suspended for long distances and be easily inhaled. Chromium occurs in the environment in two major valence states, trivalent chromium (Cr III) and hexavalent chromium (Cr VI). Hexavalent chromium is much more toxic than trivalent chromium. Older laboratory tests found it difficult to separate Chromium (VI) from Chromium (III); in many cases the analyses we
	Figure 5-16 shows the predicted chromium concentrations along with annual average concentrations for 1999 around the Rocky Mountain Arsenal (RMA). In addition, speciated chromium concentrations from the winter 1996/97 subset of PM2.5 samples collected during the NFRAQS are shown. Again, the NFRAQS results take into account the PM2.5 correction factor applied to obtain an average concentration for the entire sampling period, not just for the subset of samples collected during high pollution episodes (see sec
	The 1999 RMA concentrations are a factor of 3-10 times higher than the NFRAQS data. It is possible that remediation of contaminated soil at the Rocky Mountain Arsenal caused resuspension of historical emissions of chromium that in turn produced higher ambient concentrations near the Arsenal perimeter. However, concentrations from the five outer perimeter monitors are fairly uniform and indicate that offsite contributions of chromium cannot be discounted. RMA data analyses associate approximately 80 percent 
	-

	The model under predicts by a factor of 22 to 37 compared to the RMA data but when compared to the NFRAQS data collected during the winter of 1996-1997, the model under predicts by a factor of 2 to 4. It is possible that re-suspensed dust and geologic material contribute to observed concentrations of particulates. Emission estimates of re-suspended dust are not known and therefore were not included in the assessment. However, Watson et al. (1998) estimated that road and geologic dust contributes 18.9 2.9 pe
	+ 

	Figure 5-16 highlights the fact that modeled emissions from stationary sources can be high in localized areas but if existing monitors are not sited close enough to the sources, validation of the predicted results is difficult. 
	The Denver Air Toxics Assessment 
	Figure 5-16. Predicted versus observed annual average total chromium concentrations (µg/m) with long-term monitor locations (cross hairs) and their associated annual average concentrations for 1996. NFRAQS winter 1996-97 monitor locations are shown in blue for 1996. 
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	5.11 ADDITIONAL ISC3ST PREDICTED CONCENTRATIONS 
	5.11 ADDITIONAL ISC3ST PREDICTED CONCENTRATIONS 
	The pollutants discussed were included in the text of this report for the following reasons: 
	• 
	• 
	• 
	to show the varying spatial characteristics of pollutant concentrations from different types of sources; 

	• 
	• 
	there was adequate monitoring data to compare with predicted data; and 

	• 
	• 
	to highlight some of the complex issues such as photochemistry that also needs to be understood to augment dispersion model predictions. 


	A total of 70 air toxics were modeled. Results for additional pollutants are presented in chapter 6 if either predicted or observed concentrations exceed established health benchmarks. Results for all pollutants are listed in Appendix C. 

	5.12 ISC3ST SENSITIVITY ANALYSES 
	5.12 ISC3ST SENSITIVITY ANALYSES 
	Several assumptions and simplifications were implemented at various stages of this assessment. Most relate to input parameters required by the ISC3 model, including meteorological parameters. Sensitivity analyses were conducted to evaluate model performance and are discussed here. 
	5.12.1 Sampled Chronological Input Model (SCIM) Option 
	5.12.1 Sampled Chronological Input Model (SCIM) Option 
	As noted in section 2.1, the Sampled Chronological Input Model (SCIM) option was utilized for model runs with area and/or mobile source emissions to keep model run times reasonable. Sensitivity analyses were performed on point, area, and mobile source emissions of benzene. The five highest predicted concentrations for point sources varied by less than ± 10 percent, with an average difference across the five receptors of 2.5 percent. This is considered a very good result considering SCIM model run times take
	th 

	Sensitivity analyses for area and mobile source emissions from a subset of 150 neighboring census block groups in Denver County showed that the five highest predicted concentrations differed by only 2-3 percent, while the mean concentration across all 150 receptors varied by only 1.3 percent. For individual receptors, concentrations resulting from the use of the SCIM option ranged from an 8 percent under prediction to a 7 percent over prediction as compared to full meteorology runs. 

	5.12.2 Deposition 
	5.12.2 Deposition 
	For the particulate HAPs, the model shows that wet deposition dominates over dry deposition as the mechanism for atmospheric removal. The particle size fractions are defined in the ISC3 model input file, and for this assessment it was assumed that 95 percent of the particles were less than 3 microns (millionths of a meter) in diameter. These particle size fractions were obtained from the USEPA's guidance for modeling urban air toxics (EPA, 1999a). 
	A study of particulate matter emissions from in-use, light-duty vehicles was conducted in the summer of 1996 and winter of 1997 in the Denver region (Cadle et. al, 1998). Results showed that on average, 91 percent of the mass emitted from gasoline vehicles was less than 2.5 µm in diameter. For smoking (gasoline) and diesel vehicles, the percent mass less than 2.5 µm increased to 97 percent and 98 percent, respectively. The smaller the particle size, the less likely it is to be affected by gravitational sett
	In addition to the particle size fractions, information on particle bulk density is also required. In this assessment, it was assumed that all particle sizes have a bulk density of 1.0 g/cm, as per the EPA's urban air toxics modeling guidance. A sensitivity analysis performed on diesel PM emissions in Denver County using a bulk density of 2.0 g/cmshows that diesel PM concentrations and deposition totals changed by less than 0.1 percent. 
	3
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	5.12.3 Emission Factors 
	5.12.3 Emission Factors 
	The use of emission factors by season and hour-of-day also introduces some uncertainty into the results. The use of emission factors is expected to lower the predicted concentrations because the majority of emissions are emitted during the daytime hours, when meteorological conditions support increased dispersion. Without the use of emission factors, it is assumed that emissions are constant throughout each hour of the day. Assuming equal hourly area and mobile source benzene emissions results in a 23 perce

	5.12.4 Non-Default NOCALM Meteorological Processing Routine 
	5.12.4 Non-Default NOCALM Meteorological Processing Routine 
	The regulatory default option in ISC3 is to set hourly average concentrations to zero in the event of a calm meteorological hour. This is necessary because the gaussian plume equation, which is used to calculate pollutant concentrations, contains wind speed as a variable in the denominator. Including zero wind speeds would cause the model to abort. The five-year meteorological data set used for this assessment had approximately six percent calm hours. 
	Hourly zero concentrations are used to calculate annual averages. It is not logical to conclude that concentrations are zero during calm hours. During calm hours, dispersion processes are minimized and erratic and in many circumstances it is these conditions that produce worst-case dispersion results for many types of sources. ISC3 allows the user to override the regulatory default option. A sensitivity analysis conducted for benzene in Denver County indicates that gaseous air toxic concentrations increase 
	The same sensitivity analysis was not conducted for particulates, though an increase similar to gaseous air toxics is assumed. 

	5.12.5 Physical/Chemical Parameters 
	5.12.5 Physical/Chemical Parameters 
	Sensitivity analyses were also performed on physical/chemical parameters (see section 2.3) such as the solubility enhancement factor and reactivity parameter, which affect deposition and removal rates. Published values were not available for the pollutants in this assessment, so a solubility enhancement factor of 1.0 for SOwas utilized, as suggested in the ISC3 user guide. Increasing this value to 5.0 resulted in concentration differences of less than one percent. The reactivity parameter used in this asses
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	Decay coefficients or half-life values can also be specified for each pollutant being modeled. These variables fluctuate over the course of a day and year but the model accepts only one value for each model run. Benzene has an estimated half-life of six days in the summer and 39 days in the winter, and DDEH used the summer values (shorter half-lives) to predict annual average concentrations. Model runs using the winter value (39 days) for benzene indicate that the predicted annual average concentration diff
	There were several other parameters that were required as input to the meteorological files, such as albedo, surface roughness length at both the meteorological site and application site, and leaf area index. Appropriate values were used where data was available; otherwise values used in the USEPA's Phoenix and Houston case studies were applied to Denver. A sensitivity analyses was conducted for surface roughness and ISC3 was found to be insensitive to this parameter. 

	5.12.6 Meteorological Parameters 
	5.12.6 Meteorological Parameters 
	As discussed in section 2.6.2, a minimum mixing height of 100 m was applied to the meteorological data based on USEPA modeling guidance for urban air toxics; this is the recommended value for cities with tall buildings. While downtown Denver has many tall buildings, much of the modeling domain is more suburban or rural in nature. Personal communication with air dispersion modelers at CDPHE indicated that they use 20 m as a minimum mixing height. Approximately 25-30 percent of the original mixing height valu
	Sensitivity analyses were conducted for benzene emissions in Denver County using minimum mixing heights of 25 m and 50 m. Results show less than a one percent difference between the predicted median concentration using 25 m and 100 m minimum mixing heights. This is not surprising because area and mobile source emissions are assumed to emanate from a height of 23 m and greatly exceed point source emissions of benzene. Since the majority of mobile and area source pollutants are emitted beneath either mixing h
	-



	5.13 ISC3ST VERSUS AERMOD 
	5.13 ISC3ST VERSUS AERMOD 
	The AERMOD dispersion model has been proposed to replace ISC3 for similar modeling applications. AERMOD contains many new state-of-the-science concepts and approaches over ISC3, especially with regards to wind, turbulence, and temperature profiles. However, all but one of the AERMOD evaluation databases involved tall, non-downwashed, highly buoyant power plant stacks. The majority of ISC3 applications involve modest stacks with modest buoyancy flux values, most of which are subject to some degree of aerodyn
	AERMOD (beta version 02222) was run for the same sources modeled in ISC3. The beta version included the SCIM option employed in ISC3. While AERMOD is not yet able to predict deposition, sensitivity analyses using ISC3 indicate the model was not sensitive to these parameters. In addition, AERMOD does not accept many of the air toxics parameters incorporated into ISC3, but again the sensitivity analyses showed only minimal differences with or without these parameters. AERMOD does accept the same temporal emis
	Using many of the same inputs, AERMOD predicts a median concentration for benzene that is seven percent lower than ISC3. AERMOD also shows tighter concentration gradients. As with ISC3, AERMOD accepts inputs for surface roughness at both the meteorological measurement site and the application site. Whereas ISC3 was not sensitive to these inputs, AERMOD is quite sensitive to these inputs. 
	The representation of surface roughness is a critical first step in many meteorological and pollutant dispersion modeling activities. It provides an estimate of the drag and turbulent mixing associated with the underlying surface. Friction velocity is a measure of the stress due to wind shear at the earth’s surface. Friction velocity is calculated in part from surface roughness. 
	Past urban modeling has assumed a surface roughness of 1.0 m in urban areas, whereas the meteorological site in Denver (Stapleton Airport) is in an area with an assumed surface roughness of 0.15 m. This range of surface roughness values in AERMOD results in predicted concentrations that differ by more than factor of two (the smaller the surface roughness, the higher the predicted concentrations). Metro Denver has a heterogeneous mix of tall buildings (downtown Denver), small to medium size structures (indus
	DDEH conducted research to identify surface roughness parameters in Metro Denver and/or other cities and to evaluate the changes in the local meteorological data set using different values of surface roughness. 
	Burian et al. (2002) derived morphological properties for Los Angeles, Phoenix, and Salt Lake City. Surface roughness was calculated for a 12-kmsection of downtown Los Angeles, a 16
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	kmsection of downtown Phoenix, and 6-kmsection of downtown Salt Lake City. Using three different methods, weighted average surface roughness ranged from m in Los Angeles, 0.3-0.6 m in Phoenix, and 1.2-1.4 m in Salt Lake City. In Phoenix, surface roughness values range from 0.2 m in the industrial area to 2.1 m in the downtown core area. Areas with large quantities of impervious surfaces have almost no surface roughness. While this provides a range of potential values, the areas selected were rather small an
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	Surface roughness and friction velocity can be estimated from wind measurements. Meteorological data collected at six heights on an 82 m tower at the National Wind Technology Center are used to estimate the friction velocity and surface roughness at the site. The site is about 14 miles NW of downtown Denver and is 1855 m above sea level, which is approximately 250 m higher than Denver. The site is two miles east of the foothills of the Rocky Mountains and is surrounded mostly by rolling, undeveloped terrain
	10-minute average data from January 1997 through March of 1998 was downloaded and analyzed. The median and mean friction velocity over the entire period was 0.21 and 0.27 m/s, respectively. Median and mean surface roughness lengths were 0.03 m and 0.51 m, respectively. The large difference between median and mean roughness lengths highlights the fact that drainage flows from the mountains occasionally affect the site, thereby increasing the estimated roughness lengths significantly. 80 percent of the observ
	Figures 5-17 through 5-19 show the estimated average mixing height, friction velocity, and Monin-Obukhov length calculated by MRPM and AERMET, the meteorological pre-processors used to format data for use by ISC and AERMOD. The MPRM data set was produced assuming a surface roughness of 1 m whereas the AERMET data sets were generated using surface roughness lengths of 0.5 m and 1.0 m. MPRM is not sensitive to surface roughness so values other than 1 m are not discussed here. 
	Figure 5-17 shows diurnal average mixing heights for the winter and summer seasons. AERMET, with an assumed surface roughness of 1 m shows significantly higher mixing heights between midnight and 6 am. MPRM mixing heights are greater than either AERMET mixing height between 6 am and noon as well as 6 pm and midnight. This is most likely the result of linear interpolation between twice daily (morning and evening) upper air measurements; mixing heights are calculated differently in AERMET. Mixing heights from
	surface roughness values. For MPRM, little difference is observed for varying roughness lengths (Zo), therefore only values for Zo = 1m are shown. 
	Estimated Seasonal Average Mixing Heights from MPRM and AERMET for Different Surface Roughness Lengths 0 500 1000 1500 2000 2500 3000 3500 midnite-6am 6am-noon noon-6pm 6pm-midnite Mixing Height (m)Winter MPRM Zo=1m Winter AERMET Zo=1m Winter AERMET Zo=0.5m Summer MRPM Zo=1m Summer AERMET Zo=1m Summer AERMET Zo=0.5m 
	Figure 5-17. Seasonal and diurnal mixing heights from MRPM and AERMET for different 
	Figure 5-17. Seasonal and diurnal mixing heights from MRPM and AERMET for different 


	Figure 5-18. Seasonal and diurnal friction velocity from MRPM and AERMET for different surface roughness values. For MPRM, little difference is observed for varying roughness lengths (Zo), therefore only values for Zo = 1m are shown. 
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	Figure 5-19. Seasonal and diurnal Monin-Obukhov length from MRPM and AERMET for different surface roughness values. For MPRM, little difference is observed for varying roughness lengths (Zo), therefore only values for Zo = 1m are shown. 
	Figure 5-19. Seasonal and diurnal Monin-Obukhov length from MRPM and AERMET for different surface roughness values. For MPRM, little difference is observed for varying roughness lengths (Zo), therefore only values for Zo = 1m are shown. 


	Figure 5-18 indicates that the friction velocity calculated by AERMET for an assumed surface roughness of 0.5 m better approximates output from MPRM. Figure 5-19 also indicates that AERMET at 0.5 m better approximates MPRM results for Monin-Obukhov lengths, although 6 am-noon AERMET estimates indicate greater atmospheric stability in the winter. Monin-Obukhov lengths close to zero indicate highly stable (positive) or unstable (negative) conditions. 
	It appears a weighted average surface roughness 0.5 m across Metro Denver as input to the AERMET meteorological processor is reasonable, as a better match with measured twice-daily mixing heights and MPRM output is obtained. Using AERMOD with AERMET output and a surface roughness length of 0.5 m results in predicted benzene concentrations that are 13 percent greater than concentrations obtained using ISC3. Ideally, model runs would be conducted for varying surface roughness lengths throughout Metro Denver. 

	5.14 SUMMARY 
	5.14 SUMMARY 
	In this chapter, historical observed data in Metro Denver were summarized and compared with predicted concentrations for several air toxics and carbon monoxide. DDEH predicted 
	concentrations were also compared with modeled 1996 NATA concentrations. For the most part predicted concentrations are within a factor of 2.5 of observed concentrations, this is considered a good result. The importance of photochemistry and the problem it poses was also discussed. 
	Sensitivity analyses were conducted, as was a comparison of ISC3 and AERMOD, the proposed next generation model to succeed ISC3. For the same surface roughness parameters, median concentrations predicted by AERMOD were 7 percent lower ISC3. AERMET, the meteorological pre-processor to AERMOD, is sensitive to surface roughness. Using a surface roughness value for AERMET that produces output similar to output from MPRM results in AERMOD predicted concentrations that are 13 percent higher than ISC3. 
	How the predicted and observed concentrations compare to established health benchmarks and what risks, if any, ambient concentrations pose is discussed in chapter 6. 


	6. AIR INHALATION RISK ESTIMATES BASED ON MODELED AND 
	6. AIR INHALATION RISK ESTIMATES BASED ON MODELED AND 
	MONITORED CONCENTRATIONS 
	Many of the air toxics modeled in this assessment have been classified by the U.S. Environmental Protection Agency (USEPA) as known, probable, or possible human carcinogens (i.e., cancer causing substances). Air toxics are also associated with a wide variety of other adverse health effects that include neurological, cardiovascular, liver, kidney, and respiratory effects as well as effects on the immune and reproductive systems. Severity of effect varies with the amount and duration of exposure, the toxicity
	To evaluate a chemical’s potential to cause cancer or other adverse health effects, the USEPA and other government agencies examine adverse effects caused by a particular chemical (hazard identification), determine the exposure to the population (exposure assessment; modeling or monitoring), and evaluate the specific exposure levels at which these effects might occur (doseresponse assessment). The evaluations are based on studies of humans, animals, and/or microorganisms that usually have been published in 
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	To maintain consistency with other air toxics assessments, including the USEPA’s National Air Toxics Assessment, DDEH utilized toxicity benchmarks (i.e., health benchmarks) developed or adopted by the USEPA. Where USEPA has not yet established toxicity benchmarks, benchmarks established by the California EPA were utilized. Chemicals without established USEPA toxicity benchmarks include diesel particulate matter (PM), lead, tetrachloroethylene 
	(a.k.a. perchloroethylene or perc), and ethylene oxide. 
	6.1 CANCER EFFECTS 
	6.1 CANCER EFFECTS 
	The USEPA typically expresses the dose-response relationship for cancer in terms of a “unit risk estimate” (URE). For inhalation exposures, the URE is an upper-bound estimate of an individual's likelihood of contracting cancer over a lifetime of exposure to one microgram of the chemical per cubic meter (µg/m) of air. Risks from exposures to concentrations other than one microgram per cubic meter are assumed to be linear, meaning one-half the concentration produces one-half the estimated risk and so on. UREs
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	The process of unit risk estimation includes several important sources of uncertainty. First, many of the chemicals modeled in this assessment are classified as probable carcinogens, which means that data were not sufficient to prove that these substances definitely cause cancer in humans. Second, all unit risk estimates are based on linear extrapolation from high doses to low doses. It is possible that true dose-response relationships for some air toxics are less than linear, 
	in which case risk estimates will be significantly over-estimated. Third, most unit risk estimates 
	were developed from animal data using conservative methods to extrapolate between species. Actual human responses may differ from the predicted responses. Fourth, different statistical methods can be used to perform a statistical best fit of the dose-response curve, which affects the URE. Considering the assumptions used in all four facets of uncertainty, the USEPA considers all UREs to be upper-bound estimates. 
	Because excess lifetime cancer risk estimates are probabilities, risks associated with different substances can be added together as long as the substances cause cancer by (1) similar mechanisms, or (2) completely independent mechanisms. Addition of cancer risk estimates is inappropriate only where substances interact in ways that either enhance or inhibit each other's carcinogenic potency. Although the USEPA recommends that non-additive interactions be considered, very little information exists on non-addi
	The USEPA uses a system called the weight-of-evidence (WOE) for carcinogenicity to characterize the extent to which available data support the hypothesis that a compound causes cancer in humans. Under the USEPA's 1986 risk assessment guidelines, the weight-of-evidence approach was described by classification of chemicals into groups (A through E). 
	• 
	• 
	• 
	Group A contains "known" carcinogens, or compounds for which evidence is sufficient to demonstrate a causal relationship between exposure and cancer incidence in humans. 

	• 
	• 
	Group B contains "probable" carcinogens, for which evidence of cancer in humans is suggestive (Group B1) or evidence of cancer in animals is conclusive (Group B2). 

	• 
	• 
	Group C contains "possible" carcinogens, for which animal evidence is suggestive but not conclusive. 

	• 
	• 
	Group D contains agents for which no evidence exists (so it cannot be said whether the compound is or is not a carcinogen). 

	• 
	• 
	Group E contains compounds for which adequate negative evidence exists (so it can be said that the compound is not a carcinogen). 



	6.2 NON-CANCER EFFECTS 
	6.2 NON-CANCER EFFECTS 
	For air toxics, the USEPA typically expresses the dose-response relationship for health effects other than cancer in terms of an inhalation “reference concentration” (RfC), a level thought to be without adverse effects in a chronically exposed population, including sensitive individuals (California EPA uses the term REL or Reference Exposure Level). In other words, exposures below the chronic RfC (REL) will probably not cause adverse non-cancer health effects over a lifetime of exposure. RfCs exist for both
	To express non-cancer hazards, the USEPA uses the RfC as part of a calculation called the “hazard quotient” (HQ), simply the ratio between measured or modeled inhalation exposure and 
	the RfC. A HQ less than one indicates that the estimated exposure is lower than the RfC and that no adverse health effects would be expected. Conversely, a HQ greater than one indicates the inhalation exposure is higher than the RfC. Because many RfCs incorporate protective assumptions in the face of uncertain data, a HQ greater than one does not necessarily suggest a likelihood of adverse effects. Furthermore, the HQ cannot be translated to a probability that adverse effects will occur, and is not likely t
	Because different pollutants may cause similar adverse health effects on similar organs or organ systems, it is often appropriate to combine hazard quotients associated with different pollutants. The resulting summed value is termed the hazard index (HI). Ideally, hazard quotients should only be combined for pollutants that cause adverse effects by the same toxic mechanism. However, detailed information on toxic mechanisms is not available for most of the air toxics in this assessment. As with the HQ, a val
	In their documentation for the 1996 National Air Toxics Assessment (NATA), the USEPA used a simpler and more conservative method to combine non-cancer HQs associated with respiratory irritation. They combined the HQs for eight pollutants that cause chronic respiratory irritation, including: acetaldehyde, acrolein, acrylonitrile, arsenic, 1,3-dichloropropene, ethylene dibromide, formaldehyde, and trichloroethylene. 
	DDEH did not sum hazard quotients in this assessment because: 
	1. 
	1. 
	1. 
	acrolein and formaldehyde are the major risk drivers for the hazard quotient, and 

	2. 
	2. 
	acrolein was not monitored (it is currently difficult to do so accurately) and the majority of the predicted concentration is estimated to come from secondary atmospheric formation. Without monitoring data to support the estimated secondary concentration, DDEH decided it was not appropriate to sum acrolein in the hazard index. Therefore, the hazard quotient for each pollutant is listed separately. 



	6.3 IMPORTANT CAVEATS IN INTERPRETING HEALTH RISKS 
	6.3 IMPORTANT CAVEATS IN INTERPRETING HEALTH RISKS 
	A complete exposure assessment of air toxics emissions includes not only an analysis of exposure via the inhalation pathway, but also via non-inhalation pathways of indirect exposure such as ingestion and dermal contact. For some compounds, much of the exposure occurs following the deposition of airborne material onto surface water, soils, edible plants, and through ingestion of breast milk. These compounds are usually associated with particulate matter and include metals and semi-volatile organic matter. 
	The majority of the compounds for which UREs and RfCs have been developed are metals and volatile organic compounds (VOCs). VOCs emitted into the air tend to remain in the air and, therefore, it is logical to evaluate risks for VOCs only from the inhalation pathway. . The inhalation risk estimates assume a person weighs 70 kg (154 lbs) and breathes 20 mof air per day. Weights 
	All estimated risks in this assessment are via the inhalation pathway only
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	and breathing rates vary throughout the population, and these factors can only be addressed in a 
	more detailed risk assessment. 
	As stated above, the USEPA has not established UREs and RfCs for all pollutants. The California EPA’s Office of Environmental Health Hazard Assessment (OEHHA) is required to develop risk assessment guidelines mandated by the state’s Air Toxics “Hot Spots” Information and Assessment Act. In order to quantify estimates of health risks, information on both dose-response relationship and exposure are required. OEHHA has developed cancer potency factors (similar to UREs) and Reference Exposure Levels (RELs, simi
	In the current assessment, USEPA inhalation unit risk estimates (URE) for cancer and USEPA reference concentrations (RfCs) for non-cancer effects were used as benchmark concentrations whenever they were available. When these values were not available, California EPA inhalation unit risks or RELs were used instead. 
	The health risk assessment presented here assumes that ambient concentrations remain constant over the course of a lifetime (70 years). Concentrations for most pollutants have decreased substantially from past levels and are expected to continue to decrease as new emission control systems, especially those for mobile sources, take effect. 
	The risk estimates presented in this chapter also assume that people are exposed to ambient, outdoor concentrations at all times. However, people often spend as much as 80-90 percent of their time indoors (Wiley et al., 1991). Indoor air concentrations have been studied on a much less extensive basis than ambient concentrations. Results from several studies measuring air toxics concentrations in various microenvironments are presented in section 6.5. 

	6.4 CARCINOGENIC RISK ESTIMATES 
	6.4 CARCINOGENIC RISK ESTIMATES 
	In this assessment, cancer risk estimates are expressed in terms of the probability of contracting cancer from a chronic lifetime exposure (70 years) at a constant ambient air concentration. Cancer risk is calculated by multiplying the exposure concentration (modeled and/or monitored) by the inhalation unit risk estimate (URE) of the pollutant. Cancer and/or non-cancer risks for pollutants with predicted concentrations are listed in Appendix D. 
	Estimates of cancer risk are expressed as a probability. For example, an additional lifetime risk of contracting cancer of one-chance-in-one-million is expressed as 1 (in-a-million) in the tables in Appendix D. Numbers will be rounded to the nearest whole number following the normal convention. 
	In many cases, excess cancer risks are assumed to be insignificant if the threshold of one-in-amillion is not exceeded. Some regulatory entities assume that one-in-a-hundred-thousand is an insignificant excess cancer risk level. The USEPA’s generally acceptable risk range is from one-in-a-million to one-in-ten-thousand (10to 10). Language in the Denver Revised Municipal 
	In many cases, excess cancer risks are assumed to be insignificant if the threshold of one-in-amillion is not exceeded. Some regulatory entities assume that one-in-a-hundred-thousand is an insignificant excess cancer risk level. The USEPA’s generally acceptable risk range is from one-in-a-million to one-in-ten-thousand (10to 10). Language in the Denver Revised Municipal 
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	Code (DRMC, section 4-22 (3)) specifies one-in-a-million (10) as a potential action level for air toxics. 
	-6


	Assessing exposures and estimating excess cancer risks are critical to understanding where to best focus resources in reducing exposures to air toxics. DDEH is much more interested in risk reduction than in assumption-laden estimates of absolute risk levels. DDEH grouped air toxics with estimated excess lifetime cancer risks exceeding the one-in-a-million risk threshold into three priority categories: 
	1. 
	1. 
	1. 
	High – estimated excess cancer risks equal or exceed one hundred-in-a-million (one-inten thousand or . 10); 
	-
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	2. 
	2. 
	Medium – estimated excess cancer risks are less than one hundred-in-a-million but greater than ten-in-a-million (10to 10); 
	-4 
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	3. 
	3. 
	Low – estimated excess cancer risks are less than ten-in-a-million but greater than or equal to one-in-a-million (10to 10). 
	-5 
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	The priority categories also take into account whether or not an air toxic is a known or probable human carcinogen. An air toxic listed as a known human carcinogen was assigned the next highest priority after the initial priority was estimated; this applies to benzene and hexavalent chromium. A low priority does not equate to low concern, it only helps DDEH to prioritize which pollutants should be targeted to get maximum reductions in exposure and risks. 
	Table 6-1 lists the air toxics that exceed a one-in-a-million excess risk of cancer threshold based on concentrations. Diesel PM and benzene are classified as “high” priority air toxics. Therefore, options available to reduce diesel PM emissions should be evaluated first. Examples at the local government level might include anti-idling programs or encouraging the use of alternative fuels that result in diesel PM reductions. Formaldehyde and chromium are identified as medium priority air toxics. While strate
	predicted 

	For carbon tetrachloride, ethylene dichloride, and chloroform, predicted concentrations are attributed primarily to background concentrations. Background concentrations for most chemicals were obtained from sampling studies in remote areas of the United States, performed over a decade ago. It is possible that background levels have decreased for these pollutants, so considerable uncertainty is associated with the risks for pollutants where background concentrations constitute most of the predicted concentra
	Although carbon tetrachloride is rarely used in large volumes in the United States anymore, it has an estimated half-life of four years in the atmosphere. It is still commonly detected at concentrations at or above detection limits in many locations worldwide, including Denver. Based on local monitoring data, the estimated background concentration of 0.88 micrograms per cubic meter for carbon tetrachloride is supported (see Table 5-2). 
	Air toxics monitoring conducted by CDPHE since the year 2000 indicates ethylene dichloride has not been monitored at or above current detection limits (0.39 µg/m) and chloroform has only been measured at or above detection limits (0.29 µg/m) in fewer than 30 percent of the samples. However, the estimated background concentrations for ethylene dichloride and chloroform (0.061 and 0.083 µg/m, respectively) are well below current detection limits. 
	3
	3
	3

	In addition to the CDPHE data, chloroform was analyzed in samples collected in 1996 at the Rocky Mountain Arsenal with much lower detection limits (0.046 µg/m). The five perimeter air monitors recorded 24-hour average samples at or above detection limits in 63-88 percent of the samples with mean concentrations ranging from µg/m. These data lend support for the use of the estimated background concentration of 0.083 µg/mfor chloroform, assuming monitored air concentrations were not exclusively the result of o
	3
	0.07-0.22 
	3
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	Table 6-1 contains notation regarding the percentage of hexavalent chromium (Cr) in total chromium concentrations. Cris a known human carcinogen, while trivalent chromium (Cr) has not been classified as to its carcinogenicity. In the draft 1996 NATA, USEPA assumed 34 percent of total ambient atmospheric chromium consists of Cr. California EPA’s OEHHA assumes 15 percent of total chromium is in the hexavalent form (OEHHA, 1999a). Scott et al. (1997) sampled Crconcentrations at background locations and found t
	+6
	+6 
	+3
	+6 
	+6 
	+6
	+6 
	+6 

	For air toxics with predicted concentrations that are lower than monitored concentrations, inhalation risks based on model predictions may be under estimated. Table 6-2 lists the air toxics with concentrations that exceed the one-in-a-million excess cancer threshold. Long term monitoring data were limited in 1996, while more data were available in 1999. Concentrations may have decreased somewhat for certain pollutants between 1996 and 1999; however, the data are presented primarily to illustrate risks based
	monitored 

	From Chapter 5, model-to-monitor ratios at most sites were almost always less than one, meaning the model tends to under predict ambient concentrations and hence under predict risks. This highlights the importance of collecting monitoring data for ambient air toxics. However, monitoring is expensive and can usually only be performed at a few locations in an urban area. The limited areal extent of the monitoring network illustrates how dispersion models can play an important role. Understanding the relations
	The Denver Air Toxics Assessment 
	Table 6-1. Priority ranking of air toxics with estimated excess cancer risks greater than one-in-a-million based on predicted median concentrations (micrograms per m). Risk based concentrations are concentrations that may result in a one-in-a-million additional chance of contracting cancer if exposed for a lifetime (70 years). See section 6.4 for priority ranking descriptions. 
	Table 6-1. Priority ranking of air toxics with estimated excess cancer risks greater than one-in-a-million based on predicted median concentrations (micrograms per m). Risk based concentrations are concentrations that may result in a one-in-a-million additional chance of contracting cancer if exposed for a lifetime (70 years). See section 6.4 for priority ranking descriptions. 
	Table 6-1. Priority ranking of air toxics with estimated excess cancer risks greater than one-in-a-million based on predicted median concentrations (micrograms per m). Risk based concentrations are concentrations that may result in a one-in-a-million additional chance of contracting cancer if exposed for a lifetime (70 years). See section 6.4 for priority ranking descriptions. 
	3


	Pollutant 
	Pollutant 
	USEPA Carcinogen Classifcation 
	USEPA Weight of Evidence 
	Predicted Median Concentration 3(.g/m) 
	Predicted 95th Percentile Concentration 3(.g/m) 
	Risk Based 3Concentration 3(.g/m) 
	Priority Ranking for Reducing Exposures Based on Predicted Concentrations 

	Median 
	Median 
	95th Percentile 

	Benzene 
	Benzene 
	known 
	A 
	1.6 
	2.4 
	0.13 
	high 
	high 

	2Chromium Compounds
	2Chromium Compounds
	known 
	A 
	2.7E-04 
	4.3E-04 
	8.3E-05 
	medium 
	medium 

	5Acetaldehyde 
	5Acetaldehyde 
	probable 
	B2 
	2.5 
	2.8 
	0.45 
	low 
	low 

	1,3-Butadiene 
	1,3-Butadiene 
	probable 
	B2 
	0.13 
	0.23 
	0.03 
	low 
	low 

	1Carbon Tetrachloride
	1Carbon Tetrachloride
	probable 
	B2 
	0.88 
	0.88 
	0.07 
	6low
	6low

	1Chloroform 
	1Chloroform 
	probable 
	B2 
	0.085 
	0.088 
	0.04 
	low 
	low 

	4Diesel PM 
	4Diesel PM 
	probable 
	n/a 
	0.9 
	1.7 
	0.0033 
	high 
	high 

	1Ethylene Dichloride
	1Ethylene Dichloride
	probable 
	B2 
	0.061 
	0.061 
	0.038 
	low 
	low 

	4Ethylene Oxide 
	4Ethylene Oxide 
	probable 
	n/a 
	0.002 
	0.013 
	0.011 
	low 
	low 

	5Formaldehyde 
	5Formaldehyde 
	probable 
	B1 
	3.8 
	4.2 
	0.08 
	medium 
	medium 

	4Perchloroethylene 
	4Perchloroethylene 
	probable 
	n/a 
	0.26 
	0.44 
	0.17 
	low 
	low 


	Estimated background concentrations constitute nearly all of the total concentration, including modeled emissions, and are subject to uncertainty. 
	1 

	USEPA and CalEPA risk based concentrations (RBCs) are for hexavalent chromium. USEPA generally assumed 34 % of total chromium is in the hexavalent form. CalEPA estimates 15 % of total chromium is hexavalent (OEHHA, 1999). DDEH assumed the less conservative assumption of 15 % ; therefore total chromium concentrations were multiplied by 0.15 to estimate risks. If the USEPA value of 0.34 were selected, estimated risks would be approximately double those shown in the table. 
	2 

	The risk based concentration is calculated by dividing 1 x 10-6 (one-in-a-million chance) by the inhalation unit risk estimate (URE). 
	The risk based concentration is calculated by dividing 1 x 10-6 (one-in-a-million chance) by the inhalation unit risk estimate (URE). 
	3 


	USEPA has not established a unit risk estimate for these pollutants; the values shown are from California EPA. 
	USEPA has not established a unit risk estimate for these pollutants; the values shown are from California EPA. 
	4 


	80% and 86% of predicted forrmaldehyde and acetaldehyde concentrations, respectively, are estimated to be formed from secondary photochemical production (see chapter 5 for details). 
	5 

	Carbon Tetrachloride exceeds a ten-in-a-million risk threshold but is assumed to be mostly from global background concentrations. 
	Carbon Tetrachloride exceeds a ten-in-a-million risk threshold but is assumed to be mostly from global background concentrations. 
	6 


	The Denver Air Toxics Assessment 
	Table 6-2. Priority ranking of air toxics with estimated excess cancer risks greater than one-in-a-million based on observed annual average concentrations (micrograms per m). Risk based concentrations are concentrations that may result in a one-in-a-million additional chance of contracting cancer if exposed for a lifetime (70 years). See section 6.4 for priority ranking descriptions. 
	Table 6-2. Priority ranking of air toxics with estimated excess cancer risks greater than one-in-a-million based on observed annual average concentrations (micrograms per m). Risk based concentrations are concentrations that may result in a one-in-a-million additional chance of contracting cancer if exposed for a lifetime (70 years). See section 6.4 for priority ranking descriptions. 
	Table 6-2. Priority ranking of air toxics with estimated excess cancer risks greater than one-in-a-million based on observed annual average concentrations (micrograms per m). Risk based concentrations are concentrations that may result in a one-in-a-million additional chance of contracting cancer if exposed for a lifetime (70 years). See section 6.4 for priority ranking descriptions. 
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	Pollutant 
	Pollutant 
	USEPA Carcinogen Classification 
	Site Location 
	Monitor ID and fraction of Samples > MDL 
	Monitored Annual Average Concentration 3(.g/m) 
	Risk Based Concentration 3(.g/m) 
	Priority Ranking for Reducing Exposures Based on Observed Concentrations 

	1Benzene
	1Benzene
	known 
	Rocky Mtn Arsenal NW 
	AQ2 -24/24 
	1.7 
	0.13 
	high 

	2Benzene
	2Benzene
	known 
	Rocky Mtn Arsenal NW 
	AQ2 -53/53 
	1.3 
	0.13 
	high 

	2Benzene
	2Benzene
	known 
	Commerce City 
	CMFS -26/26 
	2.7 
	0.13 
	high 

	2Benzene
	2Benzene
	known 
	Rocky Flats 
	X1 -n/a 
	0.6 
	0.13 
	medium 

	2,3 Chromium Compounds
	2,3 Chromium Compounds
	known 
	Rocky Mtn Arsenal W 
	AQ1 -32/56 
	2.8E-03 
	8.3E-05 
	medium 

	2,3 Chromium Compounds
	2,3 Chromium Compounds
	known 
	Rocky Mtn Arsenal NW 
	AQ2 -35/54 
	3.3E-03 
	8.3E-05 
	medium 

	2Arsenic
	2Arsenic
	known 
	Rocky Mtn Arsenal W 
	AQ1 -26/26 
	6.2E-04 
	2.3E-04 
	medium 

	1Arsenic
	1Arsenic
	known 
	54th Av & Washington 
	AIRS2 -n/a 
	1.9E-03 
	2.3E-04 
	medium 

	1Carbon Tetrachloride
	1Carbon Tetrachloride
	probable 
	Rocky Mtn Arsenal NW 
	AQ2 -26/26 
	1.7 
	0.067 
	5low

	1Carbon Tetrachloride
	1Carbon Tetrachloride
	probable 
	Rocky Mtn Arsenal SW 
	AQ5 -23/24 
	1.2 
	0.067 
	5low

	2Carbon Tetrachloride
	2Carbon Tetrachloride
	probable 
	Rocky Flats 
	X1 -n/a 
	1.0 
	0.067 
	5low

	1Formaldehyde
	1Formaldehyde
	probable 
	Auraria Campus 
	n/a 
	3.6 
	0.08 
	medium 

	1Acetaldehyde
	1Acetaldehyde
	probable 
	Auraria Campus 
	n/a 
	2.9 
	0.45 
	low 

	1,4 Perchloroethylene1,4 Perchloroethylene
	1,4 Perchloroethylene1,4 Perchloroethylene
	probable probable 
	Rocky Mtn Arsenal NW Rocky Mtn Arsenal SW 
	AQ1 -21/24 AQ5 -20/24 
	0.47 0.32 
	0.17 0.17 
	low low 


	1 
	Monitoring data from 1996. 
	2 
	2 

	Monitoring data from 1999. 
	3 
	3 

	USEPA and CalEPA risk based concentrations (RBCs) are for hexavalent chromium. USEPA generally assumed 34 % of total chromium is in the hexavalent form. CalEPA estimates 15 % of total chromium is hexavalent (OEHHA, 1999). DDEH assumed the less conservative assumption of 15 % ; therefore total chromium concentrations were multiplied by 0.15 to estimate risks. If the USEPA value of 0.34 were selected, estimated risks would be approximately double those shown in the table. 
	4 
	4 

	USEPA has not established a unit risk estimate for this pollutant; the values shown are from California EPA. 
	5 
	5 

	Carbon Tetrachloride exceeds a ten-in-a-million risk threshold but is assumed to be mostly from global background concentrations. 
	The Denver Air Toxics Assessment 

	6.5 CHRONIC, NON-CARCINOGENIC RISK ESTIMATES 
	6.5 CHRONIC, NON-CARCINOGENIC RISK ESTIMATES 
	Long-term exposure to air toxics may also cause adverse, non-cancer health effects. As was stated previously, the USEPA typically expresses the dose-response relationship for effects other than cancer in terms of an inhalation “reference concentration” (RfC). Exposures below the RfC are not expected to cause adverse non-cancer health effects over a lifetime of exposure, even in sensitive subpopulations such as the aged, infirm, or young children. 
	Table 6-3 lists the estimated hazard quotients (HQ) for predicted median air toxics concentrations. A HQ greater than one indicates the potential for adverse health effects from chronic exposure. Of the air toxics, acrolein and formaldehyde have HQs greater than 1. However, acrolein was not monitored (it is difficult to do so) and the majority of the predicted concentration consists of estimated secondary photochemical formation. For this reason, extreme caution should be applied when interpreting the hazar
	The predicted median acrolein concentration in Denver County (0.24 µg/m) includes an estimated secondary concentration of 0.2 µg/m(EPA, 1999b). Even without the secondary contribution, the predicted primary acrolein concentration still exceeds the USEPA’s RfC. However, there is an uncertainty factor (UF) of 1,000 associated with acrolein. Uncertainty factors are used in determining the RfC for each pollutant and large UFs could be a key factor that drives the risk estimate. Take the example of acrolein; the
	3
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	Table 6-3 indicates that formaldehyde is the only other pollutant with a HQ greater than 1. The USEPA has not established a RfC for formaldehyde, therefore the California EPA reference value was used instead. Both the predicted and measured formaldehyde concentrations indicate a HQ greater than 1. All other pollutants, whether modeled or monitored, did not produce a HQ greater than 1. 
	The Denver Air Toxics Assessment 
	Table 6-3. Estimated chronic hazard quotients in Denver County based on predicted median concentrations and monitored annual average concentrations (µg/m). 
	Table 6-3. Estimated chronic hazard quotients in Denver County based on predicted median concentrations and monitored annual average concentrations (µg/m). 
	Table 6-3. Estimated chronic hazard quotients in Denver County based on predicted median concentrations and monitored annual average concentrations (µg/m). 
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	Pollutant 
	Pollutant 
	Critical Effect Target 
	Predicted Median Concentration 3(ug/m) 
	Monitored Annual Avg Concentration 3(ug/m) 
	Inhalation RfC 3(ug/m) 
	Uncertainty Factor 
	Predicted Concentration Hazard Quotient 
	Monitored Concentration Hazard Quotient 

	Acrolein 
	Acrolein 
	1,2 
	0.24 
	not measured 
	0.02 
	1000 
	12.1 
	not measured 

	AFormaldehyde
	AFormaldehyde
	1,2 
	3.8 
	3.6 
	3 
	10 
	1.3 
	1.2 

	Acetaldehyde 
	Acetaldehyde 
	1 
	1.9 
	2.9 
	9 
	1000 
	0.2 
	0.3 

	Benzene 
	Benzene 
	3 
	1.8 
	2.7 
	60 
	10 
	0.03 
	0.05 

	1,3 Butadiene 
	1,3 Butadiene 
	4 
	0.2 
	not measured 
	8 
	300 
	0.02 
	not measured 

	Carbon Tetrachloride 
	Carbon Tetrachloride 
	5 
	0.88 
	1.2 
	40 
	300 
	0.02 
	0.03 

	TR
	Hazard Index (HI) = 
	13.6 
	1.6 


	Critical Effect Target: 
	1: Respiratory Tract 
	2: Eyes 
	3: Lowered red and white blood cell counts in occupationally exposed humans 
	4: Female reproductive system 
	5: Liver 
	A
	 USEPA has not established an RfC for formaldehyde; the value shown is from California EPA. 

	6.6 ACUTE, NON-CARCINOGENIC RISK ESTIMATES 
	6.6 ACUTE, NON-CARCINOGENIC RISK ESTIMATES 
	Annual average concentrations form the basis for chronic cancer and non-cancer risk evaluation. In reality, exposure over an averaging period of one day or one year does not occur at a continuous level. Emissions and air dispersion can fluctuate considerably throughout the day. Therefore, toxicity values are required that reflect short term exposures. Acute reference concentrations (RfCs) or exposure levels (RELs) indicate concentrations that are not likely to cause adverse effects in sensitive human subgro
	Acute RfCs are established at much higher concentrations than chronic RfCs because the exposure is of a much shorter duration. Exposure to concentrations nearing acute RfCs is usually experienced at or very close to the location where chemicals are being used or released. Ambient concentrations of pollutants rarely approach the acute RfCs but, on occasion, process upsets or spills at an industrial facility can lead to high short-term concentrations in the vicinity of the release. In the baseline assessment,
	After reviewing the current literature on acute RfCs and RELs, only acrolein was identified as potentially exceeding an acute toxicity value. The California EPA established an acute REL of 
	0.19 µg/mfor acrolein, based on eye irritation in healthy human volunteers as the critical endpoint of concern (OEHHA, 1999c). The USEPA has not established an acute RfC for acrolein. 
	3 

	DDEH conducted modeling for one-hour average concentrations of acrolein using the subset of 150 block groups in Denver that were used for the model sensitivity analyses (see section 5.11.1). These model runs took into account only area and mobile source emissions of acrolein. Point sources are expected to minimally contribute to the total, as they emitted only 0.03 tons of acrolein per year in Denver County. The ten highest one-hour average modeled concentrations of acrolein were all 0.5 µg/mor greater; thi
	3 
	1 

	As noted in Section 6.5, there is an estimated annual average secondary concentration of 0.2 µg/mfor acrolein 
	As noted in Section 6.5, there is an estimated annual average secondary concentration of 0.2 µg/mfor acrolein 
	1 
	3 



	6.7 FURTHER DISCUSSION REGARDING RISKS ASSOCIATED WITH DIESEL 
	6.7 FURTHER DISCUSSION REGARDING RISKS ASSOCIATED WITH DIESEL 
	PARTICULATE MATTER 
	The MATES-II study conducted in Southern California in 1998 and 1999 was one of the first comprehensive air toxics assessments conducted in an urban environment. One of the major findings from MATES-II was that diesel particulate matter (DPM) was the major contributor to cancer risk in the South Coast air basin. 
	Agencies such as the International Agency for Research on Cancer (IARC) and the National Institute of Occupational Safety and Health (NIOSH) regard diesel exhaust as a probable human carcinogen. California EPA’s OEHHA has classified DPM as a carcinogen with a unit risk level of 300-in-a-million per µg/m(estimates ranged from 140-to 3,300-in-a-million, in the studies evaluated; Lloyd and Cackette, 2001). The USEPA has classified diesel exhaust as a probable human carcinogen but has not established a risk lev
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	Lloyd and Cackette (2001) report on the environmental effects and control of diesel engines, which includes a section on the health effects of diesel exhaust. A large majority of the cited studies show that long-term occupational exposure to diesel exhaust is associated with a 20–50 percent increase in the relative risk of lung cancer, even after accounting for confounding factors such as tobacco smoking. 
	Although there is strong evidence demonstrating the carcinogenic effects from exposure to diesel exhaust, many uncertainties exist. This is due to gaps in data and knowledge about human exposures to diesel exhaust and the mechanisms by which diesel exhaust causes cancer in humans and animals. Specific uncertainties include: 
	• 
	• 
	• 
	how the physical and chemical nature of past exposures to diesel exhaust compare with present day exposures; 

	• 
	• 
	risk levels are extrapolated from high occupational exposures to lower environmental exposures; as with many other chemicals, the low-dose effects are not proven; and 

	• 
	• 
	potential confounding factors such as smoking and estimates of past exposure or dose can bias the risk levels and may result in under or over estimates of risk. 


	Should the health effects from DPM exposure be considered separately from those of generic urban particulate matter? If the National Ambient Air Quality Standards (NAAQS) for PM2.5 are protective of human health, and if DPM constitutes a fraction of PM2.5, then do the potential health effects from DPM exposure need to be considered separately? These questions have not been answered. 
	Epidemiological studies (Wichmann et al., 2000; Peters et al., 1997) have linked mortality and respiratory illness (i.e., chronic bronchitis, asthma) with exposure to ambient concentrations of ultrafine particles, a subset of PM2.5, raising concern that diesel exhaust could contribute to the observed health effects. However, the contribution of DPM to the ultrafine particle fraction was not analyzed in these studies. 
	A study conducted from November 1994 through March 1995 reported DPM concentrations in Phoenix, AZ averaged 2.4 µg/mand reached 5.3 µg/m(Maricopa Association of Governments, 
	3 
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	1999). Using extended species chemical mass balance modeling (CMB), primary DPM emissions accounted for an average 15 percent of ambient PM2.5. Extended species CMB results obtained from the NFRAQS (see section 5.6) indicate that DPM accounted for an average of 10 percent of ambient wintertime PM2.5. DPM concentrations near “hot spots” such as heavily traveled roadways, train stations, and bus stations can constitute a much greater percentage of ambient PM2.5, but little data exists for these types of envir
	Evidence from studies of non-cancer human health effects that result from exposure to ambient DPM is not as consistent or strong as that for lung cancer. Animal studies show that diesel exhaust is capable of causing a variety of adverse, non-cancer health effects. However, these effects have typically resulted from exposures well in excess of typical ambient concentrations (Lloyd and Cackette, 2001). Additional research is needed at concentration levels more typical of urban environments. 

	6.8 MICROENVIRONMENTAL EXPOSURES 
	6.8 MICROENVIRONMENTAL EXPOSURES 
	The aforementioned risk estimates assume continuous exposure to ambient concentrations of air toxics only. However, people may spend 80-90 percent of their time indoors. To more accurately assess the true inhalation risks, pollutant concentrations in microenvironments (i.e., car, office, and home) should also be assessed. Unfortunately, this large portion of human exposure and risk has not been systematically addressed. 
	Emissions from manufactured furniture, paints, carpets, cleaning products, tobacco smoke, and wood burning can result in elevated indoor concentrations of both gaseous and particulate pollutants (Miller et. al, 1998; Kelly, 1996). Mobile source related air toxics concentrations inside automobiles have also been found to be much higher than ambient concentrations (Rodes et. al, 1998), as have indoor concentrations at homes with attached garages (Graham et al., 2004). 
	It is generally assumed that there is 100 percent penetration of ambient gaseous pollutants into the indoor environment. While the penetration rate of ambient particulate air toxics is probably less than 100 percent, the indoor sources mentioned above also generate particulates that result in elevated indoor concentrations. Due to the various microenvironmental exposures described above, personal exposure to many of the HAPs modeled in this assessment may be greater, in fact, than exposure to ambient concen
	The following sections describe microenvironment exposures to benzene, a known human carcinogen. Benzene was not the only air toxic evaluated in these studies, but for ease of comparison, only the results for benzene are discussed. 
	6.8.1 Total Exposure Assessment Methodology (TEAM) Studies 
	6.8.1 Total Exposure Assessment Methodology (TEAM) Studies 
	Much of the knowledge of non-occupational exposure to benzene was developed throughout the 1980’s by the USEPA TEAM studies of VOCs (Wallace et al., 1987). These studies utilized personal air quality monitors to measure direct personal exposures of 800 people in eight urban areas of the United States from 1980-1987. The studies were statistically designed so that the selected participants represented about 800,000 people in the geographic study areas. Measurements were made of indoor and outdoor air, drinki
	The basic results of the TEAM study as they apply to benzene are summarized as follows (Wallace, 1996): 
	• 
	• 
	• 
	More than 99 percent of the total personal exposure was through inhalation. 

	• 
	• 
	Mean personal air exposures exceeded indoor air concentrations, which in turn exceed outdoor air (ambient) concentrations. Personal exposure includes all microenvironments, not just in-home exposure. The average personal exposure for all participants was about 15 µg/m. Indoor air concentrations were measured only in the 1987 TEAM studies in Los Angeles, Baltimore, and Bayonne, New Jersey, and were approximately 10 µg/m. Outdoor concentrations averaged about 6 µg/m. 
	3
	3
	3


	• 
	• 
	No effect on personal exposure from living close to major fixed sources of benzene (oil refineries, storage tanks, chemical plants) could be detected in Beaumont, TX; Bayonne and Elizabeth, NJ; or Los Angeles, Antioch, and Pittsburg, CA. 

	• 
	• 
	The overwhelming source of benzene exposure for smokers was mainstream (i.e. directly inhaled) cigarette smoke. Smokers had an average benzene body burden about 6 to 10 times that of nonsmokers, and received about 90 percent of their benzene exposure from smoking. Roughly one-half of the total benzene exposure in the United States was borne by smokers. 

	• 
	• 
	For nonsmokers, most benzene exposure ultimately was derived from auto exhaust or gasoline vapor emissions. This includes most of the benzene exposure due to outdoor air, indoor exposures due to intrusion of evaporative gasoline fumes from attached garages, and personal activities such as driving motor vehicles. A portion of the exposure was due to second hand tobacco smoke. A small portion (about 6 percent) of the exposure was due to major point sources of benzene, such as petrochemical plants or refinerie


	Although only benzene exposure has been discussed here, the TEAM studies found that personal air exposures for eleven target HAPs were almost always greater than mean outdoor concentrations, which suggests significant indoor air exposures at home, at work, and inside motor vehicles. 

	6.8.2 More Recent Studies 
	6.8.2 More Recent Studies 
	A 1991 study (Sheldon et al., 1991) was conducted in 128 homes in Woodland, California, a community in a largely agricultural region. Personal, indoor, and outdoor mean benzene concentrations were 5.0, 4.0, and 1.2 µg/m, respectively. 
	3

	Day and night 12-hr average concentrations of benzene were measured for 58 residents of Valdez, Alaska (Goldstein et al., 1992). The daily mean benzene concentrations in the personal, indoor, and outdoor samples were 20, 16, and 5 µg/mrespectively during the summer and 28, 25, and 11 µg/mduring the winter. 
	3 
	3 

	A nationwide Canadian study (Fellin et al., 1993) measured 24-hr average indoor air concentrations of benzene in 754 randomly selected homes. Benzene mean indoor concentrations were 6.4, 5.6, 2.7, and 7.0 µg/min the winter, spring, summer, and fall seasons, respectively. 
	3 

	Brown and Crump (1996) reported on a study of 173 homes in Avon, England. Passive Tenax tubes (Perkin-Elmer) collected 28-day samples in the living room and main bedroom of the homes for one year. Thirteen sets of 12-month outdoor samples were also collected over the course of the study (November 1990-February 1993). The mean indoor concentration was 8 µg/m(n=3000 samples) compared to an outdoor mean of 5 µg/m(n=125). 
	3 
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	Rodes et al. (1998) characterized the concentration levels of selected pollutants, including benzene, inside and outside of commuting vehicles in Los Angeles and Sacramento, CA to evaluate the influences of: 
	1) freeway conditions (rush hour versus non-rush hour); 
	2) roadway types; 
	3) vehicle types; 
	4) vent settings; 
	5) time of day (am versus pm); 
	6) relationships inside and outside vehicles compared to roadside and the nearest fixed-site ambient monitored concentrations. 
	Results from this study showed that: 
	a) 
	a) 
	a) 
	most pollutant levels, especially the VOCs, were elevated inside and directly outside the vehicle, relative to either the ambient or roadside concentrations; 

	b) 
	b) 
	particle concentrations were typically much higher outside the vehicle than inside, presumable due to losses of particulates in the vehicle ventilation systems – while significant differences were not observed between inside and outside concentrations of gaseous pollutants for the same vehicle; 

	c) 
	c) 
	in-vehicle pollutant concentrations for some vehicles were substantially influenced by the tailpipe emissions from a single polluting lead vehicle; 

	d) 
	d) 
	Sacramento in-vehicle benzene levels ranged from 3 to 15 µg/mwhile ambient levels ranged from 1 to 3 µg/m. Los Angeles in-vehicle benzene levels ranged from 10 to 22 µg/mwhile ambient levels ranged from 3 to 7 µg/m. 
	3 
	3
	3 
	3



	Since 1986, 24-hour average benzene levels have been measured every 12th day at about 20 sites throughout California. Statewide annual average concentrations fluctuated between 5 and 7 µg/muntil 1993 and 1994, when they dropped to about 4 µg/mand have declined even further since 1996. This decline is due to one or more of several factors: 
	3 
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	a) 
	a) 
	a) 
	the 50 percent reduction in hydrocarbon emissions mandated for new cars (Tier 1 standards); 

	b) 
	b) 
	the Stage II vapor recovery controls recently in effect; 

	c) 
	c) 
	a reduction in benzene content below one percent volume due to Phase 1 (1992) and Phase 2 (1996) reformulated gasoline (RFG). 


	The aforementioned studies indicate that personal exposures to benzene are typically greater than exposures to ambient concentrations alone. This suggests that risk estimates based only on ambient exposures likely underestimate the true risks, especially for benzene and similar other VOCs. 
	In the mid-1990’s, the USEPA initiated the National Human Exposure Assessment Survey (NHEXAS) to address some of the limitations of single chemical and single media exposure route studies. The purpose of NHEXAS is to evaluate comprehensive human exposure to multiple chemicals on a community and regional scale. Ultimately, the EPA anticipates that the information gained from NHEXAS will help individuals, communities, states, the EPA, and other organizations understand the relative health risks from various c
	NHEXAS consists of three phases, the first of which has been completed. Data from phase I recently became available. It is likely the NHEXAS data will be discussed in more detail in future assessments. 



	7. CONCLUSIONS AND RECOMMENDATIONS 
	7. CONCLUSIONS AND RECOMMENDATIONS 
	7.1 SUMMARY 
	7.1 SUMMARY 
	Since the release of the U.S. Environmental Protection Agency’s (USEPA) Cumulative Exposure Project (CEP) in 1999 and National Air Toxics Assessment (NATA) in 2000, air toxics have garnered increased attention from the public and the regulatory community. While national scale air toxics assessments such as the CEP and NATA are excellent first steps toward understanding human health exposures and risks from air toxics, refined assessments at the regional and local level are needed. 
	The Denver Department of Environmental Health (DDEH) conducted a baseline urban air toxics assessment for the Denver metropolitan region using 1996 emission inventories available for point, area and mobile sources. Most of this information was obtained from the USEPA National Toxics Inventory (NTI), now referred to as the National Emissions Inventory (NEI). Much of this data was developed using national default data and emission factors, but state and local air agencies also provide USEPA with data develope
	This emissions data was analyzed and processed by DDEH for input into an air dispersion model that predicted annual average concentrations. The predicted concentrations were then compared with measured concentrations to test the validity of the modeled results. Finally, risk estimates and air toxic priority rankings were calculated to enable DDEH to focus limited resources in the most meaningful way. 
	Overall, the modeling methodology and dispersion model results indicate that the air dispersion model results can be used to reliably estimate air toxics exposures in areas with little or no monitoring data. While the model bias is to under predict, the ability of the model to approximate the monitored spatial distribution is encouraging. 
	Mobile source emissions are estimated to generate a majority of the human health risks associated with ambient air toxics exposures. Therefore, measures to reduce mobile source emissions of air toxics provide the most effective means to reduce risks associated with air toxics. Of course, other considerations such as cost effectiveness and the time necessary to implement reduction measures should also be weighed. 
	7.1.1 Dispersion Model Selection 
	7.1.1 Dispersion Model Selection 
	Dispersion models predict ambient (outdoor) concentrations based on information collected by the user and supplied in the model input file. The currently recommended plume dispersion model for estimating urban-wide concentrations of toxic air pollutants is the Industrial Source Complex Short Term model (ISC3ST) model, because of its good performance against field measurements, and because it is computationally efficient relative to other types of models, such as grid and puff models. The version of ISC3ST (
	AERMOD, the next generation dispersion model for urban air toxics applications, was tested to compare with ISC3ST, but was not used extensively. At the time, AERMOD did not include many of the urban air toxics enhancements included in ISC3ST. 

	7.1.2 Emission Inventories 
	7.1.2 Emission Inventories 
	DDEH analyzed and processed the 1996 NTI for input into the dispersion model. In some cases, DDEH and the Colorado Department of Public Health and Environment (CDPHE) found errors in the NTI that required changes, most notably with regards to mobile source emissions. 
	DDEH ran the MOBILE6.2 on-road mobile emissions model using a wide variety of local data. MOBILE6.2 was not available during the development of the 1996 NTI. Using MOBILE6.2, emissions for most mobile source air toxics decreased compared to the 1996 NTI. 
	Fuel based emission inventories for benzene, diesel particulate matter, and carbon monoxide were also developed and compared with MOBILE6.2 results. 
	• 
	• 
	• 
	For benzene, the fuel based inventory was 11 percent higher than MOBILE6.2. 

	• 
	• 
	For diesel particulate matter, the fuel based inventory is 19 percent less than MOBILE6.2 using EPA default fractions for vehicle miles traveled (VMT) for each vehicle class. Using VMT data from local sources, the fuel based diesel PM inventory was 24 percent higher than MOBILE6.2. 

	• 
	• 
	Fuel based carbon monoxide (CO) emissions were also generated because of the high density of CO monitors in the Denver area. This allowed for a more thorough comparison of predicted and observed concentrations in the urban core. The fuel based CO inventory was 28 percent lower than MOBILE6.2 hot-stabilized running emissions, considered to best represent vehicle operating conditions captured by remote sensing. 


	The biggest difference between fuel based emission inventories and the 1996 NTI occurred with off-road diesel PM emissions; fuel based emissions were approximately 70 percent lower than 1996 NTI estimates. The 1999 NEI listed a 58 percent reduction in off-road diesel emissions as compared to the 1996 NTI, closer to the fuel based inventory but still 38 percent higher than the 1996 fuel based estimate. 
	Stationary (point) source emissions were provided by CDPHE and were quality checked for locational accuracy. Approximately 20 percent of the source coordinates were adjusted using in-house geographical information system (GIS) data. 
	Area source emissions were for the most part accepted as reported in the 1996 NTI, with care taken to minimize double-counting of emissions between the area and point source inventories. 

	7.1.3 Spatial and Temporal Allocation of Emissions 
	7.1.3 Spatial and Temporal Allocation of Emissions 
	One of the most significant outcomes of the DDEH assessment was the development of a GIS-based methodology to gather emissions data from various sources and process the data such that it could be input into an air dispersion model (Industrial Source Complex short term model, ISC3ST). 
	Mobile and area source emissions were spatially allocated to census block group polygons. Doing so provided fine spatial resolution in the densely populated urban core; areas of census polygons averaged less than 1 kmin the urban core. A variety of spatial surrogates was utilized to allocate emissions and were developed using census and land use attributes. Several GIS data layers developed locally were utilized. 
	2 

	Emissions were also temporally allocated by season, hour, and day of week. Again, local data including traffic counts and facility operating schedules were utilized to calculate temporal surrogates. 

	7.1.4 Air Monitoring Data 
	7.1.4 Air Monitoring Data 
	Overall, a moderate volume of long-term and short-term air toxics monitoring data was available throughout Metro Denver, including: 
	• 
	• 
	• 
	long-term monitoring data for gaseous and particulate air toxics on and nearby the Rocky Mountain Arsenal; 

	• 
	• 
	long-term carbonyl (acetaldehyde, formaldehyde) monitoring data was available for downtown Denver; 

	• 
	• 
	several short-term monitoring studies were conducted in the region and provided data for VOCs, aldehydes, and metals at various locations throughout Metro Denver; and 

	• 
	• 
	several months of speciated PM2.5 data obtained from the Northern Front Range Air Quality Study (NFRAQS) conducted in Metropolitan Denver in 1996-97, from which diesel PM concentrations were estimated using a chemical mass balance model approach. 


	Long term carbon monoxide concentrations were also available at numerous locations and were utilized to validate the model results in the urban core. 


	7.2 FINDINGS 
	7.2 FINDINGS 
	7.2.1 Comparison of Predicted and Observed Concentrations 
	7.2.1 Comparison of Predicted and Observed Concentrations 
	Dispersion model predictions were in the form of annual average concentrations. Most air toxics are assumed to cause adverse health effects due to long-term exposure to low-level concentrations. In order to validate the dispersion model results, monitored or measured data are required to compare with predicted concentrations. 
	Model-to-monitor comparisons were made for several air toxics of concern. In practice, model-to-monitor ratios within a factor of two are considered very good performance in air dispersion modeling. Overall, the dispersion model predicted the correct spatial variation in pollutant concentrations across Metropolitan Denver, though the model bias is to under predict concentrations at most receptors in the urban core. 
	Highlights of the model-to-monitor comparisons are as follows: 
	• 
	• 
	• 
	Predicted benzene concentrations compared very well with monitored data, with a nearly 1:1 ratio at AQ3 (urban/rural interface) to an under prediction by just over a factor of two at CMFS (near the urban core). Unfortunately, annual average benzene concentrations in the urban core, where predicted concentrations are highest, were not measured until 2000. 

	• 
	• 
	• 
	Monitored carbon monoxide was found to have a very good correlation with monitored benzene in the 1996-1997 and 2000-2001 monitoring campaigns. Therefore, carbon monoxide was also modeled in 1996 because there were several monitors in the urban core with data available to evaluate the model results. Model-to-monitor ratios ranged from 1:1 to 

	1:2.5. As with benzene, the dispersion model bias is to under predict concentrations in the urban core. 

	• 
	• 
	Predicted diesel PM concentrations were lower by 36 and 17 percent at Welby and CAMP, respectively, when compared to estimates obtained from chemical mass balance (CMB) modeling as part of the NFRAQS. Predicted diesel PM concentrations utilized fuel-based emission inventories detailed in Chapter 3. As with benzene and carbon monoxide, the dispersion model predicted the approximate spatial variation in diesel PM concentrations with an under prediction bias in the urban core. 

	• 
	• 
	Formaldehyde and acetaldehyde are directly emitted as well as formed secondarily through photochemical reactions in the atmosphere. The USEPA OZIPR model predicts 80-90 percent of observed annual average formaldehyde and acetaldehyde are formed through secondary photochemical reactions. In downtown Denver, predicted concentrations of formaldehyde and acetaldehyde, including background and secondary formation, were 20 percent higher and 14 percent lower, respectively, than annual average concentrations. Thes

	• 
	• 
	Predicted concentrations of perchloroethylene and chromium compounds, emitted primarily from stationary sources, are high near the source, but drop off quite quickly with distance. Unless monitors are sited accordingly, model-to-monitor comparisons for “hot-spots” cannot be evaluated. 

	• 
	• 
	Predicted concentrations of metal compounds classified as air toxics are generally much lower than observed concentrations. This is likely due to emission inventory deficiencies such as re-suspension of historical emissions, which were not included in the emission inventory. It could also be related to differences in the model calculations for particulates and gases, though diesel PM concentrations were modeled with good comparison to chemical mass balance model derived estimates. 


	The dispersion model under predicts ambient concentrations at most receptors for all pollutants. This was an expected result due to the unique meteorological conditions frequently experienced throughout Metropolitan Denver. With the occasional back and forth movement of air masses in the South Platte River drainage, aged air emissions mix with fresh emissions, especially during high pollution episodes. The air dispersion models utilized in this assessment do not address these types of air mass interactions.

	7.2.2 Estimated Risks from Exposure to Air Toxics 
	7.2.2 Estimated Risks from Exposure to Air Toxics 
	The majority of the estimated human health risks from predicted exposure to ambient air toxics in Denver are from mobile source emissions (cars, trucks, buses, etc.). Risk estimates were developed using health benchmarks from both the USEPA and California EPA’s Office of Environmental Health Hazard Assessment (OEHHA). Carcinogenic, chronic non-carcinogenic, and acute non-carcinogenic risk estimates were presented in Chapter 6. Risk estimates were developed using both predicted and observed concentrations. 
	7.2.2.1 Carcinogenic Risk Estimates 
	7.2.2.1 Carcinogenic Risk Estimates 
	Estimated excess cancer risks from predicted concentrations in Denver County were calculated to develop priority rankings that identify where to focus existing resources in order to most effectively reduce exposures to air toxics. Table 7-1 lists the priority rankings for air toxics with estimated excess cancer risks exceeding of a “one-in-a-million” threshold based on predicted annual average concentrations. Priority rankings using monitored air toxics concentrations result in similar rankings (see Table 6
	Similar to information reported in the MATES-II study (SCAQMD, 2000) diesel PM exposure in Denver generates the largest estimated excess cancer risks. The diesel PM risk estimate is based on a health benchmark developed by CalEPA’s Office of Environmental Health Hazard Assessment. The USEPA has classified diesel exhaust as a probable human carcinogen but has not established a risk level for DPM. 
	Table 7-1. Priority ranking of air toxics with estimated excess cancer risks greater than one-ina-million based on predicted concentrations (micrograms per cubic meter). 
	Table 7-1. Priority ranking of air toxics with estimated excess cancer risks greater than one-ina-million based on predicted concentrations (micrograms per cubic meter). 
	Table 7-1. Priority ranking of air toxics with estimated excess cancer risks greater than one-ina-million based on predicted concentrations (micrograms per cubic meter). 
	-


	Pollutant 
	Pollutant 
	USEPA Carcinogen Classifcation 
	USEPA Weight of Evidence 
	Predicted Median Concentration 3(’ g/m) 
	Predicted 95th Percentile Concentration 3(’ g/m) 
	Risk Based 3Concentration 3(’ g/m) 
	Priority Ranking for Reducing Exposures Based on Predicted Concentrations 

	Median 
	Median 
	95th Percentile 

	Benzene 
	Benzene 
	known 
	A 
	1.6 
	2.4 
	0.13 
	high 
	high 

	Diesel PM 
	Diesel PM 
	probable 
	n/a 
	1.6 
	2.4 
	0.0033 
	high 
	high 

	Chromium Compounds 
	Chromium Compounds 
	known 
	A 
	2.7E-04 
	4.3E-04 
	8.3E-05 
	medium 
	medium 

	Formaldehyde 
	Formaldehyde 
	probable 
	B1 
	3.8 
	4.2 
	0.08 
	medium 
	medium 

	Acetaldehyde 
	Acetaldehyde 
	probable 
	B2 
	2.5 
	2.8 
	0.45 
	low 
	low 

	1,3-Butadiene 
	1,3-Butadiene 
	probable 
	B2 
	0.13 
	0.23 
	0.03 
	low 
	low 

	Carbon Tetrachloride 
	Carbon Tetrachloride 
	probable 
	B2 
	0.88 
	0.88 
	0.07 
	low 
	low 

	Chloroform 
	Chloroform 
	probable 
	B2 
	0.085 
	0.088 
	0.04 
	low 
	low 

	Ethylene Dichloride 
	Ethylene Dichloride 
	probable 
	B2 
	0.061 
	0.061 
	0.038 
	low 
	low 

	Ethylene Oxide 
	Ethylene Oxide 
	probable 
	n/a 
	0.002 
	0.013 
	0.011 
	low 
	low 

	Perchloroethylene 
	Perchloroethylene 
	probable 
	n/a 
	0.26 
	0.44 
	0.17 
	low 
	low 


	Carbon tetrachloride, an air toxic with few local emissions but a very long atmospheric lifetime, shows estimated excess cancer risks of up to 25 incidences per million people. This should decrease over time with the continued phase out of carbon tetrachloride as an industrial solvent but the result demonstrates that background concentrations (global or regional) are not always negligible and must be considered. Local strategies to reduce carbon tetrachloride exposures are not likely to reduce local concent

	7.2.2.2 Chronic, Non-Carcinogenic Risk Estimates 
	7.2.2.2 Chronic, Non-Carcinogenic Risk Estimates 
	Based on predicted median concentrations and using the USEPA’s reference concentrations (RfCs) for chronic, non-carcinogenic effects, only acrolein is identified as having a potential to cause adverse health effects with a hazard quotient (HQ) of 12 (see Table 6-3). Using CalEPA’s reference exposure levels (RELs) for chronic effects, acrolein and formaldehyde are identified as having the potential to cause adverse health effects with HQs of 4 and 1.3, respectively. 
	Both acrolein and formaldehyde are known to have significant contributions from secondary photochemical formation, therefore correctly determining the secondary contribution is paramount for an accurate portrayal of risk estimates. Both monitored and predicted formaldehyde concentrations in Denver exceed CalEPA’s REL. However, extreme caution should be applied in interpreting the results for acrolein since no monitored concentrations were available and the majority of the predicted concentrations include es

	7.2.2.3 Acute, Non-Carcinogenic Risk Estimates 
	7.2.2.3 Acute, Non-Carcinogenic Risk Estimates 
	The USEPA has not established an acute RfC for acrolein. The CalEPA established an acute REL for acrolein of 0.19 µg/m(1-hour average). Only annual average concentrations were modeled in the initial assessment so risks from acute exposures could not be estimated. 
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	Reviewing available data for acute risk levels, only acrolein appeared to warrant further investigation. EPD subsequently modeled hourly average concentrations for a subset of 151 census block groups in Denver County and found that the ten highest predicted hourly average concentrations were greater than 0.5 µg/m, which is higher than the CalEPA acute REL by a factor of at least 2.5. 
	3

	The potential for acrolein to produce a HQ greater than 1 for both chronic and acute exposures underscores the need for improved methods to monitor for ambient levels of acrolein. 



	7.3 RECOMMENDATIONS 
	7.3 RECOMMENDATIONS 
	7.3.1 Need for Further Assessment 
	7.3.1 Need for Further Assessment 
	7.3.1.1 Air Toxics Monitoring 
	7.3.1.1 Air Toxics Monitoring 
	Prior to 2000, limited long-term air toxics monitoring data was available in the urban core of metropolitan Denver. Most of the long-term data was associated with CERCLA remediation activities at the Rocky Mountain Arsenal and Rocky Flats. While this data was useful, it was not altogether sufficient for evaluating dispersion model predictions in the urban core where the predicted concentrations are highest. 
	The Colorado Department of Public Health and Environment (CDPHE) was able to secure federal grant monies for air toxics monitoring at one site in downtown Denver during 2000-2001 and at 3 sites during 2002-2003. This data yielded some surprising results and will prove useful for additional model validation in future updates to the baseline assessment. 
	1. The usefulness of previous air toxics monitoring data underscores the need for at least one permanent air toxics monitor in metropolitan Denver, funded as part of the urban air toxics monitoring program (UATMP). The data generated from said monitor(s) would be useful for tracking trends and upcoming mobile source air toxics reductions from new emissions standards and lower sulfur fuels. 
	In 2004, DDEH received a USEPA community based air toxics monitoring grant to conduct 24hour average as well as short term average (4-hour and 1-hour) air toxics monitoring at six sites in Denver beginning in 2005. This data will shed light on the spatial and temporal variation of air toxics concentrations throughout Denver County. It will also allow for a more thorough evaluation of the dispersion model results. 
	-


	7.3.1.2 Air Toxics Modeling 
	7.3.1.2 Air Toxics Modeling 
	The 1996 baseline assessment should be updated periodically, preferably every three years to coincide with updates to the National Emissions Inventory (NEI). Future updates will incorporate the latest available data (i.e. census data, vehicle miles traveled, land use, etc.) and the modeling methodology will be revised as needed. 
	2. 
	2. 
	2. 
	2. 
	Update the air toxics emission inventories to 1999 levels for the follow-up assessment. 

	This will be accomplished through normal work schedules and in-house resources. DDEH will use Census 2000 data. 

	3. 
	3. 
	Update the on-road mobile source emissions to 2002 levels and to allocate the emissions to the roadway polygons themselves, not the census block group polygons. This will be accomplished through a grant DDEH received in 2003 and will serve as a sensitivity analysis to evaluate the difference in the predicted concentration gradients, especially near major roadways. The results will be of use to others who consider conducting urban or neighborhood scale air toxics assessments. 

	4. 
	4. 
	The modeling assessment predicted concentrations in and around Denver County but could be expanded to include predictions for all of metropolitan Denver. Further model validation is necessary before this is recommended and will occur through the community based air toxics monitoring to be conducted in 2005-2006. 




	7.3.2 Reducing Exposures to Air Toxics 
	7.3.2 Reducing Exposures to Air Toxics 
	Air pollution in Denver is both a local and regional scale issue. Understanding the sources that contribute to air toxic exposures is only the first step; the ultimate goal is reducing exposure to air toxics. While this is expected to occur as federal and state requirements are phased in over the next five to ten years, innovation and education and outreach at the state and local government level can produce more immediate reductions in air toxics exposures. 
	5. 
	5. 
	5. 
	Much of the education and outreach could be targeted at behavioral changes (i.e. driving habits, consumer product usage, wood burning), which have traditionally been difficult to implement. A more effective message may be required to achieve these goals. A regional coalition of federal, state, and local agencies would enhance these efforts. 

	6. 
	6. 
	National and local scale assessments typically focus on ambient (outdoor) air quality. However, most people spend 80-90 percent of their time indoors. Numerous studies in indoor microenvironments indicate pollutant concentrations can equal or exceed outdoor concentrations. Education and outreach targeting indoor air quality should be a priority. 


	The City and County of Denver has anti-idling and smoking vehicle ordinances it can enforce. While DDEH does occasionally enforce these ordinances, it is certainly not the first choice for achieving compliance. In addition, it is not cost effective to conduct the surveillance necessary to enforce these regulations. 
	7. Increase education and outreach to the community, industry, and trade and convention groups to raise awareness of idling and smoking vehicle issues and how they relate to increased operating costs (fuel, maintenance) and diminished air quality. This is especially important as metropolitan Denver strives to attain ozone air quality standards prior to 2008. Regional collaboration is encouraged to leverage effective methods for education and outreach. 
	The City and County of Denver has several programs in place to encourage mobile source emission reductions from its 12,000 employees, including a) the Green Fleets program which encourages fuel-efficient and alternative fuel vehicle purchases, b) discount bus passes for its employees, and c) a pilot program to use biodiesel (B20) in select Public Works vehicles from May-December of 2004. 
	8. 
	8. 
	8. 
	DDEH will partner with Public Works to seek grants to help convert more or all of the diesel fleet to biodiesel and/or install retrofit technology on older diesel engines. The biodiesel initiative is expected to cost between $300,000 and $400,000 for the incremental per gallon fuel costs. 

	9. 
	9. 
	DDEH will also provide assistance to Denver Public Schools to seek additional funds for school bus retrofits. These funds will likely be available through upcoming grant solicitations or through the Regional Air Quality Council (RAQC). DDEH can serve as a liaison between these groups. 



	7.3.3 Holistic Approach to Air Quality 
	7.3.3 Holistic Approach to Air Quality 
	Air pollution programs have traditionally operated independent from one another. For example, programs such as criteria pollutants/air toxics have often been treated separately as have ozone/air toxics and ozone/regional haze. These programs have common emissions sources and common mechanisms for pollutant formation, but how changes to one program affect other programs often are not thoroughly considered. 
	10. Air pollution programs at all levels of government should take a more holistic approach to addressing air quality issues. For example air toxics and ozone programs could be effectively integrated, especially in areas that focus on volatile organic compound (VOC) reductions, of which many are air toxics. Not only would this broaden the understanding of how these programs relate, but would also improve our ability to communicate why reductions of these pollutants are important. The same could be said for 
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	ISC3ST Model Options Utilized 
	ISC3ST Model Options Utilized 
	Description 

	Toxics Options (non-regulatory) 
	Toxics Options (non-regulatory) 
	Allows the use of air toxics enhancements 

	Sampled Chronological Input Model (SCIM) 
	Sampled Chronological Input Model (SCIM) 
	Reduces model run time; met data sampled every 25 hours 

	Averaging Period 
	Averaging Period 
	Annual average must be selected to use SCIM option 

	Effective Area Source Depletion Factor 
	Effective Area Source Depletion Factor 
	Optimized area source dry depletion algorithm for use with non-point sources 

	Include Calm Meteorological Hours 
	Include Calm Meteorological Hours 
	Bypasses calm wind processing routine that sets concentrations to zero during calm wind hours 

	Terrain Options 
	Terrain Options 
	Both simple and complex terrain algorithms selected 

	Plume Depletion 
	Plume Depletion 
	Both dry and wet selected for point sources; dry depletion not needed when using effective depletion factor for area sources 

	Dry and Wet Deposition 
	Dry and Wet Deposition 
	Both selected to produce least conservative estimates of concentrations 

	Land Use 
	Land Use 
	Urban selected for entire modeling domain; sensitivity analysis also performed using rural dispersion 

	Halflife/Decay 
	Halflife/Decay 
	Halflife was used; varies by pollutant 

	Flagpole Receptors 
	Flagpole Receptors 
	1.5 meters above each receptor elevation used to simulate breathing zone 

	Dry Deposition Parameters 
	Dry Deposition Parameters 
	Model default parameters were utilized 

	State of Vegetation 
	State of Vegetation 
	Active and Unstressed; affects rate of deposition to vegetative surfaces 

	Liquid and Frozen Precipitation Gas Scavenging 
	Liquid and Frozen Precipitation Gas Scavenging 
	Is a function of particle/molecule size 

	Gas Dry Deposition Variables 
	Gas Dry Deposition Variables 
	Vary by pollutant 
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	Table A-2. Physical and chemical parameters used in the ISC3ST dispersion model. 
	Table A-2. Physical and chemical parameters used in the ISC3ST dispersion model. 
	Table A-2. Physical and chemical parameters used in the ISC3ST dispersion model. 

	Pollutant 
	Pollutant 
	Solubility (mg/l or ppm) 
	Mesophyll Resistance (RSUBM) 
	Diffusivity in 2air (cm/sec) 
	Henry's Law coefficient (dimensionless) 
	Half Life in Atmosphere (seconds) 

	1,1 Dichloroethane 
	1,1 Dichloroethane 
	5057 
	7 
	0.07 
	0.234 
	5348160 

	1,1 Dichloroethylene 
	1,1 Dichloroethylene 
	2250 
	10 
	0.09 
	1.086 
	172800 

	1,1,2,2 Tetrachloroethane 
	1,1,2,2 Tetrachloroethane 
	3000 
	9 
	0.07 
	0.01 
	80000000 

	1,1,1 Trichloroethane 
	1,1,1 Trichloroethane 
	1334 
	15 
	0.08 
	0.7 
	100000000 

	1,3 Dichloropropene 
	1,3 Dichloropropene 
	2800 
	9 
	0.0726 
	0.7362 
	151200 

	1,3 Butadiene 
	1,3 Butadiene 
	735 
	20 
	0.1158 
	2.95 
	7200 

	1,4 Dioxane 
	1,4 Dioxane 
	miscible 
	0 
	0.09 
	0.0002 
	21600 

	1,4 Dichlorobenzene 
	1,4 Dichlorobenzene 
	74 
	0 
	0.0605 
	0.1 
	1728000 

	16-PAH 
	16-PAH 
	VERY LOW 
	100 
	0.059 
	0.02 
	10800 

	2,2,4 Trimethyl Pentane 
	2,2,4 Trimethyl Pentane 
	assumed low 
	100 
	0.08 
	0.2 
	380160 

	2-Butoxyethanol 
	2-Butoxyethanol 
	miscible 
	0 
	0.1 
	0 
	77760 

	7-PAH 
	7-PAH 
	VERY LOW 
	100 
	0.032 
	0.004 
	10800 

	Acetaldehyde 
	Acetaldehyde 
	miscible 
	0 
	0.1325 
	0.0033 
	32400 

	Acetonitrile 
	Acetonitrile 
	miscible 
	0 
	0.13 
	0.0004 
	51840 

	Acrylonitrile 
	Acrylonitrile 
	80000 
	0 
	0.1173 
	0.004 
	100800 

	Ammonia 
	Ammonia 
	miscible 
	0 
	0.1698 
	0 
	7200 

	Benzene 
	Benzene 
	1780 
	10 
	0.0912 
	0.24 
	518400 

	Carbon disulfide 
	Carbon disulfide 
	1200 
	15 
	0.1 
	1 
	2592000 

	Carbonyl Sulfide 
	Carbonyl Sulfide 
	1220 
	15 
	0.1 
	2.046 
	2592000 

	Carbon Tetrachloride 
	Carbon Tetrachloride 
	790 
	20 
	0.0587 
	1.07 
	116000000 

	Chlorine 
	Chlorine 
	7300 
	5 
	0.1 
	0.3 
	43200 

	Chlorobenzene 
	Chlorobenzene 
	470 
	45 
	0.07 
	0.2 
	11232000 

	Chloroform 
	Chloroform 
	7920 
	5 
	0.0692 
	0.156 
	5529600 

	Methyl chloride (chloromethane) 
	Methyl chloride (chloromethane) 
	8200 
	5 
	0.0864 
	0.369 
	12787200 

	Cumene (isopropyl benzene) 
	Cumene (isopropyl benzene) 
	61.3 
	97 
	0.075 
	48.2 
	216000 

	Di (2-EthylHexyl) Phthalate 
	Di (2-EthylHexyl) Phthalate 
	0.34 
	100 
	0.0326 
	0 
	300000 

	Dibutyl Phthalate 
	Dibutyl Phthalate 
	11.2 
	100 
	0.09 
	0 
	151200 

	Dichloromethane (methylene chloride) 
	Dichloromethane (methylene chloride) 
	13000 
	2 
	0.1 
	0.09 
	3326400 

	Diethanolamine 
	Diethanolamine 
	miscible 
	0 
	0.11 
	0 
	14400 

	DIOXINS/FURANS 
	DIOXINS/FURANS 
	3.1 
	100 
	0.06 
	0.0005 
	5000000 

	ETHYLBENZENE 
	ETHYLBENZENE 
	170 
	90 
	0.075 
	0.3 
	198720 

	Ethyl Chloride 
	Ethyl Chloride 
	5700 
	6 
	0.1 
	0.5 
	3456000 
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	Pollutant 
	Pollutant 
	Pollutant 
	Solubility (mg/l or ppm) 
	Mesophyll Resistance (RSUBM) 
	Diffusivity in 2air (cm/sec) 
	Henry's Law coefficient (dimensionless) 
	Half Life in Atmosphere (seconds) 

	Ethylene Dichloride 
	Ethylene Dichloride 
	8524 
	5 
	0.1 
	0.04 
	2592000 

	Ethylene Glycol 
	Ethylene Glycol 
	miscible 
	0 
	0.1 
	0 
	181440 

	Ethylene Oxide 
	Ethylene Oxide 
	miscible 
	0 
	0.1323 
	0.003 
	72000 

	Formaldehyde 
	Formaldehyde 
	550000 
	0 
	0.1698 
	0 
	7200 

	Glycol Ethers 
	Glycol Ethers 
	miscible 
	0 
	0.1 
	0 
	10000 

	Hydrochloric Acid 
	Hydrochloric Acid 
	7300 
	5 
	0.1 
	0.3 
	43200 

	Hydrogen Cyanide 
	Hydrogen Cyanide 
	miscible 
	0 
	0.18 
	0.005 
	60480 

	Hydrogen Flouride 
	Hydrogen Flouride 
	1780 
	10 
	0.0912 
	0.24 
	518400 

	Hydroquinone 
	Hydroquinone 
	72000 
	0 
	0.1 
	0 
	172800 

	Isophorone 
	Isophorone 
	12000 
	2 
	0.09 
	0.0003 
	3600 

	MDI (methylene diphenyl diisocyanate) 
	MDI (methylene diphenyl diisocyanate) 
	decomposed by water 
	0 
	0.09 
	0 
	21600 

	Methanol 
	Methanol 
	miscible 
	0 
	0.09 
	0.00019 
	1537920 

	Methy Ethyl Ketone 
	Methy Ethyl Ketone 
	223000 
	0 
	0.09 
	0.001 
	198720 

	Methyl Bromide 
	Methyl Bromide 
	15223 
	2 
	0.09 
	0.259 
	24969600 

	Methyl Isobutyl Ketone 
	Methyl Isobutyl Ketone 
	19000 
	2 
	0.08 
	0.006 
	95040 

	Methyl Mercaptan 
	Methyl Mercaptan 
	15390 
	2 
	0.09 
	0.13 
	43200 

	Methyl Methacrylate 
	Methyl Methacrylate 
	15000 
	2 
	0.077 
	0.014 
	233280 

	MTBE 
	MTBE 
	51000 
	0 
	0.088 
	0.024 
	388800 

	N-HEXANE 
	N-HEXANE 
	18 
	100 
	0.2 
	5 
	250560 

	NNDimethylformamide 
	NNDimethylformamide 
	miscible 
	0 
	0.1 
	0 
	7200 

	Tetrachloroethylene 
	Tetrachloroethylene 
	200 
	85 
	0.072 
	0.76 
	8294400 

	Phenol 
	Phenol 
	82800 
	0 
	0.09 
	0 
	51840 

	Propionaldehyde 
	Propionaldehyde 
	306000 
	0 
	0.1325 
	0.0031 
	69120 

	Quinoline 
	Quinoline 
	6110 
	6 
	0.1 
	0.0001 
	86400 

	Styrene 
	Styrene 
	310 
	50 
	0.0555 
	0.103 
	18000 

	Toluene 
	Toluene 
	500 
	40 
	0.09 
	0.3 
	233280 

	Trichloroethylene 
	Trichloroethylene 
	1472 
	15 
	0.08 
	0.4 
	587520 

	Triethylamine 
	Triethylamine 
	1000000 
	0 
	0.12 
	0.004 
	17280 

	Vinyl Chloride 
	Vinyl Chloride 
	2800 
	9 
	0.11 
	1.1 
	129600 

	Xylenes (use m-xylene, shortest 1/2 life) 
	Xylenes (use m-xylene, shortest 1/2 life) 
	160 
	70 
	0.07 
	0.3 
	60480 


	Data sources are numerous and are listed elsewhere in the body of the report. 
	Exhibit A-1. Example portion of ISC3ST input file for benzene area and mobile source 
	emissions in Denver County. 
	CO STARTING CO TITLEONE Denver Metro Air Toxics Baseline Modeling Assessment CO TITLETWO All Polygon Area Sources Included CO MODELOPT CONC DDEP WDEP WETDPLT URBAN TOXICS AREADPLT SCIM NOCALM CO AVERTIME ANNUAL CO POLLUTID BENZENE CO HALFLIFE 518400.0 CO TERRHGTS ELEV CO FLAGPOLE 0 CO RUNORNOT RUN CO VEGSTATE UNSTRESSED CO FINISHED 
	SO STARTING SO ELEVUNIT METERS SO LOCATION 31001011 AREAPOLY 1639.4 SO SRCPARAM 31001011 7.83E-08 2.0000 8 1.0000 SO AREAVERT 31001011 SO AREAVERT 31001011 SO AREAVERT 31001011 SO AREAVERT 31001011 SO AREAVERT 31001011 SO AREAVERT 31001011 SO AREAVERT 31001011 SO AREAVERT 31001011 SO EMISFACT 31001011 SHRDOW 0.271 0.179 0.108 0.107 SO EMISFACT 31001011 SHRDOW 0.129 0.264 1.250 1.481 SO EMISFACT 31001011 SHRDOW 1.412 1.337 1.334 1.424 SO EMISFACT 31001011 SHRDOW 1.480 1.479 1.544 1.622 SO EMISFACT 31001011 S
	497859.50 
	4404550.00 
	497859.50 
	4404550.00 
	497859.41 
	4404161.50 
	497859.31 
	4403795.00 
	497088.62 
	4403740.00 
	497088.78 
	4404161.50 
	497088.94 
	4404550.00 
	497088.97 
	4404661.00 
	497345.84 
	4404672.00 

	SO EMISFACT 31001011 SHRDOW 0.186 0.142 0.120 0.118 
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	The Denver Air Toxics Assessment 
	The Denver Air Toxics Assessment 

	Table B-1. Original and final emission totals by source category (tons). Bold values indicate inventories used in current assessment (see footnotes on following page). 
	Table B-1. Original and final emission totals by source category (tons). Bold values indicate inventories used in current assessment (see footnotes on following page). 
	Table B-1. Original and final emission totals by source category (tons). Bold values indicate inventories used in current assessment (see footnotes on following page). 

	Pollutant 
	Pollutant 
	Six County Metro Denver Emission Totals (tons per year) 

	Point Sources 
	Point Sources 
	Area Sources 
	Original NTI On-road Mobile Sources 
	Revised NTI On-road Mobile Sources 
	MOBILE6.2 On-road Mobile Sources 
	1996 NTI Non-Road Mobile Sources 
	Modeled Metro Total 

	1,3 Butadiene 
	1,3 Butadiene 
	0.8 
	a 47 
	336 
	173 
	189 
	80 
	317 

	1,1,2,2 Tetrachloroethane 
	1,1,2,2 Tetrachloroethane 
	0 
	1.6 
	0 
	n/a 
	0 
	0 
	1.6 

	1,3 Dichloropropene 
	1,3 Dichloropropene 
	0 
	170 
	0 
	0 
	0 
	0 
	170 

	7-PAH 
	7-PAH 
	0 
	0.8 
	0.2 
	n/a 
	0 
	0.1 
	1.1 

	16-PAH 
	16-PAH 
	9 
	53 
	0.6 
	n/a 
	0 
	0.3 
	63 

	Acetaldehyde 
	Acetaldehyde 
	8.1 
	a 289 
	498 
	341 
	265 
	346 
	908 

	Acrolein 
	Acrolein 
	0.1 
	a 36 
	28 
	n/a 
	28 
	68 
	132 

	Acrylonitrile 
	Acrylonitrile 
	0.3 
	3.1 
	0 
	n/a 
	0 
	0 
	3.4 

	Arsenic Compounds 
	Arsenic Compounds 
	0.9 
	0.1 
	0.015 
	n/a 
	0.001 
	0.0016 
	1.0 

	Benzene 
	Benzene 
	139 
	a 161 
	2229 
	1265 
	1335 
	625 
	2260 

	Berylium Compounds 
	Berylium Compounds 
	0 
	0.02 
	0 
	n/a 
	0 
	0 
	0.02 

	Cadmium Compounds 
	Cadmium Compounds 
	0.01 
	0.04 
	0 
	n/a 
	0 
	0 
	0.05 

	Carbon Tetrachloride 
	Carbon Tetrachloride 
	0.4 
	b 0.7 
	0 
	n/a 
	0 
	0 
	1.1 

	Chloroform 
	Chloroform 
	10.2 
	b 4.6 
	0 
	n/a 
	0 
	0 
	14.8 

	Chromium Compounds 
	Chromium Compounds 
	2.1 
	d 0.1 
	0.08 
	n/a 
	0.1 
	0.2 
	2.5 

	Coke Oven Emissions 
	Coke Oven Emissions 
	0 
	0 
	0 
	n/a 
	0 
	0 
	0 

	Diesel PM (Exhaust) 
	Diesel PM (Exhaust) 
	0 
	0 
	1042 
	n/a 
	844 
	3387 
	c 2130 

	Ethylene Oxide 
	Ethylene Oxide 
	4.7 
	b 10.1 
	0 
	n/a 
	0 
	0 
	14.8 

	Ethylene Dibromide 
	Ethylene Dibromide 
	0 
	0.002 
	0 
	n/a 
	0 
	0 
	0 

	Ethylene Dichloride 
	Ethylene Dichloride 
	0.1 
	b 0.4 
	0 
	n/a 
	0 
	0 
	0.5 

	Formaldehyde 
	Formaldehyde 
	96.7 
	a 315 
	1017 
	771 
	581 
	753 
	1746 

	Hexachlorobenzene 
	Hexachlorobenzene 
	0 
	0 
	0 
	n/a 
	0 
	0 
	0 

	Hydrazine 
	Hydrazine 
	0 
	0 
	0 
	n/a 
	0 
	0 
	0 

	Lead Compounds 
	Lead Compounds 
	3.7 
	0.8 
	0.1 
	n/a 
	0 
	9.6 
	14.2 

	Manganese Compounds 
	Manganese Compounds 
	0.4 
	7.4 
	0.03 
	n/a 
	0.1 
	0.2 
	8.1 

	Mercury Compounds 
	Mercury Compounds 
	0.17 
	0.05 
	0.0003 
	n/a 
	n/a 
	0.012 
	0.22 

	Methylene Chloride 
	Methylene Chloride 
	78 
	282 
	0 
	n/a 
	0 
	0 
	360 


	Pollutant 
	Pollutant 
	Pollutant 
	Six County Metro Denver Emission Totals (tons per year) 

	Point Sources 
	Point Sources 
	Area Sources 
	Original NTI On-road Mobile Sources 
	Revised NTI On-road Mobile Sources 
	MOBILE6.2 On-road Mobile Sources 
	1996 NTI Non-Road Mobile Sources 
	Modeled Metro Total 

	Nickel Compounds 
	Nickel Compounds 
	0.7 
	1.1 
	0.1 
	n/a 
	0.07 
	0.1 
	2.0 

	Perchloroethylene 
	Perchloroethylene 
	311 
	d 35 
	0 
	n/a 
	0 
	0 
	346 

	Polychlorinated Biphenyls (PCBs) 
	Polychlorinated Biphenyls (PCBs) 
	0 
	0 
	0 
	n/a 
	0 
	0 
	0 

	Propylene Dichloride 
	Propylene Dichloride 
	0 
	0 
	0 
	n/a 
	0 
	0 
	0 

	Quinoline 
	Quinoline 
	0.07 
	0 
	0 
	n/a 
	0 
	0 
	0 

	Trichloroethylene 
	Trichloroethylene 
	35.7 
	d 3.2 
	0 
	n/a 
	0 
	0 
	38.9 

	Vinyl Chloride 
	Vinyl Chloride 
	2.1 
	4 
	0 
	n/a 
	0 
	0 
	6.1 


	a 
	1996 NTI did not contain area source woodburning emissions for these pollutants or were significantly underestimated. See section 3.2. 
	b 
	Totals as reported in the 1996 NTI. Emissions were excluded from modeling because area source categories were not selected. 
	c 
	Final diesel emissions were calculated as reported in Chapter 3. 
	d 
	Area source emission totals after excluding source categories that were likely included in the point source database. 
	The Denver Air Toxics Assessment 
	Table B-2. 1996 NTI area source categories in Metropolitan Denver and those used in the Denver Air Toxics Assessment. 
	Table B-2. 1996 NTI area source categories in Metropolitan Denver and those used in the Denver Air Toxics Assessment. 
	Table B-2. 1996 NTI area source categories in Metropolitan Denver and those used in the Denver Air Toxics Assessment. 

	Are a Source Ca tegory 
	Are a Source Ca tegory 
	Utilize d by DDEH? 
	Are a Source Ca te gory 
	Utilize d by DDEH? 

	Adhesives and Sealants 
	Adhesives and Sealants 
	N 
	Miscellaneous Organic Chemical Processes 
	N 

	Animal Cremation 
	Animal Cremation 
	N 
	Municipal Landfills 
	Y 

	Asphalt Concrete Manufacturing 
	Asphalt Concrete Manufacturing 
	N 
	Natural Gas Transmissions and Storage 
	N 

	Asphalt Paving: Cutback Asphalt 
	Asphalt Paving: Cutback Asphalt 
	Y 
	Oil and Natural Gas Production 
	Y 

	Asphalt Roofing Manufacturing 
	Asphalt Roofing Manufacturing 
	N 
	Open Burning: Forest and W ildfires 
	Y 

	Autobody Refinishing Paint Application 
	Autobody Refinishing Paint Application 
	N 
	Open Burning: Prescribed Burnings 
	Y 

	Aviation Gasoline Distribution: Stage I & II 
	Aviation Gasoline Distribution: Stage I & II 
	N 
	Open Burning: Scrap Tires 
	Y 

	Cement, Hydraulic 
	Cement, Hydraulic 
	N 
	Paint Stripping Operations 
	Y 

	Chemicals and Allied Products, nec 
	Chemicals and Allied Products, nec 
	N 
	Perchloroethylene Dry Cleaning 
	N 

	Chromic Acid Anodizing 
	Chromic Acid Anodizing 
	N 
	Pesticide Application 
	N 

	Commercial Sterilization Facilities (Ethylene Oxide) 
	Commercial Sterilization Facilities (Ethylene Oxide) 
	N 
	Pharmaceuticals Production 
	N 

	Consumer Products Usage 
	Consumer Products Usage 
	Y 
	Plastic Parts and Products (Surface Coating) 
	N 

	Decorative Chromium Electroplating 
	Decorative Chromium Electroplating 
	N 
	Polishes and Sanitation Goods Manufacturing 
	N 

	Dental Preparation and Use 
	Dental Preparation and Use 
	N 
	Polyvinyl Chloride and Copolymers Production 
	N 

	Fabricated Metal Products, nec 
	Fabricated Metal Products, nec 
	N 
	Primary Batteries, Dry and W et, Manufacturing 
	N 

	Flexible Polyurethane Foam Fabrication 
	Flexible Polyurethane Foam Fabrication 
	N 
	Printing/Publishing (Surface Coating) 
	N 

	Flexible Polyurethane Foam Production 
	Flexible Polyurethane Foam Production 
	N 
	Publicly Owned Treatment W orks (POTW s) 
	Y 

	Gasoline Distribution Stage I (excluding benzene) 
	Gasoline Distribution Stage I (excluding benzene) 
	Y 
	Pumps and Pumping Equipment Manufacturing 
	N 

	Gasoline Distribution Stage II (excluding benzene) 
	Gasoline Distribution Stage II (excluding benzene) 
	Y 
	Refractories Manufacturing 
	N 

	General Laboratory Activities 
	General Laboratory Activities 
	N 
	Residential Heating: Anthracite Coal 
	N 

	Halogenated Solvent Cleaners 
	Halogenated Solvent Cleaners 
	N 
	Residential Heating: Bituminous and Lignite Coal 
	N 

	Hard Chromium Electroplating 
	Hard Chromium Electroplating 
	N 
	Residential Heating: Distillate Oil 
	N 

	Hospital Sterilizers 
	Hospital Sterilizers 
	N 
	Residential Heating: Natural Gas 
	N 

	Human Cremation 
	Human Cremation 
	N 
	Residential Heating: W ood/W ood Residue 
	Y 

	Industrial Boilers: Distillate Oil 
	Industrial Boilers: Distillate Oil 
	N 
	Service Industry Machinery 
	Y 

	Industrial Boilers: Natural Gas 
	Industrial Boilers: Natural Gas 
	N 
	Softwood Drying Kilns 
	N 

	Industrial Boilers: Residual Oil 
	Industrial Boilers: Residual Oil 
	N 
	Special Industry Machinery, nec 
	Y 

	Industrial Boilers: W aste Oil 
	Industrial Boilers: W aste Oil 
	N 
	Stationary Internal Combustion Engines -Diesel 
	Y 

	Industrial Inorganic Chemical Manufacturing 
	Industrial Inorganic Chemical Manufacturing 
	N 
	Stationary Internal Combustion Engines -Natural Gas 
	N 

	Institutional/Commercial Heating: Distillate Oil 
	Institutional/Commercial Heating: Distillate Oil 
	N 
	Stationary Turbines 
	N 

	Institutional/Commercial Heating: Natural Gas 
	Institutional/Commercial Heating: Natural Gas 
	N 
	Steel Pickling HCl Process 
	N 

	Institutional/Commercial Heating: Residual Oil 
	Institutional/Commercial Heating: Residual Oil 
	N 
	Structure Fires 
	Y 

	Institutional/Commercial Heating: W ood/W ood Residue 
	Institutional/Commercial Heating: W ood/W ood Residue 
	Y 
	Surface Coatings: Architectural 
	Y 

	Lamp Breakage 
	Lamp Breakage 
	N 
	Surface Coatings: Industrial Maintenance 
	N 

	Lubricating Oils and Greases 
	Lubricating Oils and Greases 
	N 
	Surface Coatings: Traffic Markings 
	Y 

	Metal coating and allied services (3479) 
	Metal coating and allied services (3479) 
	N 
	Telephone and Telegraph Apparatus 
	Y 

	TR
	W ood Kitchen Cabinets 
	N 


	The Denver Air Toxics Assessment 
	Table B-3. Emission factors for residential wood combustion (pounds of pollutant per ton of wood burned). 
	Table B-3. Emission factors for residential wood combustion (pounds of pollutant per ton of wood burned). 
	Table B-3. Emission factors for residential wood combustion (pounds of pollutant per ton of wood burned). 

	Data Source 
	Data Source 
	Emission Factors in Pounds per Ton of Wood Burned 

	Benzene Formaldehyde Acetaldehyde 1,3 Butadiene Carbon Monoxide 
	Benzene Formaldehyde Acetaldehyde 1,3 Butadiene Carbon Monoxide 

	EPA Fireplace (ERG, 2001) 
	EPA Fireplace (ERG, 2001) 
	1.94 n/a n/a n/a 252.6 

	EPA Catalytic Woodstove (ERG, 2001) 
	EPA Catalytic Woodstove (ERG, 2001) 
	1.46 n/a n/a n/a 107 

	Houck et al. (2001) Fireplace 
	Houck et al. (2001) Fireplace 
	1.86 3.32 n/a n/a 127.9 

	Cass et al. (2001) Fireplace 
	Cass et al. (2001) Fireplace 
	0.77 2.33 3.40 0.23 n/a 

	Zielinska et al. (2000) Fireplace 
	Zielinska et al. (2000) Fireplace 
	0.55 0.28 0.71 0.13 258 

	Selected Emission Factor 
	Selected Emission Factor 
	a a a a b 0.66 0.48 0.98 0.18 255.3 

	TR
	Emission Factors in Pounds per Ton of Wood Burned 

	Data Source 
	Data Source 
	Toluene o-Xylene m+p-Xylene Acetone Ethylbenzene 

	EPA Fireplace (ERG, 2001) 
	EPA Fireplace (ERG, 2001) 
	0.73 0.20 0.67 n/a n/a 

	EPA Catalytic Woodstove (ERG, 2001) 
	EPA Catalytic Woodstove (ERG, 2001) 
	0.52 0.19 0.63 n/a n/a 

	Houck et al. (2001) Fireplace 
	Houck et al. (2001) Fireplace 
	n/a n/a n/a n/a n/a 

	Cass et al. (2001) Fireplace 
	Cass et al. (2001) Fireplace 
	0.32 0.04 0.12 1.50 0.05 

	Zielinska et al. (2000) Fireplace 
	Zielinska et al. (2000) Fireplace 
	0.26 0.03 0.09 0.53 n/a 

	Selected Emission Factor 
	Selected Emission Factor 
	a a a a 0.29 0.03 0.10 0.63 0.05 


	a 
	Emission factor is average of Cass et al. and Zielinska et al. emission factors 
	b 
	Emission factor is average of Zielinska et al. and EPA Fireplace emission factors 
	The Denver Air Toxics Assessment 
	Table B-4. Wood burning emission totals for Metropolitan Denver (tons). 
	Table B-4. Wood burning emission totals for Metropolitan Denver (tons). 
	Table B-4. Wood burning emission totals for Metropolitan Denver (tons). 

	County Name 
	County Name 
	Wood Burning Emission Totals (tons per year) 

	Benzene 
	Benzene 
	Formaldehyde Acetaldehyde 1,3 Butadiene 
	Carbon Monoxide 

	Adams 
	Adams 
	11.5 
	8.5 17.2 3.2 
	4475 

	Arapahoe 
	Arapahoe 
	17.1 
	12.6 25.5 4.8 
	6643 

	Boulder 
	Boulder 
	10.4 
	7.7 15.5 2.9 
	4046 

	Denver 
	Denver 
	21.9 
	16.1 32.6 6.1 
	8485 

	Douglas 
	Douglas 
	5.5 
	4.1 8.2 1.5 
	2137 

	Jefferson 
	Jefferson 
	18.5 
	13.6 27.5 5.2 
	7171 

	Metro Denver Total 
	Metro Denver Total 
	84.9 
	62.6 126.4 23.7 
	32957 

	TR
	Wood Burning Emission Totals (tons per year) 

	County Name 
	County Name 
	Toluene 
	o-Xylene m+p-Xylene Acetone 
	Ethylbenzene 

	Adams 
	Adams 
	5.1 
	0.6 1.8 11.0 
	0.8 

	Arapahoe 
	Arapahoe 
	7.5 
	0.9 2.7 16.3 
	1.2 

	Boulder 
	Boulder 
	4.6 
	0.5 1.7 9.9 
	0.7 

	Denver 
	Denver 
	9.6 
	1.1 3.5 20.8 
	1.5 

	Douglas 
	Douglas 
	2.4 
	0.3 0.9 5.2 
	0.4 

	Jefferson 
	Jefferson 
	8.1 
	0.9 2.9 17.6 
	1.3 

	Metro Denver Total 
	Metro Denver Total 
	37.4 
	4.3 13.6 80.9 
	5.9 


	Table B-5. Statewide and Metropolitan Denver fuel sales data for 1996 (gallons). The surrogates used to apportion statewide fuel sales to Metro Denver included a combination of population, VMT, and registered vehicles (diesel only). 
	Table B-5. Statewide and Metropolitan Denver fuel sales data for 1996 (gallons). The surrogates used to apportion statewide fuel sales to Metro Denver included a combination of population, VMT, and registered vehicles (diesel only). 
	Table B-5. Statewide and Metropolitan Denver fuel sales data for 1996 (gallons). The surrogates used to apportion statewide fuel sales to Metro Denver included a combination of population, VMT, and registered vehicles (diesel only). 

	Month 
	Month 
	Conventional Statewide 
	Gasoline Metro Denver 
	Gasohol (Oxygenated) Statewide 
	Metro Denver 
	DiStatewide 
	esel Metro Denver 

	January 
	January 
	2,124,135 
	54,796 
	2,191,484 
	1,918,231 
	1,003,441 
	361,239 

	February 
	February 
	2,302,716 
	97,610 
	2,296,046 
	2,009,756 
	931,360 
	335,290 

	March 
	March 
	4,323,255 
	2,250,254 
	333,496 
	291,913 
	879,635 
	316,669 

	April 
	April 
	4,408,386 
	2,294,565 
	261,100 
	228,543 
	931,040 
	335,175 

	May 
	May 
	4,615,627 
	2,402,434 
	255,967 
	224,051 
	906,523 
	326,348 

	June 
	June 
	4,745,783 
	2,470,180 
	182,455 
	159,705 
	933,652 
	336,115 

	July 
	July 
	5,664,925 
	2,948,594 
	140,552 
	123,027 
	738,421 
	265,831 

	August 
	August 
	4,745,783 
	2,515,265 
	182,455 
	159,705 
	933,652 
	336,115 

	September 
	September 
	4,659,482 
	2,425,261 
	122,960 
	107,629 
	809,996 
	291,598 

	October 
	October 
	4,362,458 
	1,826,818 
	925,635 
	810,219 
	876,643 
	315,591 

	November 
	November 
	2,931,667 
	793,086 
	1,581,711 
	1,384,490 
	803,846 
	289,385 

	December 
	December 
	3,430,186 
	956,859 
	1,727,951 
	1,512,495 
	795,326 
	286,317 


	The Denver Air Toxics Assessment 
	Figure B-1. Central Business District Driving cycle for heavy-duty vehicles. Duration = 560 secs, 
	average speed = 12.6 miles per hour, driving distance = 2 miles. 
	Figure
	Figure B-2. Urban Dynamometer Driving Schedule (UDDS, aka the HDT driving cycle) for heavy-duty vehicles. Duration = 1060 secs, average speed = 18.9 miles per hour, driving distance = 5.5 miles. 
	Figure B-2. Urban Dynamometer Driving Schedule (UDDS, aka the HDT driving cycle) for heavy-duty vehicles. Duration = 1060 secs, average speed = 18.9 miles per hour, driving distance = 5.5 miles. 


	Figure
	The Denver Air Toxics Assessment 
	Figure B-3. The West Virginia 5-peak truck cycle (WVT). Duration = 900 secs, driving distance = 5 miles. 
	Figure
	Exhibit B-1. MOBILE6.2 input file used for EPD revised mobile source air toxics 
	inventory. Lines beginning with a “*” are commented out and do not affect model results. 
	MOBILE6 INPUT FILE : Estimated Emissions for 1996; includes EPD modified 
	files ****************************** HEADER SECTION ********************************** 
	POLLUTANTS : HC CO NOx PARTICULATES : AIR TOXICS : SPREADSHEET : DENVER96 ****************************** RUN DATA SECTION 
	******************************** RUN DATA EXPRESS HC AS TOG : EXPAND EXHAUST : 
	* 
	* 
	* 
	TOG output given as start emissions and running/stabilized emissions EXPAND EVAPORATIVE : STARTS PER DAY : stperday.d 

	* 
	* 
	ST PER DAY a significant change from (less than) EPA Defaults per 98 DRCOG 

	* 
	* 
	travel survey START DIST : sdist.d 

	* 
	* 
	ST DIST is also quite different, modified based on DRCOG 98 travel survey NO REFUELING : REG DIST : REGDATA.D 

	* 
	* 
	The registration distribution used is the EPA default; originally went with 

	* 
	* 
	DMV spreadsheet data from 1999 but it’s not broken out by vehicle type (car vs 

	* 
	* 
	truck) so cant say for sure. 1999 DMV data possessed by EPD showed an older 

	* 
	* 
	fleet, which agrees with DRCOG 1998 travel behavior survey data. VMT BY FACILITY : fvmt.def 

	* 
	* 
	The facility by VMT shows DRCOG TDM estimates for each road class in Denver 

	* 
	* 
	County VMT BY HOUR : hvmt.def 

	* 
	* 
	The VMT BY HOUR shows DRCOG TDM AM-, PM-, and OFF-peak fractions of VMT 

	* 
	* 
	* 
	Hourly data was derived using hour-to-hour ratios from EPA default data file 

	*WE DA TRI LEN DI : WEDATRIP.D 

	* 
	* 
	Mobile 6 uses weekday distribution as default, cannot use both week-day/end 

	* 
	* 
	Weekday Trip Dist file is significantly different from EPA defaults 

	* 
	* 
	* 
	Modifications based on DRCOG 98 travel survey using median travel times 

	*WE EN TRI LEN DI : WEENTRIP.D 

	* 
	* 
	Modified distributions based loosely on DRCOG 98 Travel Survey Weekday Data 

	* 
	* 
	* 
	Slightly different from weekday file because of no peak travel slowdowns 

	* --------------------------------I/M Program Data -------------------------
	-


	* 
	* 
	* 
	First I/M program is I/M 240 

	I/M PROGRAM : 1 1982 2020 2 T/O IM240 I/M MODEL YEARS : 1 1982 1996 I/M VEHICLES : 1 22222 22222222 1 I/M STRINGENCY : 1 20.0 I/M COMPLIANCE : 1 98.0 I/M WAIVER RATES : 1 0.0 0.0 I/M GRACE PERIOD : 1 4 I/M CUTPOINTS : 1 EXAMPLES/MYCUTS1.D NO I/M TTC CREDITS : 1 

	* 
	* 
	SECOND I/M program is Idle/2500 


	I/M PROGRAM : 2 1982 2020 2 T/O 2500/IDLE I/M MODEL YEARS : 2 1952 1981 I/M VEHICLES : 2 22222 22222222 1 I/M STRINGENCY : 2 35.0 I/M COMPLIANCE : 2 98.0 I/M WAIVER RATES : 2 2.0 2.0 ANTI-TAMP PROG : 82 75 95 22222 22222222 1 12 098. 22111112 
	******************************* SCENARIO SECTION ******************************* 
	*---------------------------------------------------------------------------
	-

	SCENARIO REC : Denver HC Output as TOG -Winter *---------------------------------------------------------------------------
	-

	FUEL PROGRAM : 3 ALTITUDE : 2 
	PARTICULATE EF : PMGZML.CSV PMGDR1.CSV PMGDR2.CSV PMDZML.CSV PMDDR1.CSV PMDDR2.CSV 
	PARTICLE SIZE : 10.0 
	DIESEL SULFUR : 343.00 
	GAS AROMATIC% 
	GAS AROMATIC% 
	GAS AROMATIC% 
	: 30.1 

	GAS OLEFIN% 
	GAS OLEFIN% 
	: 14.3 

	GAS BENZENE% 
	GAS BENZENE% 
	: 0.9 

	E200 
	E200 
	: 60.0 

	E300 
	E300 
	: 85.0 

	OXYGENATE 
	OXYGENATE 
	: MTBE 0.0 
	0.00 


	: ETBE 0.0 0.00 : ETOH 10.0 1.00 : TAME 0.0 0.00 
	ADDITIONAL HAPS : otherhap.csv 
	SULFUR CONTENT : 190 
	* 
	* 
	* 
	Average sulfur content by season modified from data in CRC LDGV NFRAQS Report 

	* 
	* 
	based on fuel analyses; also from 1998 CDPHE oxyfuel analyses report 


	HOURLY TEMPERATURES: 24.0 26.0 31.1 35.0 38.1 41.1 42.0 43.1 42.0 41.1 37.0 
	32.0 31.1 30.0 29.1 28.0 28.0 27.1 26.0 26.0 26.0 25.1 25.1 
	* 
	* 
	* 
	Hourly temps are median temps by hour & season calculated from 1986-1990 

	* 
	* 
	meteorological data file used in ISC3 -6-7 am is the first hour listed!! 


	*MIN/MAX TEMP : 19. 43. 
	CALENDAR YEAR : 1996 
	EVALUATION MONTH : 1 
	*AVERAGE SPEED : 23.0 Areawide 
	* 
	* 
	* 
	Can use this function to model individual road type or all road types if avg 

	* 
	* 
	speed is known. Mobile 6 composite avg speed over all roads is about 28.4 

	* 
	* 
	* 
	miles per hour. 

	*OXYGENATED FUELS : .050 .950 .027 .035 1 

	* 
	* 
	Specifies that 95% of gas sold has ethanol with 3.5% oxygen by weight. The 

	* 
	* 
	remainder of the fuel (5%) is assumed here to have MTBE with 2.7% oxygen wt. 


	FUEL RVP : 13.6 
	ABSOLUTE HUMIDITY : 45.0 
	* 
	* 
	* 
	default is 75 grains/lb 

	* 
	* 
	* 
	default is 6 am and 9 pm 

	*WE VEH US : 

	* 
	* 
	This command directs Mobile6 to apply weekend activity information in 

	* 
	* 
	calculating emissions that depend on vehicle usage rates. 


	SUNRISE/SUNSET : 7 5 
	*---------------------------------------------------------------------------
	-

	SCENARIO REC : Denver HC Output as TOG -Spring *---------------------------------------------------------------------------
	-

	FUEL PROGRAM : 3 
	* 
	* 
	* 
	Post 1999 Fuel Sulfur Phase in program for Conventional Gasoline West 

	* 
	* 
	* 
	1 = low altitude, 2 = high altitude 

	SULFUR CONTENT : 240 

	* 
	* 
	sulfur content in ppmw 


	ALTITUDE : 2 
	PARTICULATE EF : PMGZML.CSV PMGDR1.CSV PMGDR2.CSV PMDZML.CSV PMDDR1.CSV PMDDR2.CSV 
	PARTICLE SIZE : 10.0 
	DIESEL SULFUR : 343.00 
	GAS AROMATIC% : 31.1 GAS OLEFIN% : 14.3 GAS BENZENE% : 1.1 E200 : 52.0 E300 : 81.0 OXYGENATE : MTBE 0.0 0.00 
	: ETBE 0.0 0.00 : ETOH 10.0 0.10 : TAME 0.0 0.00 
	ADDITIONAL HAPS : otherhap.csv 
	HOURLY TEMPERATURES: 44.0 48.0 52.1 55.0 59.1 61.1 62.0 63.1 62.0 62.0 61.1 
	54.1 51.0 50.1 48.0 47.1 45.1 43.1 42.0 41.1 40.1 39.0 40.1 
	* 
	* 
	* 
	Hourly temps are median temps by hour & season calculated from 1986-1990 

	* 
	* 
	meteorological data file used in ISC3 -6-7 am is the first hour !! 


	*MIN/MAX TEMP : 36.5 63.0 
	CALENDAR YEAR : 1996 
	EVALUATION MONTH : 7 
	* 
	* 
	* 
	* 
	can select July or January -difference will be slightly newer fleet in July 

	FUEL RVP : 9.0 

	* 
	* 
	Fuel RVP is adjusted to account for slight use of ethanol still occurring * occurring in March 

	* 
	* 
	default is 75 grains/lb 

	* 
	* 
	* 
	default is 6 am and 9 pm 

	*WE VEH US : 

	* 
	* 
	This command directs Mobile6 to apply weekend activity information in 

	* 
	* 
	calculating emissions that depend on vehicle usage rates. 


	ABSOLUTE HUMIDITY : 55.0 
	SUNRISE/SUNSET : 6 8 
	*---------------------------------------------------------------------------
	-

	SCENARIO REC : Denver HC Output as TOG -Summer *---------------------------------------------------------------------------
	-

	FUEL PROGRAM : 3 
	* 
	* 
	* 
	Post 1999 Fuel Sulfur Phase in program for Conventional Gasoline West ALTITUDE : 2 

	* 
	* 
	1 = low altitude, 2 = high altitude SULFUR CONTENT : 270 

	* 
	* 
	sulfur content in ppmw 


	PARTICULATE EF : PMGZML.CSV PMGDR1.CSV PMGDR2.CSV PMDZML.CSV PMDDR1.CSV PMDDR2.CSV PARTICLE SIZE : 10.0 DIESEL SULFUR : 343.00 
	GAS AROMATIC% 
	GAS AROMATIC% 
	GAS AROMATIC% 
	: 32.3 

	GAS OLEFIN% 
	GAS OLEFIN% 
	: 14.2 

	GAS BENZENE% 
	GAS BENZENE% 
	: 1.3 

	E200 
	E200 
	: 50.0 

	E300 
	E300 
	: 80.0 

	OXYGENATE 
	OXYGENATE 
	: MTBE 0.0 
	0.00 

	TR
	: ETBE 0.0 
	0.00 


	: ETOH 10.0 0.04 : TAME 0.0 0.00 *ETOH above mean 4% of metro area fuel sold in summer contained 10% ethanol 
	ADDITIONAL HAPS : otherhap.csv 
	HOURLY TEMPERATURES: 66.0 70.1 74.1 78.0 80.0 83.1 84.0 84.0 83.1 83.1 81.1 
	75.0 72.1 70.1 68.1 66.0 64.0 63.1 62.0 61.1 60.0 59.1 61.1 
	* 
	* 
	* 
	Hourly temps are median temps by hour & season calculated from 1986-1990 

	* 
	* 
	meteorological data file used in ISC3 -6-7 am is the first hour !! *MIN/MAX TEMP : 58. 87. CALENDAR YEAR : 1996 EVALUATION MONTH : 7 

	* 
	* 
	* 
	can select July or January -difference will be slightly newer fleet in July 

	FUEL RVP : 8.7 ABSOLUTE HUMIDITY : 70.0 

	* 
	* 
	default is 75 grains/lb SUNRISE/SUNSET : 6 9 

	* 
	* 
	default is 6 am and 9 pm *WE VEH US : 

	* 
	* 
	This command directs Mobile6 to apply weekend activity information in 

	* 
	* 
	calculating emissions that depend on vehicle usage rates. *---------------------------------------------------------------------------
	-



	SCENARIO REC : Denver HC Output as TOG -Fall 
	*---------------------------------------------------------------------------
	-

	FUEL PROGRAM : 3 
	* 
	* 
	* 
	* 
	Post 1999 Fuel Sulfur Phase in program for Conventional Gasoline West 

	ALTITUDE : 2 

	* 
	* 
	* 
	1 = low altitude, 2 = high altitude 

	SULFUR CONTENT : 230 

	* 
	* 
	sulfur content in ppmw 


	PARTICULATE EF : PMGZML.CSV PMGDR1.CSV PMGDR2.CSV PMDZML.CSV PMDDR1.CSV PMDDR2.CSV 
	PARTICLE SIZE : 10.0 
	DIESEL SULFUR : 343.00 
	GAS AROMATIC% : 31.6 
	GAS OLEFIN% : 14.3 
	GAS BENZENE% : 1.2 
	E200 : 53.0 
	E300 : 82.0 
	OXYGENATE : MTBE 0.0 0.00 : ETBE 0.0 0.00 : ETOH 10.0 0.28 : TAME 0.0 0.00 
	ADDITIONAL HAPS : otherhap.csv 
	HOURLY TEMPERATURES: 43.1 48.0 53.0 58.1 61.1 63.1 66.0 66.0 66.0 65.1 61.1 
	53.0 51.0 49.1 48.0 47.1 45.1 44.0 44.0 43.1 43.1 42.0 41.1 
	* 
	* 
	* 
	Hourly temps are median temps by hour & season calculated from 1986-1990 

	* 
	* 
	meteorological data file used in ISC3 -6-7 am is the first hour !! 


	*MIN/MAX TEMP : 38. 65. 
	CALENDAR YEAR : 1996 
	EVALUATION MONTH : 7 
	* 
	* 
	* 
	can select July or January -difference will be slightly newer fleet in July 

	* 
	* 
	* 
	Specifies that 35% of gas sold has ethanol with 3.5% weight. 

	FUEL RVP : 10.5 

	* 
	* 
	Fuel RVP is adjusted to account for 5 weeks of ethanol beginning in Nov, with * 1 week in October also included for introduction 

	* 
	* 
	default is 75 grains/lb 

	* 
	* 
	* 
	default is 6 am and 9 pm 

	*WE VEH US : 

	* 
	* 
	This command directs Mobile6 to apply weekend activity information in 

	* 
	* 
	calculating emissions that depend on vehicle usage rates. 


	*OXYGENATED FUELS : .000 .350 .000 .035 1 
	ABSOLUTE HUMIDITY : 55.0 
	SUNRISE/SUNSET : 6 7 
	END OF RUN 

	APPENDIX C ---AIR DISPERSION MODEL PREDICTED CONCENTRATIONS 
	APPENDIX C ---AIR DISPERSION MODEL PREDICTED CONCENTRATIONS 
	The Denver Air Toxics Assessment 
	Table C-1. Predicted concentrations (micrograms per cubic meter) for Denver County comparing DDEH results with EPA 1996 NATA results. Median and 95percentile concentrations are listed. 
	th 

	EPD1996 Background Secondary EPDMedian 1996NATA Ratioof 
	EPD95% 
	Pollutant 
	Pollutant 
	Pollutant 
	1 MedianConc 
	2 Conc 
	3 Conc 
	3 Total (ug/m ) 
	EPAMedian MedianEPD/EPA 
	Total Conc 

	Acetaldehyde 
	Acetaldehyde 
	2.40E-01 
	0 
	1.38 
	1.62E+00 
	1.06E+00 
	1.53 
	2.10E+00 

	Acrolein 
	Acrolein 
	4.00E-02 
	0 
	0.2 
	2.40E-01 
	1.30E-01 
	1.85 
	2.72E-01 

	ArsenicCompounds 
	ArsenicCompounds 
	8.00E-05 
	0 
	0 
	8.00E-05 
	1.21E-04 
	0.66 
	1.20E-04 

	Benzene 
	Benzene 
	1.36E+00 
	4.80E-01 
	0 
	1.84E+00 
	2.54E+00 
	0.72 
	2.86E+00 

	BerylliumCompounds 
	BerylliumCompounds 
	1.00E-05 
	0 
	0 
	1.00E-05 
	1.93E-05 
	0.52 
	3.00E-05 

	1,3-Butadiene 
	1,3-Butadiene 
	1.68E-01 
	0 
	0 
	1.68E-01 
	1.74E-01 
	0.97 
	3.17E-01 

	CadmiumCompounds 
	CadmiumCompounds 
	2.00E-05 
	0 
	0 
	2.00E-05 
	1.03E-04 
	0.19 
	5.00E-05 

	CarbonTetrachloride 
	CarbonTetrachloride 
	0 
	8.80E-01 
	0 
	8.80E-01 
	8.81E-01 
	1.00 
	8.81E-01 

	Chloroform 
	Chloroform 
	1.87E-03 
	8.30E-02 
	0 
	8.49E-02 
	9.59E-02 
	0.88 
	8.81E-02 

	ChromiumCompounds 
	ChromiumCompounds 
	2.70E-04 
	0 
	0 
	2.70E-04 
	2.34E-03 
	0.12 
	4.30E-04 

	1,3-Dichloropropene 
	1,3-Dichloropropene 
	8.50E-02 
	0 
	0 
	8.50E-02 
	1.05E-01 
	0.81 
	1.65E-01 

	Diesel PM 
	Diesel PM 
	9.10E-01 
	0 
	0 
	9.10E-01 
	1.82 
	0.50 
	1.71E+00 

	EthyleneOxide 
	EthyleneOxide 
	2.00E-03 
	0 
	0 
	2.00E-03 
	8.11E-03 
	0.25 
	1.30E-02 

	Formaldehyde 
	Formaldehyde 
	5.20E-01 
	2.50E-01 
	3.01 
	3.78E+00 
	1.35E+00 
	2.80 
	4.22E+00 

	LeadCompounds 
	LeadCompounds 
	8.70E-04 
	0 
	0 
	8.70E-04 
	4.06E-03 
	0.21 
	1.90E-03 

	ManganeseCompounds 
	ManganeseCompounds 
	2.73E-03 
	0 
	0 
	2.73E-03 
	2.07E-03 
	1.32 
	4.83E-03 

	MercuryCompounds 
	MercuryCompounds 
	2.00E-05 
	1.50E-03 
	0 
	1.52E-03 
	1.76E-03 
	0.86 
	1.53E-03 

	MethyleneChloride 
	MethyleneChloride 
	1.60E-01 
	1.50E-01 
	0 
	3.10E-01 
	5.36E-01 
	0.58 
	4.70E-01 

	Nickel Compounds 
	Nickel Compounds 
	1.00E-03 
	0 
	0 
	1.00E-03 
	1.95E-03 
	0.51 
	1.89E-03 

	Perchloroethylene 
	Perchloroethylene 
	1.16E-01 
	1.40E-01 
	0 
	2.56E-01 
	4.76E-01 
	0.54 
	4.40E-01 

	PolycyclicOrganicMatter (16-PAH) 
	PolycyclicOrganicMatter (16-PAH) 
	2.50E-02 
	0 
	0 
	2.50E-02 
	9.40E-02 
	0.27 
	5.00E-02 

	PolycyclicOrganicMatter (7-PAH) 
	PolycyclicOrganicMatter (7-PAH) 
	1.50E-04 
	0 
	0 
	1.50E-04 
	5.01E-03 
	0.03 
	2.60E-04 

	Trichloroethylene 
	Trichloroethylene 
	1.03E-01 
	8.10E-02 
	0 
	1.84E-01 
	1.62E-01 
	1.14 
	2.61E-01 

	Acrylonitrile 
	Acrylonitrile 
	5.00E-05 
	0 
	0 
	5.00E-05 
	5.58E-03 
	0.01 
	1.40E-04 

	Quinoline 
	Quinoline 
	2.00E-05 
	0 
	0 
	2.00E-05 
	8.30E-05 
	0.24 
	7.00E-05 

	Vinyl Chloride 
	Vinyl Chloride 
	1.08E-03 
	0 
	0 
	1.08E-03 
	9.08E-03 
	0.12 
	7.68E-03 

	EthyleneDichloride 
	EthyleneDichloride 
	0 
	6.10E-02 
	0 
	6.10E-02 
	6.12E-02 
	1.00 
	6.10E-02 

	1,1Dichloroethane 
	1,1Dichloroethane 
	8.00E-05 
	0 
	0 
	8.00E-05 
	not modeled 
	n/a 
	1.30E-04 

	1,1Dichloroethylene 
	1,1Dichloroethylene 
	2.00E-05 
	0 
	0 
	2.00E-05 
	not modeled 
	n/a 
	4.00E-05 

	1,4Dichlorobenzene 
	1,4Dichlorobenzene 
	4.30E-02 
	0 
	0 
	4.30E-02 
	not modeled 
	n/a 
	8.40E-02 

	1,4Dioxane 
	1,4Dioxane 
	1.50E-04 
	0 
	0 
	1.50E-04 
	not modeled 
	n/a 
	3.20E-04 

	2,2,4Trimethylpentane 
	2,2,4Trimethylpentane 
	3.90E-02 
	0 
	0 
	3.90E-02 
	not modeled 
	n/a 
	7.90E-02 

	2-Butoxyethanol (EGBE) 
	2-Butoxyethanol (EGBE) 
	2.57E-02 
	0 
	0 
	2.57E-02 
	not modeled 
	n/a 
	6.20E-02 

	Acetonitrile 
	Acetonitrile 
	1.80E-04 
	0 
	0 
	1.80E-04 
	not modeled 
	n/a 
	2.80E-04 

	Antimony 
	Antimony 
	4.00E-05 
	0 
	0 
	4.00E-05 
	not modeled 
	n/a 
	9.40E-04 

	Carbondisulfide 
	Carbondisulfide 
	4.70E-02 
	0.047 
	0 
	9.40E-02 
	not modeled 
	n/a 
	4.70E-02 

	Carbonyl sulfide 
	Carbonyl sulfide 
	1.20E+00 
	1.2 
	0 
	2.40E+00 
	not modeled 
	n/a 
	1.20E+00 

	Chlorine 
	Chlorine 
	5.70E-04 
	0 
	0 
	5.70E-04 
	not modeled 
	n/a 
	1.16E-03 

	Chlorobenzene 
	Chlorobenzene 
	4.68E-02 
	0 
	0 
	4.68E-02 
	not modeled 
	n/a 
	8.42E-02 


	The Denver Air Toxics Assessment 
	EPD 1996 
	EPD 1996 
	EPD 1996 
	Background 
	Secondary 
	EPD Median 
	1996 NATA 
	Ratio of 
	EPD 95% 
	1996 NATA 

	Pollutant 
	Pollutant 
	1 Median Conc 
	2 Conc 
	3 Conc 
	3 Total (ug/m ) 
	EPA Median Median EPD/EPA 
	Total Conc 
	EPA 95% Conc 

	Cumene 
	Cumene 
	1.10E-03 
	0 
	0 
	1.10E-03 
	not modeled 
	n/a 
	2.20E-03 
	not modeled 

	Cyanide (as Hydrogen Cyanide gas) 
	Cyanide (as Hydrogen Cyanide gas) 
	5.74E-02 
	0 
	0 
	5.74E-02 
	not modeled 
	n/a 
	1.04E-01 
	not modeled 

	Dibutyl phthalate 
	Dibutyl phthalate 
	1.03E-03 
	0.001 
	0 
	2.03E-03 
	not modeled 
	n/a 
	1.09E-03 
	not modeled 

	Di (2-Ethylhexyl) phthalate (DEHP) 
	Di (2-Ethylhexyl) phthalate (DEHP) 
	2.29E-03 
	0 
	0 
	2.29E-03 
	not modeled 
	n/a 
	3.82E-03 
	not modeled 

	Diethylamine 
	Diethylamine 
	7.00E-05 
	0 
	0 
	7.00E-05 
	not modeled 
	n/a 
	1.30E-04 
	not modeled 

	Ethylbenzene 
	Ethylbenzene 
	4.74E-01 
	0 
	0 
	4.74E-01 
	not modeled 
	n/a 
	7.65E-01 
	not modeled 

	Ethyl chloride 
	Ethyl chloride 
	5.37E-03 
	0 
	0 
	5.37E-03 
	not modeled 
	n/a 
	9.62E-03 
	not modeled 

	Ethylene glycol 
	Ethylene glycol 
	1.49E-02 
	0 
	0 
	1.49E-02 
	not modeled 
	n/a 
	2.61E-02 
	not modeled 

	Glycol ethers 
	Glycol ethers 
	3.45E-02 
	0 
	0 
	3.45E-02 
	not modeled 
	n/a 
	6.13E-02 
	not modeled 

	Hydrogen chloride 
	Hydrogen chloride 
	4.14E-02 
	0 
	0 
	4.14E-02 
	not modeled 
	n/a 
	7.54E-02 
	not modeled 

	Hydroquinone 
	Hydroquinone 
	1.77E-03 
	0 
	0 
	1.77E-03 
	not modeled 
	n/a 
	4.96E-03 
	not modeled 

	Hexane (n-Hexane) 
	Hexane (n-Hexane) 
	7.26E-01 
	0 
	0 
	7.26E-01 
	not modeled 
	n/a 
	1.21E+00 
	not modeled 

	Hydrogen fluoride 
	Hydrogen fluoride 
	3.99E-02 
	0 
	0 
	3.99E-02 
	not modeled 
	n/a 
	7.99E-02 
	not modeled 

	Isophorone 
	Isophorone 
	1.50E-04 
	0 
	0 
	1.50E-04 
	not modeled 
	n/a 
	3.90E-04 
	not modeled 

	Methylene diphenyl diisocyanate (MDI) 
	Methylene diphenyl diisocyanate (MDI) 
	2.25E-03 
	0 
	0 
	2.25E-03 
	not modeled 
	n/a 
	9.36E-03 
	not modeled 

	Methyl ethyl ketone 
	Methyl ethyl ketone 
	1.55E-01 
	0 
	0 
	1.55E-01 
	not modeled 
	n/a 
	2.70E-01 
	not modeled 

	Methanol 
	Methanol 
	4.91E-01 
	0 
	0 
	4.91E-01 
	not modeled 
	n/a 
	8.57E-01 
	not modeled 

	Methyl bromide 
	Methyl bromide 
	1.85E-01 
	0.039 
	0 
	2.24E-01 
	not modeled 
	n/a 
	3.00E-01 
	not modeled 

	Methyl chloride (Chloromethane) 
	Methyl chloride (Chloromethane) 
	1.21E+00 
	1.2 
	0 
	2.41E+00 
	not modeled 
	n/a 
	1.21E+00 
	not modeled 

	Methyl mercaptan 
	Methyl mercaptan 
	1.10E-03 
	0 
	0 
	1.10E-03 
	not modeled 
	n/a 
	2.12E-03 
	not modeled 

	Methyl methacrylate 
	Methyl methacrylate 
	7.00E-05 
	0 
	0 
	7.00E-05 
	not modeled 
	n/a 
	3.68E-04 
	not modeled 

	Methyl tert butyl ether (MTBE) 
	Methyl tert butyl ether (MTBE) 
	1.14E-01 
	0 
	0 
	1.14E-01 
	not modeled 
	n/a 
	2.05E-01 
	not modeled 

	Methyl isobutyl ketone 
	Methyl isobutyl ketone 
	2.15E-02 
	0 
	0 
	2.15E-02 
	not modeled 
	n/a 
	4.34E-02 
	not modeled 

	N,N dimethylformamide 
	N,N dimethylformamide 
	5.23E-03 
	0 
	0 
	5.23E-03 
	not modeled 
	n/a 
	9.87E-03 
	not modeled 

	Phenol 
	Phenol 
	6.00E-04 
	0 
	0 
	6.00E-04 
	not modeled 
	n/a 
	9.28E-04 
	not modeled 

	Propionaldehyde 
	Propionaldehyde 
	3.49E-02 
	0 
	0 
	3.49E-02 
	not modeled 
	n/a 
	5.66E-02 
	not modeled 

	Selenium compounds 
	Selenium compounds 
	1.00E-05 
	0 
	0 
	1.00E-05 
	not modeled 
	n/a 
	6.00E-05 
	not modeled 

	Styrene 
	Styrene 
	5.00E-02 
	0 
	0 
	5.00E-02 
	not modeled 
	n/a 
	9.00E-02 
	not modeled 

	1,1,1 Trichloroethane (methyl chloroform 
	1,1,1 Trichloroethane (methyl chloroform 
	1.36E+00 
	1.1 
	0 
	2.46E+00 
	not modeled 
	n/a 
	1.56E+00 
	not modeled 

	Toluene 
	Toluene 
	2.51E+00 
	0 
	0 
	2.51E+00 
	not modeled 
	n/a 
	4.36E+00 
	not modeled 

	Triethylamine 
	Triethylamine 
	2.00E-05 
	0 
	0 
	2.00E-05 
	not modeled 
	n/a 
	3.00E-05 
	not modeled 

	Xylenes 
	Xylenes 
	1.70E+00 
	0.17 
	0 
	1.87E+00 
	not modeled 
	n/a 
	2.88E+00 
	not modeled 



	APPENDIX D ---ESTIMATED CANCER AND NON-CANCER INHALATION RISKS FROM PREDICTED 1996 ANNUAL MEDIAN CONCENTRATIONS 
	APPENDIX D ---ESTIMATED CANCER AND NON-CANCER INHALATION RISKS FROM PREDICTED 1996 ANNUAL MEDIAN CONCENTRATIONS 
	The Denver Air Toxics Assessment 
	Table D-1. Estimated inhalation cancer risk estimates based on predicted 1996 annual median concentrations (micrograms per cubic meter). Risk estimates are presented for both USEPA and California EPA Office of Environmental Health Hazard Assessment risk based concentrations (RBCs). RBCs are derived by dividing 10by the unit risk estimate (URE). 
	-6 

	Pollutant 
	Pollutant 
	Pollutant 
	DDEH1996 3Median(Ÿ g/m) 
	DDEH1996 95%Conc. 3(Ÿ g/m) 
	USEPACancer RiskBased 3Conc. (Ÿ g/m) 
	CalEPACancer RiskBased 3Conc. (Ÿ g/m) 
	USEPA Estimated MedianCancer Risk(per million) 
	CalEPA Estimated MedianCancer Risk(per million) 

	Acetaldehyde 
	Acetaldehyde 
	1.88E+00 
	2.07E+00 
	4.50E-01 
	3.70E-01 
	4 
	5 

	Acrolein 
	Acrolein 
	2.43E-01 
	2.74E-01 
	n/a 
	n/a 
	n/a 
	n/a 

	ArsenicCompounds 
	ArsenicCompounds 
	8.00E-05 
	1.20E-04 
	2.33E-04 
	3.03E-04 
	0 
	0 

	Benzene 
	Benzene 
	1.84E+00 
	2.86E+00 
	1.28E-01 
	3.45E-02 
	14 
	53 

	BerylliumCompounds 
	BerylliumCompounds 
	1.00E-05 
	3.00E-05 
	4.17E-04 
	4.17E-04 
	0 
	0 

	1,3-Butadiene 
	1,3-Butadiene 
	1.68E-01 
	3.17E-01 
	3.33E-02 
	5.88E-03 
	5 
	29 

	CadmiumCompounds 
	CadmiumCompounds 
	2.00E-05 
	5.00E-05 
	5.56E-04 
	2.38E-04 
	0 
	0 

	CarbonTetrachloride 
	CarbonTetrachloride 
	8.80E-01 
	8.81E-01 
	6.67E-02 
	2.38E-02 
	13 
	37 

	Chloroform 
	Chloroform 
	8.49E-02 
	8.81E-02 
	4.30E-02 
	1.89E-01 
	2 
	0 

	ChromiumCompounds 
	ChromiumCompounds 
	2.70E-04 
	4.40E-04 
	8.33E-05 
	6.67E-06 
	3 
	41 

	1,3-Dichloropropene 
	1,3-Dichloropropene 
	8.50E-02 
	1.65E-01 
	2.50E-01 
	6.25E-02 
	0 
	1 

	Diesel PM 
	Diesel PM 
	9.10E-01 
	1.71E+00 
	n/a 
	3.33E-03 
	n/a 
	273 

	EthyleneOxide 
	EthyleneOxide 
	2.00E-03 
	1.30E-02 
	n/a 
	1.14E-02 
	n/a 
	0 

	Formaldehyde 
	Formaldehyde 
	3.78E+00 
	4.22E+00 
	7.70E-02 
	1.67E-01 
	49 
	23 

	LeadCompounds 
	LeadCompounds 
	8.70E-04 
	1.90E-03 
	n/a 
	8.33E-02 
	n/a 
	0 

	ManganeseCompounds 
	ManganeseCompounds 
	2.73E-03 
	4.83E-03 
	n/a 
	n/a 
	n/a 
	n/a 

	MercuryCompounds 
	MercuryCompounds 
	1.52E-03 
	1.53E-03 
	n/a 
	n/a 
	n/a 
	n/a 

	MethyleneChloride 
	MethyleneChloride 
	3.10E-01 
	4.70E-01 
	2.13E+00 
	1.00E+00 
	0 
	0 

	Nickel Compounds 
	Nickel Compounds 
	1.00E-03 
	1.89E-03 
	2.78E-03 
	3.85E-03 
	0 
	0 

	Perchloroethylene 
	Perchloroethylene 
	2.56E-01 
	4.40E-01 
	n/a 
	1.69E-01 
	n/a 
	2 

	PolycyclicOrganicMatter (16-PAH) 
	PolycyclicOrganicMatter (16-PAH) 
	2.50E-02 
	5.00E-02 
	1.82E-02 
	n/a 
	1 
	n/a 

	PolycyclicOrganicMatter (7-PAH) 
	PolycyclicOrganicMatter (7-PAH) 
	1.50E-04 
	2.60E-04 
	5.00E-03 
	n/a 
	0 
	n/a 

	Trichloroethylene 
	Trichloroethylene 
	1.84E-01 
	2.61E-01 
	n/a 
	5.00E-01 
	n/a 
	0 

	Acrylonitrile 
	Acrylonitrile 
	5.00E-05 
	1.40E-04 
	1.47E-02 
	3.45E-03 
	0 
	0 

	Quinoline 
	Quinoline 
	2.00E-05 
	7.00E-05 
	2.80E-04 
	n/a 
	0 
	n/a 

	Vinyl Chloride 
	Vinyl Chloride 
	1.08E-03 
	7.68E-03 
	1.14E-01 
	1.28E-02 
	0 
	0 

	EthyleneDichloride 
	EthyleneDichloride 
	6.10E-02 
	6.10E-02 
	3.85E-02 
	4.55E-02 
	2 
	1 

	1,1Dichloroethane 
	1,1Dichloroethane 
	8.00E-05 
	1.30E-04 
	n/a 
	6.25E-01 
	n/a 
	0 

	1,1Dichloroethylene 
	1,1Dichloroethylene 
	2.00E-05 
	4.00E-05 
	n/a 
	n/a 
	n/a 
	n/a 

	1,4Dichlorobenzene 
	1,4Dichlorobenzene 
	4.30E-02 
	8.40E-02 
	n/a 
	9.09E-02 
	n/a 
	0 

	1,4Dioxane 
	1,4Dioxane 
	1.50E-04 
	3.20E-04 
	n/a 
	1.30E-01 
	n/a 
	0 

	2,2,4Trimethylpentane 
	2,2,4Trimethylpentane 
	3.90E-02 
	7.90E-02 
	n/a 
	n/a 
	n/a 
	n/a 

	2-Butoxyethanol (EGBE) 
	2-Butoxyethanol (EGBE) 
	2.57E-02 
	6.20E-02 
	n/a 
	n/a 
	n/a 
	n/a 

	Acetonitrile 
	Acetonitrile 
	1.80E-04 
	2.80E-04 
	n/a 
	n/a 
	n/a 
	n/a 

	Antimony 
	Antimony 
	4.00E-05 
	9.40E-04 
	n/a 
	n/a 
	n/a 
	n/a 

	Carbondisulfide 
	Carbondisulfide 
	9.40E-02 
	4.70E-02 
	n/a 
	n/a 
	n/a 
	n/a 

	Carbonyl sulfide 
	Carbonyl sulfide 
	2.40E+00 
	1.20E+00 
	n/a 
	n/a 
	n/a 
	n/a 
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	Pollutant 
	Pollutant 
	Pollutant 
	DDEH 1996 3Median (¨g/m) 
	DDEH 1996 95% Conc. 3(¨g/m) 
	USEPA Cancer Risk Based 3Conc. (¨g/m) 
	CalEPA Cancer Risk Based 3Conc. (¨g/m) 
	USEPA Estimated Median Cancer Risk (per million) 
	CalEPA Estimated Median Cancer Risk (per million) 

	Chlorine 
	Chlorine 
	5.70E-04 
	1.16E-03 
	n/a 
	n/a 
	n/a 
	n/a 

	Chlorobenzene 
	Chlorobenzene 
	4.68E-02 
	8.42E-02 
	n/a 
	n/a 
	n/a 
	n/a 

	Copper 
	Copper 
	0.00E+00 
	1.00E-05 
	n/a 
	n/a 
	n/a 
	n/a 

	Cumene 
	Cumene 
	1.10E-03 
	2.20E-03 
	n/a 
	n/a 
	n/a 
	n/a 

	Cyanide (as Hydrogen Cyanide gas) 
	Cyanide (as Hydrogen Cyanide gas) 
	5.74E-02 
	1.04E-01 
	n/a 
	n/a 
	n/a 
	n/a 

	Dibutyl phthalate 
	Dibutyl phthalate 
	2.03E-03 
	1.09E-03 
	n/a 
	n/a 
	n/a 
	n/a 

	Di (2-Ethylhexyl) phthalate (DEHP) 
	Di (2-Ethylhexyl) phthalate (DEHP) 
	2.29E-03 
	3.82E-03 
	n/a 
	0.42 
	n/a 
	0 

	Diethylamine 
	Diethylamine 
	7.00E-05 
	1.30E-04 
	n/a 
	n/a 
	n/a 
	n/a 

	Ethylbenzene 
	Ethylbenzene 
	4.74E-01 
	7.65E-01 
	n/a 
	n/a 
	n/a 
	n/a 

	Ethyl chloride 
	Ethyl chloride 
	5.37E-03 
	9.62E-03 
	n/a 
	n/a 
	n/a 
	n/a 

	Ethylene glycol 
	Ethylene glycol 
	1.49E-02 
	2.61E-02 
	n/a 
	n/a 
	n/a 
	n/a 

	Glycol ethers 
	Glycol ethers 
	3.45E-02 
	6.13E-02 
	n/a 
	n/a 
	n/a 
	n/a 

	Hydrogen chloride 
	Hydrogen chloride 
	4.14E-02 
	7.54E-02 
	n/a 
	n/a 
	n/a 
	n/a 

	Hydroquinone 
	Hydroquinone 
	1.77E-03 
	4.96E-03 
	n/a 
	n/a 
	n/a 
	n/a 

	Hexane (n-Hexane) 
	Hexane (n-Hexane) 
	7.26E-01 
	1.21E+00 
	n/a 
	n/a 
	n/a 
	n/a 

	Hydrogen fluoride 
	Hydrogen fluoride 
	3.99E-02 
	7.99E-02 
	n/a 
	n/a 
	n/a 
	n/a 

	Isophorone 
	Isophorone 
	1.50E-04 
	3.90E-04 
	n/a 
	n/a 
	n/a 
	n/a 

	Methylene diphenyl diisocyanate (MDI) 
	Methylene diphenyl diisocyanate (MDI) 
	2.25E-03 
	9.36E-03 
	n/a 
	n/a 
	n/a 
	n/a 

	Methyl ethyl ketone 
	Methyl ethyl ketone 
	1.55E-01 
	2.70E-01 
	n/a 
	n/a 
	n/a 
	n/a 

	Methanol 
	Methanol 
	4.91E-01 
	8.57E-01 
	n/a 
	n/a 
	n/a 
	n/a 

	Methyl bromide 
	Methyl bromide 
	2.24E-01 
	3.00E-01 
	n/a 
	n/a 
	n/a 
	n/a 

	Methyl chloride (Chloromethane) 
	Methyl chloride (Chloromethane) 
	2.41E+00 
	1.21E+00 
	n/a 
	n/a 
	n/a 
	n/a 

	Methyl mercaptan 
	Methyl mercaptan 
	1.10E-03 
	2.12E-03 
	n/a 
	n/a 
	n/a 
	n/a 

	Methyl methacrylate 
	Methyl methacrylate 
	7.00E-05 
	3.68E-04 
	n/a 
	n/a 
	n/a 
	n/a 

	Methyl tert butyl ether (MTBE) 
	Methyl tert butyl ether (MTBE) 
	1.14E-01 
	2.05E-01 
	n/a 
	n/a 
	n/a 
	n/a 

	Methyl isobutyl ketone 
	Methyl isobutyl ketone 
	2.15E-02 
	4.34E-02 
	n/a 
	n/a 
	n/a 
	n/a 

	N,N dimethylformamide 
	N,N dimethylformamide 
	5.23E-03 
	9.87E-03 
	n/a 
	n/a 
	n/a 
	n/a 

	Phenol 
	Phenol 
	6.00E-04 
	9.28E-04 
	n/a 
	n/a 
	n/a 
	n/a 

	Propionaldehyde 
	Propionaldehyde 
	3.49E-02 
	5.66E-02 
	n/a 
	n/a 
	n/a 
	n/a 

	Selenium compounds 
	Selenium compounds 
	1.00E-05 
	6.00E-05 
	n/a 
	n/a 
	n/a 
	n/a 

	Styrene 
	Styrene 
	5.00E-02 
	9.00E-02 
	n/a 
	n/a 
	n/a 
	n/a 

	1,1,1 Trichloroethane (methyl chloroform 
	1,1,1 Trichloroethane (methyl chloroform 
	2.46E+00 
	1.56E+00 
	n/a 
	n/a 
	n/a 
	n/a 

	Toluene 
	Toluene 
	2.51E+00 
	4.36E+00 
	n/a 
	n/a 
	n/a 
	n/a 

	Triethylamine 
	Triethylamine 
	2.00E-05 
	3.00E-05 
	n/a 
	n/a 
	n/a 
	n/a 

	Xylenes 
	Xylenes 
	1.87E+00 
	2.88E+00 
	n/a 
	n/a 
	n/a 
	n/a 


	Table D-2. Estimated non-cancer hazard quotients based on predicted 1996 annual median concentrations (micrograms per cubic meter). Risk estimates are presented for both USEPA and California EPA Office of Environmental Health Hazard Assessment risk based concentrations (RBCs). RBCs are derived by dividing 10by the unit risk estimate (URE). 
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	Pollutant 
	Pollutant 
	Pollutant 
	DDEH1996 3Median(Ÿ g/m) 
	DDEH1996 95%Conc. 3(Ÿ g/m) 
	USEPANon-CancerReference Concentration 3(Ÿ g/m) 
	CalEPANon-CancerReference ExposureLevel 3(Ÿ g/m) 
	USEPA Estimated Hazard Quotient 
	CalEPA Estimated Hazard Quotient 

	Acetaldehyde 
	Acetaldehyde 
	1.88E+00 
	2.07E+00 
	9 
	9 
	0.3 
	0.3 

	Acrolein 
	Acrolein 
	2.43E-01 
	2.74E-01 
	0.02 
	0.06 
	12.1 
	4.0 

	ArsenicCompounds 
	ArsenicCompounds 
	8.00E-05 
	1.20E-04 
	0.03 
	0.03 
	0.0 
	0.0 

	Benzene 
	Benzene 
	1.84E+00 
	2.86E+00 
	60 
	60 
	0.0 
	0.0 

	BerylliumCompounds 
	BerylliumCompounds 
	1.00E-05 
	3.00E-05 
	0.02 
	0.007 
	0.0 
	0.0 

	1,3-Butadiene 
	1,3-Butadiene 
	1.68E-01 
	3.17E-01 
	2 
	20 
	0.1 
	0.0 

	CadmiumCompounds 
	CadmiumCompounds 
	2.00E-05 
	5.00E-05 
	0.02 
	0.02 
	0.0 
	0.0 

	CarbonTetrachloride 
	CarbonTetrachloride 
	8.80E-01 
	8.81E-01 
	40 
	40 
	0.0 
	0.0 

	Chloroform 
	Chloroform 
	8.49E-02 
	8.81E-02 
	98 
	300 
	0.0 
	0.0 

	ChromiumCompounds 
	ChromiumCompounds 
	2.70E-04 
	4.40E-04 
	0.1 
	0.2 
	0.0 
	0.0 

	1,3-Dichloropropene 
	1,3-Dichloropropene 
	8.50E-02 
	1.65E-01 
	20 
	n/a 
	0.0 
	n/a 

	Diesel PM 
	Diesel PM 
	9.10E-01 
	1.71E+00 
	n/a 
	5 
	n/a 
	0.2 

	EthyleneOxide 
	EthyleneOxide 
	2.00E-03 
	1.30E-02 
	30 
	30 
	0.0 
	0.0 

	Formaldehyde 
	Formaldehyde 
	3.78E+00 
	4.22E+00 
	n/a 
	3 
	n/a 
	1.3 

	LeadCompounds 
	LeadCompounds 
	8.70E-04 
	1.90E-03 
	1.5 
	n/a 
	0.0 
	n/a 

	ManganeseCompounds 
	ManganeseCompounds 
	2.73E-03 
	4.83E-03 
	0.05 
	0.2 
	0.1 
	0.0 

	MercuryCompounds 
	MercuryCompounds 
	1.52E-03 
	1.53E-03 
	0.3 
	0.09 
	0.0 
	0.0 

	MethyleneChloride 
	MethyleneChloride 
	3.10E-01 
	4.70E-01 
	3000 
	400 
	0.0 
	0.0 

	Nickel Compounds 
	Nickel Compounds 
	1.00E-03 
	1.89E-03 
	n/a 
	0.05 
	n/a 
	0.0 

	Perchloroethylene 
	Perchloroethylene 
	2.56E-01 
	4.40E-01 
	n/a 
	35 
	n/a 
	0.0 

	PolycyclicOrganicMatter(16-PAH) 
	PolycyclicOrganicMatter(16-PAH) 
	2.50E-02 
	5.00E-02 
	3 
	n/a 
	0.0 
	n/a 

	PolycyclicOrganicMatter(7-PAH) 
	PolycyclicOrganicMatter(7-PAH) 
	1.50E-04 
	2.60E-04 
	n/a 
	n/a 
	n/a 
	n/a 

	Trichloroethylene 
	Trichloroethylene 
	1.84E-01 
	2.61E-01 
	n/a 
	600 
	n/a 
	0.0 

	Acrylonitrile 
	Acrylonitrile 
	5.00E-05 
	1.40E-04 
	2 
	5 
	0.0 
	0.0 

	Quinoline 
	Quinoline 
	2.00E-05 
	7.00E-05 
	n/a 
	n/a 
	n/a 
	n/a 

	Vinyl Chloride 
	Vinyl Chloride 
	1.08E-03 
	7.68E-03 
	100 
	n/a 
	0.0 
	n/a 

	EthyleneDichloride 
	EthyleneDichloride 
	6.10E-02 
	6.10E-02 
	2400 
	400 
	0.0 
	0.0 

	1,1Dichloroethane 
	1,1Dichloroethane 
	8.00E-05 
	1.30E-04 
	n/a 
	n/a 
	n/a 
	n/a 

	1,1Dichloroethylene 
	1,1Dichloroethylene 
	2.00E-05 
	4.00E-05 
	200 
	70 
	0.0 
	0.0 

	1,4Dichlorobenzene 
	1,4Dichlorobenzene 
	4.30E-02 
	8.40E-02 
	800 
	800 
	0.0 
	0.0 

	1,4Dioxane 
	1,4Dioxane 
	1.50E-04 
	3.20E-04 
	n/a 
	3000 
	n/a 
	0.0 

	2,2,4Trimethylpentane 
	2,2,4Trimethylpentane 
	3.90E-02 
	7.90E-02 
	n/a 
	n/a 
	n/a 
	n/a 

	2-Butoxyethanol (EGBE) 
	2-Butoxyethanol (EGBE) 
	2.57E-02 
	6.20E-02 
	13000 
	n/a 
	0.0 
	n/a 

	Acetonitrile 
	Acetonitrile 
	1.80E-04 
	2.80E-04 
	60 
	n/a 
	0.0 
	n/a 

	Antimony 
	Antimony 
	4.00E-05 
	9.40E-04 
	n/a 
	n/a 
	n/a 
	n/a 

	Carbondisulfide 
	Carbondisulfide 
	9.40E-02 
	4.70E-02 
	700 
	800 
	0.0 
	0.0 

	Carbonyl sulfide 
	Carbonyl sulfide 
	2.40E+00 
	1.20E+00 
	n/a 
	n/a 
	n/a 
	n/a 


	The Denver Air Toxics Assessment 
	Pollutant 
	Pollutant 
	Pollutant 
	DDEH 1996 3Median (ug/m) 
	DDEH 1996 95% Conc. 3(ug/m) 
	USEPA Non-Cancer Reference Concentration 3(ug/m) 
	CalEPA Non-Cancer Reference Exposure Level 3(ug/m) 
	USEPA Estimated Hazard Quotient 
	CalEPA Estimated Hazard Quotient 

	Chlorine 
	Chlorine 
	5.70E-04 
	1.16E-03 
	n/a 
	0.20 
	n/a 
	0.0 

	Chlorobenzene 
	Chlorobenzene 
	4.68E-02 
	8.42E-02 
	n/a 
	1000 
	n/a 
	0.0 

	Copper 
	Copper 
	0.00E+00 
	1.00E-05 
	n/a 
	n/a 
	n/a 
	n/a 

	Cumene 
	Cumene 
	1.10E-03 
	2.20E-03 
	400 
	n/a 
	0.0 
	n/a 

	Cyanide (as Hydrogen Cyanide gas) 
	Cyanide (as Hydrogen Cyanide gas) 
	5.74E-02 
	1.04E-01 
	3 
	9 
	0.0 
	0.0 

	Dibutyl phthalate 
	Dibutyl phthalate 
	2.03E-03 
	1.09E-03 
	n/a 
	n/a 
	n/a 
	n/a 

	Di (2-Ethylhexyl) phthalate (DEHP) 
	Di (2-Ethylhexyl) phthalate (DEHP) 
	2.29E-03 
	3.82E-03 
	n/a 
	n/a 
	n/a 
	n/a 

	Diethylamine 
	Diethylamine 
	7.00E-05 
	1.30E-04 
	n/a 
	n/a 
	n/a 
	n/a 

	Ethylbenzene 
	Ethylbenzene 
	4.74E-01 
	7.65E-01 
	1000 
	2000 
	0.0 
	0.0 

	Ethyl chloride 
	Ethyl chloride 
	5.37E-03 
	9.62E-03 
	10000 
	30000 
	0.0 
	0.0 

	Ethylene glycol 
	Ethylene glycol 
	1.49E-02 
	2.61E-02 
	n/a 
	400 
	n/a 
	0.0 

	Glycol ethers 
	Glycol ethers 
	3.45E-02 
	6.13E-02 
	n/a 
	60 
	n/a 
	0.0 

	Hydrogen chloride 
	Hydrogen chloride 
	4.14E-02 
	7.54E-02 
	20 
	9 
	0.0 
	0.0 

	Hydroquinone 
	Hydroquinone 
	1.77E-03 
	4.96E-03 
	n/a 
	n/a 
	n/a 
	n/a 

	Hexane (n-Hexane) 
	Hexane (n-Hexane) 
	7.26E-01 
	1.21E+00 
	200 
	7000 
	0.0 
	0.0 

	Hydrogen fluoride 
	Hydrogen fluoride 
	3.99E-02 
	7.99E-02 
	n/a 
	n/a 
	n/a 
	n/a 

	Isophorone 
	Isophorone 
	1.50E-04 
	3.90E-04 
	n/a 
	2000 
	n/a 
	0.0 

	Methylene diphenyl diisocyanate (MDI) 
	Methylene diphenyl diisocyanate (MDI) 
	2.25E-03 
	9.36E-03 
	0.60 
	0.70 
	0.0 
	0.0 

	Methyl ethyl ketone 
	Methyl ethyl ketone 
	1.55E-01 
	2.70E-01 
	1000 
	500 
	0.0 
	0.0 

	Methanol 
	Methanol 
	4.91E-01 
	8.57E-01 
	n/a 
	4000 
	n/a 
	0.0 

	Methyl bromide 
	Methyl bromide 
	2.24E-01 
	3.00E-01 
	5 
	5 
	0.0 
	0.0 

	Methyl chloride (Chloromethane) 
	Methyl chloride (Chloromethane) 
	2.41E+00 
	1.21E+00 
	90 
	n/a 
	0.0 
	n/a 

	Methyl mercaptan 
	Methyl mercaptan 
	1.10E-03 
	2.12E-03 
	n/a 
	n/a 
	n/a 
	n/a 

	Methyl methacrylate 
	Methyl methacrylate 
	7.00E-05 
	3.68E-04 
	700 
	n/a 
	0.0 
	n/a 

	Methyl tert butyl ether (MTBE) 
	Methyl tert butyl ether (MTBE) 
	1.14E-01 
	2.05E-01 
	3000 
	8000 
	0.0 
	0.0 

	Methyl isobutyl ketone 
	Methyl isobutyl ketone 
	2.15E-02 
	4.34E-02 
	n/a 
	n/a 
	n/a 
	n/a 

	N,N dimethylformamide 
	N,N dimethylformamide 
	5.23E-03 
	9.87E-03 
	30 
	80 
	0.0 
	0.0 

	Phenol 
	Phenol 
	6.00E-04 
	9.28E-04 
	n/a 
	200 
	n/a 
	0.0 

	Propionaldehyde 
	Propionaldehyde 
	3.49E-02 
	5.66E-02 
	n/a 
	n/a 
	n/a 
	n/a 

	Selenium compounds 
	Selenium compounds 
	1.00E-05 
	6.00E-05 
	n/a 
	20 
	n/a 
	0.0 

	Styrene 
	Styrene 
	5.00E-02 
	9.00E-02 
	1000 
	900 
	0.0 
	0.0 

	1,1,1 Trichloroethane (methyl chloroform 
	1,1,1 Trichloroethane (methyl chloroform 
	2.46E+00 
	1.56E+00 
	n/a 
	1000 
	n/a 
	0.0 

	Toluene 
	Toluene 
	2.51E+00 
	4.36E+00 
	400 
	300 
	0.0 
	0.0 

	Triethylamine 
	Triethylamine 
	2.00E-05 
	3.00E-05 
	7 
	200 
	0.0 
	0.0 

	Xylenes 
	Xylenes 
	1.87E+00 
	2.88E+00 
	n/a 
	700 
	n/a 
	0.0 








